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Duchenne muscular dystrophy (DMD) is a devastating disorder and is considered to be one of the worst forms of inherited muscular dystrophies. DMD occurs as a result of mutations in the dystrophin gene, leading to progressive muscle fiber degradation and weakness. Although DMD pathology has been studied for many years, there are aspects of disease pathogenesis and progression that have not been thoroughly explored yet. The underlying issue with this is that the development of further effective therapies becomes stalled. It is becoming more evident that extracellular vesicles (EVs) may contribute to DMD pathology. EVs are vesicles secreted by cells that exert a multitude of effects via their lipid, protein, and RNA cargo. EV cargo (especially microRNAs) is also said to be a good biomarker for identifying the status of specific pathological processes that occur in dystrophic muscle, such as fibrosis, degeneration, inflammation, adipogenic degeneration, and dilated cardiomyopathy. On the other hand, EVs are becoming more prominent vehicles for custom-engineered cargos. In this review, we will discuss the possible contribution of EVs to DMD pathology, their potential use as biomarkers, and the therapeutic efficacy of both, EV secretion inhibition and custom-engineered cargo delivery.
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1 INTRODUCTION
Duchenne muscular dystrophy (DMD) is an X-linked degenerative disease of cardiac and skeletal muscles, as a consequence of mutations in the dystrophin gene (Yao et al., 2021) (Verhaart & Aartsma-Rus, 2019). The dystrophin protein is a crucial member of the dystrophin glycoprotein complex (Ribeiro et al., 2019). Dystrophin plays a critical role in the integrity, maintenance, and normal functions of muscle cells. Under normal circumstances, muscle degeneration activates muscle-specific stem cells, namely satellite cells, that differentiate into mature muscle cells, contributing to muscle regeneration (Biera et al., 2018) (Bentzinger et al., 2012). Dystrophin has been described to play a vital role in the asymmetrical division of satellite cells as well as their regenerative capacity (Dumont et al., 2015) (Keefe & Kardon, 2015). Therefore, the absence of dystrophin leads to the replacement of degenerated muscle tissues with fibrotic and fat tissues (Emery, 2002). Copious amounts of different therapeutic approaches for treating DMD have been extensively explored. Some of these include exon-skipping oligonucleotides (Aartsma-Rus et al., 2017), anti-inflammatory and anti-fibrotic agents (Heier et al., 2013) (Levi et al., 2015), and stem cell-based therapies such as the transplantation of satellite cells (Arpke et al., 2013), mesoangioblasts (Sampaolesi et al., 2006), pericytes (Valadares et al., 2014), etc. Although results in pre-clinical models were very encouraging, the clinical trial in five DMD patients based upon four consecutive systemic administrations of human leukocyte antigen (HLA)-matched donor cells (from a sibling) showed safety but no efficacy (Cossu et al., 2015). Thus, many research opportunities arose from the exploration of novel strategies to enhance the efficacy of transplanted cells, including signaling molecules that mediate the crosstalk between donor cells and the muscle regenerative niche.
Currently, the topic of extracellular vesicles (EVs) and their involvement in disease promotion and progression is gaining momentum (Gartz et al., 2020). EVs are nanosized vesicles released by cells (Rome et al., 2019). These vesicles are mediators of intercellular communication and are divided into three different types: apoptotic bodies, microvesicles, and exosomes. Research has shown that EVs derived from diseased cells or bodily fluids from patients or animal models, are most often enriched for pathogenic proteins and nucleic acids (Gartz et al., 2020). As a result, there is growing interest in synthesizing novel therapeutics targeting EVs. It is still debatable whether EVs are simply markers of disease or dynamic participants in the pathological advancement of any given disease (Yates et al., 2022). While EVs have already proven to be potential biomarkers and carriers of DMD-improving molecules, there is still much to be discovered in terms of their involvement in DMD pathophysiology (Meng et al., 2022). It has been discovered that microRNAs (miRNAs) may play the biggest role in EV-mediated disease progression. miRNAs are short non-coding RNAs that bind to messenger RNAs (mRNAs), leading to either translational repression or mRNA degradation (Matsuzaka et al., 2016) (Lee & Vasudevan, 2013). The significance of miRNAs in DMD has been studied extensively and EV-enclosed miRNAs are said to represent potentially effective biomarkers. On the other hand, EVs derived from healthy cells have also contributed to the improvement of DMD symptoms (Aminzadeh et al., 2018).
In this review, we wish to delve into the known aspects of EV involvement in DMD pathophysiology, in both types of striated muscle, and as stated previously, the more well-known aspects of EVs in this disease, namely as potential biomarkers and therapeutic agents. We will also briefly discuss potential therapeutic options with EVs and what the future may hold for nanoparticle therapy.
2 DUCHENNE MUSCULAR DYSTROPHY
DMD, as an X-linked disorder, is one of the most severe muscle diseases. Unfortunately, there is still no cure for DMD (Verhaart & Aartsma-Rus, 2019). The incidence of DMD is approximately 1 in 5,136 male births (Crisafulli et al., 2020). Already between the ages of 8 and 10, it is difficult for patients to stand and walk, coaxing the need for assistive equipment such as braces or wheelchairs. Most DMD patients pass away due to cardiorespiratory failure (Meyers & Townsend, 2019) (Silva et al., 2019). However, due to improvements in both respiratory and cardiac care, the life expectancy of DMD patients has increased, with patients reaching their 30s, and even some living into their 40s and 50s (Landfeldt et al., 2020). Sadly, the condition is fatal in 100% of cases (Chemello et al., 2020).
Mutations in the dystrophin gene lead to the occurrence of DMD (Monaco et al., 1986) (Hoffman et al., 1987b) (Hoffman et al., 1987a) (Bonilla et al., 1988) (Haidet et al., 2008) (Okubo et al., 2020) and the severity of DMD strongly depends on the mutation type. ‘In-frame’ mutations generate a partially functional dystrophin protein, leading to a less severe form of DMD, namely Becker muscular dystrophy (Kunkel et al., 1986) (Haidet et al., 2008). On the other hand, “out of frame” mutations completely disrupt the reading frame, leading either to the complete lack of dystrophin or an entirely dysfunctional dystrophin (Aravind et al., 2019). This leads to the severe DMD phenotype. The absence of a functional dystrophin increases the fragility of muscle fibers and promotes ongoing cycles of muscle degradation and regeneration (Ribeiro et al., 2019). Under such circumstances, dysfunctional satellite cells, activation of calcium-dependent proteases and overall disruption of calcium homeostasis, mitochondrial disruption, and inflammatory cytokines greatly contribute to muscle being replaced by fibrotic and fatty tissues (Wakayama et al., 1979) (Klingler et al., 2012).
Current DMD therapeutics focus on dystrophin-targeted therapies and targeting the consequential pathological changes (Guiraud & Davies, 2017). Therapies such as cell therapies, gene therapies, and protein replacement therapies are all dystrophin-targeted therapies. Although much research has gone into these methods, significant challenges persist (Chamberlain & Chamberlain, 2017). Primarily, it is very difficult to target all muscle tissues, given the high abundance and the wide distribution of muscle throughout the whole body (Verhaart & Aartsma-Rus, 2019). On the other hand, such therapies may slow down the progression of the disease, however, the restoration of abnormal muscle tissues is unsubstantiated due to the deteriorating nature of DMD. Targeting downstream pathological processes in DMD also represents a promising but a yet not-fully understood therapy strategy. Much must still be researched, particularly for obtaining in-depth information of the secondary pathological changes since the specific mechanisms of such therapies remain obscure.
3 EXTRACELLULAR VESICLES AND THE PROMINENCE OF THEIR CARGO
EVs are single outer membrane-bound vesicles that can be classified according to their size distribution, biogenesis, and function (Gabisonia et al., 2022). Exosomes represent the population of EVs with the smallest diameter, namely from 50 to 150 nm (Heijnen et al., 1999) (Logozzi, et al., 2021). These vesicles are produced via the endolysosomal pathway, formed from the invagination of late endosomes, housed in multivesicular bodies (MVBs) and released by exocytosis.
Briefly, MVBs accumulate intraluminal vesicles (ILVs) and may then either fuse with lysosomes and promote ILV destruction, or fuse with the cell membrane and release ILVs in the extracellular space (Huotari & Helenius, 2011). The biogenesis of MVBs may follow either the endosomal sorting complexes required for transport machinery (ESCRT)-dependent or -independent pathway. The ESCRT-dependent pathway consists of a complex machinery, facilitated by four main complexes and some additional proteins. This pathway leads to the formation of ILVs in a stepwise fashion. On the other hand, ESCRT-independent processes are based on the presence of lipid rafts inside the endosomal membranes. These lipid rafts consist of cholesterol and more importantly, sphingolipids, which are converted to ceramide through the action of sphingomyelinase enzymes (Trajkovic, et al., 2008). The coalescence of ceramide forms microdomains that induce budding and subsequent formation of ILVs.
The next population of EVs are the microvesicles (MVs). These vesicles range from 50 to 1,000 nm in diameter, therefore, being mainly larger than exosomes (Heijnen et al., 1999) (Skog, et al., 2008). MV biogenesis occurs following the direct outward blebbing and pinching of the plasma membrane. Lastly, apoptotic bodies represent the largest (in size) population of EVs, considered to range from 1,000 to 5,000 nm in diameter (Atkin-Smith et al., 2015). As their name suggests, apoptotic bodies are released after programmed cell death, also known as apoptosis (Figure 1).
[image: Figure 1]FIGURE 1 | Extracellular vesicles (EVs) are hailed as potential modulators of Duchenne muscular dystrophy progression. EVs are represented by exosomes, microvesicles, and apoptotic bodies. The cargo of exosomes and microvesicles consists of effector molecules such as proteins, lipids, and nucleic acids. The lack of a functional dystrophin leads to the formation and release of exosomes and microvesicles with detrimental molecules, inducing both negative paracrine and endocrine effects.
The cargo of EVs is what makes them incredibly intriguing to study. EVs are known to have a distinctive signature of proteins, lipids, and nucleic acids, analogous to their cell or tissue of origin. EVs are known to be enriched for proteins of the tetraspanin family, namely CD9, CD63, and CD81 (Gabisonia et al., 2022). While still not definitive, these proteins are said to contribute to membrane remodeling to mold the EV structure. EVs are enriched in a multitude of lipids. Although the composition of surface lipids has not been studied extensively, it has been hypothesized that these lipids are crucial for the regulation of EV release, as well as in their final composition (Subra et al., 2007). Lastly, EVs are highly enriched in nucleic acids (Mathivanan et al., 2010), of which mRNAs and miRNAs have been studied comprehensively. In particular, miRNAs are becoming increasingly popular in therapeutic research. miRNAs are non-coding RNAs that either block translation of target mRNAs or activate their degradation (Yedigaryan & Sampaolesi, 2021).
EVs secreted by skeletal and cardiac muscle carry a wide range of myokines, miRNAs, proteins, and mRNAs that are thought to play various roles in muscle homeostasis, development, and myogenesis (Vechetti et al., 2020). Overall, the EV cargo plays a significant role in the musculoskeletal system. In particular, miRNAs and specifically the myomiRs, which are muscle-oriented miRNAs (highly enriched in muscle) (Chen et al., 2006) (Annibalini et al., 2019), display key roles in controlling muscle homeostasis, proliferation, and differentiation of muscle stem cells (Coenen-Stass et al., 2016). As an example, miR-206 is one of the most abundant miRNAs in muscle-derived EVs which aids in muscle injury repair by promoting development and differentiation of tissues (Guescini et al., 2015). These EVs are not only muscle tissue-specific agents but have also been described to affect other tissues (Jalabert et al., 2016) (Rome, 2022). Therefore, much still remains to fully understand the muscle secretome and its extensive range of effects. Although not extensively studied, there has been evidence to show that EVs have an effect on disease pathophysiology. As an example, Gartz et al. showed that treatment with GW4869, a substance to reduce/inhibit exosome release, was protective against cardiac stress in mdx mice (a popular model of DMD) (Gartz et al., 2020) (Yates et al., 2022). They attributed this effect to the miRNA cargo. In another study, Matsuzaka et al. showed that the excision of the neutral sphingomyelinase 2/sphingomyelin phosphodiesterase 3 (nSMase2/Smpd3) (modulates the Ca2+-dependent secretion of EVs) gene in mdx mice led to a decrease in muscle inflammation and overall improved functionality (Matsuzaka et al., 2020). These studies already point toward the multidimensional role of EVs in DMD.
EVs also participate in the physiological regulation of both skeletal and cardiac muscle. The roles of EVs released by cardiac and non-cardiac cells in the heart are difficult to define. Most current studies have not been able to mimic physiologically-relevant environments that can be closely associated with in vivo processes (Wagner & Radisic, 2021). On the other hand, in order to maintain the metabolic balance of the body, physiological regulation of organ cross-talk is essential (Wang et al., 2022). As an endocrine organ, skeletal muscle can release a multitude of factors that are absorbed by various tissues to produce regulatory effects (Leal et al., 2018). In addition to these factors, skeletal muscle can also release EVs, especially during physical exercise (Rome et al., 2019). EVs released during exercise are released by skeletal muscle and absorbed by other tissues, leading to intercellular and interorgan communication, effectively altering the metabolism of receptor cells (Guay & Regazzi, 2017). In this sense, skeletal muscle promotes systemic health through the release of EVs after exercise. Physical therapy is a very important intervention method for DMD patients (Case et al., 2018), therefore, the importance of EVs released during exercise is also crucial in pathological settings.
4 THE ROLE OF EXTRACELLULAR VESICLES IN THE DUCHENNE MUSCULAR DYSTROPHY SKELETAL MUSCLE PHENOTYPE
It has become quite well-known that EVs derived from different sources (healthy) can elicit functional improvements in different disease models (Biera et al., 2018) (Leng et al., 2021). Most of this research has already indicated that EVs play a key role in the pathology of brain diseases in particular (Christoforidou et al., 2020) (Meldolesi, 2021). Not much has been revealed about the role of EVs in DMD pathology (mechanism), however, more studies are now focusing on this phenomenon. It is important to note that the paracrine actions displayed by skeletal muscle-released EVs is not exclusive to muscle physiology, they may also have an impact on whole-body homeostasis (Rome et al., 2019). Recently, our laboratory has pointed at the anti-myogenic role of EVs derived from dystrophic mice on C2C12 myoblasts and human mesoangioblasts (Yedigaryan et al., 2022b). As stated previously, the myomiRs represent muscle-oriented miRNAs and likely epitomize the most efficacious molecules found mainly in EVs, and tied to striated muscle physiology. Studies on myomiRs miR-1, miR-133, and miR-206 specifically, have gained tremendous attention in understanding muscle degeneration. Accordingly, we found that miR-206 was upregulated in mainly dystrophic, but also aged mice (Yedigaryan et al., 2022b). Consequently, one of the main targets of miR-206 is the ribosomal binding protein 1, a potent regulator of collagen biosynthesis specifically in fibrogenic recipient cells (Fry et al., 2017). Therefore, the upregulation of this miRNA would induce less extracellular matrix deposition, which would be the optimal setting for muscle remodeling, in particular, hypertrophy. However, in DMD, this could also explain the fibrotic pathogenesis, since satellite cell activity is perturbed and, therefore, the muscle cannot be properly regenerated.
Although not in the context of DMD, a recent study displayed that myoblasts incubated with EVs released from myotubes pre-treated with an oxidative stress-mimicking substance, namely hydrogen peroxide, lead to a significant reduction in the diameter of myotubes and to a stimulation of myoblast proliferation (Guescini et al., 2017). This goes in line with the grave role of oxidative stress involved in the pathogenesis of DMD (Petrillo et al., 2017) (Duelen et al., 2022). It has even been highlighted as being the prime cause for muscle degeneration in DMD (Salam et al., 2007). Therefore, under such diseased conditions, this could potentially be a role for skeletal muscle EVs to induce further oxidative stress.
Metabolically, Aswad et al. revealed that the excessive concentration of palmitate and saturated fatty acids in diet-induced obese mice increases intra-muscular ceramide levels that have been established to regulate EV release from muscle (Aswad et al., 2014). In a later study, it was found that an inhibitor of ceramide synthesis GW4869 (an inhibitor of exosome secretion) was able to improve muscle structure and function in mdx mice compared to untreated mdx mice (Matsuzaka et al., 2016). This gives more evidence to uphold the concept of deleterious organ cross-talks associated with the circulation of detrimental EV cargos.
Research has shown that fluorescently-labeled skeletal muscle-derived exosomes injected in mice are efficiently taken up by the heart (Aswad et al., 2014). On the other hand, cardiosphere-derived cell (CDC) exosomes have been found to be taken up by skeletal muscle (Aminzadeh et al., 2018). Cardiospheres are self-organized spherical clusters derived from human cardiac stem cells (Messina et al., 2004). These cells can be replated to yield CDCs (Smith et al., 2007). The connection between heart failure and idiosyncrasies in skeletal muscle morphology and biological function has been well documented (Lipkin et al., 1988) (Sullivan et al., 1990). Evidence suggests that myocardium-derived miRNAs released into circulation during heart failure progression may have a negative impact on skeletal muscle (Murach & McCarthy, 2017). This reveals another potential role of EVs released in dystrophic muscles, contributing to progressive muscle degeneration due to the cross-talk between skeletal and cardiac muscle EVs, as progressive cardiomyopathy progression and skeletal muscle dissociation in DMD ostensibly leads to the exchange of deleterious EVs from both organs, escalating disease progression. Both skeletal muscle and cardiac muscle partake in multiple organ cross-talks via EVs (Figure 2).
[image: Figure 2]FIGURE 2 | The deleterious effects of extracellular vesicle (EV)-mediated organ cross-talk. The exchange of microRNAs (miRNAs), either downregulated or upregulated in young and elderly Duchenne muscular dystrophy (DMD) patients. The depicted miRNAs represent examples of EV cargos exchanged between not only cardiac and skeletal muscle, but also various other organs and tissues such as kidneys, pancreas, liver, and adipose tissue. This cross-talk exacerbates the DMD phenotype.
This also may contribute to the idea that therapy (cell or cell-free) targeting both cardiac and skeletal muscles would be of great interest when focusing on the most debilitating manifestations of muscular dystrophies, especially DMD. Recently, our laboratory developed induced pluripotent stem cell (iPSC)-derived mesodermal progenitors through differentiation in a monolayer and chemically-defined media (Breuls et al., 2021). We found that these cells are able to differentiate into the skeletal and cardiac muscle lineages both in vitro and in vivo. Therefore, these cells may house a secretome that could be beneficial to both striated muscle types.
As stated previously, for now, miRNAs appear to represent the most consequential population of EV cargos. This applies not only to the myomiRs, but also to more ubiquitously expressed miRNAs (Catapano et al., 2020). In animal models of DMD, some miRNAs have been found to be significantly up- or downregulated (Yedigaryan & Sampaolesi, 2021). These miRNAs include miR-199a-5p (upregulated in DMD muscle cells and downregulated in DMD fibroblasts (Zanotti et al., 2018)), involved in the wingless-related integration site (WNT) signaling pathway (targeting numerous myogenic cell proliferation and differentiation regulatory factors) (Alexander et al., 2013), and miR-29, a targeter of AKT Serine/Threonine Kinase 3 (AKT3)/nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB)/Yin Yang1 (YY1) signaling and fibrotic genes (Wang et al., 2012). Recently, miR-486 has also been revealed to play an essential role in muscle function and is found to be significantly downregulated in DMD (Samani et al., 2022). The loss of this miRNA has been associated with disrupted muscle architecture, reduced myofiber size, and increased cardiac fibrosis, just to name a few. Some miRNAs have been revealed to be exclusively upregulated in DMD in vitro and in vivo models. These miRNAs include, miR-200c, targeter of forkhead box protein O1 (FOXO1) and endothelial nitric oxide synthase (eNOS), essentially inhibiting myoblast differentiation (D'Agostino et al., 2018), miR-21, targeting phosphatase and tensin homolog (PTEN) and receptor tyrosine kinase (RTK) signaling, ultimately leading to more collagen production (Zanotti et al., 2015), and miR-31, directly targeting Myf5 and dystrophin, leading to satellite cell quiescence and a furthermore contribution to the lack of dystrophin (Young et al., 2016).
miRNAs also represent potentially exceptional biomarkers for DMD (Coenen-Stass et al., 2017). miRNAs are abundant, easily measured using low-cost techniques, stable in properly stored biofluid samples, and the discovery of candidate biomarkers is facile compared to novel protein biomarkers. Not only are most myomiRs great candidates for biomarkers, but additional putative biomarkers have been revealed to be associated with DMD, including: miR-30, miR-22, miR-95, miR-181, miR-193b, and miR-378 (Jeanson-Leh et al., 2014). Jeanson-Leh et al. also found that in the serum of the Golden Retriever muscular dystrophy model there is a class of dysregulated miRNAs, namely members of the delta like non-canonical Notch ligand 1-iodothyronine deiodinase 3 (DLK-DIO3) locus. This locus appears to have an involvement in muscle pathophysiology (Benetatos et al., 2013).
The specific types of surface antigens on EVs have also been considered in the realm of biomarker adaptation for DMD. As an example, Matsuzaka et al. found that an increase in the levels of muscle-abundant miRNAs appears to be tied to CD63 antigen levels on EVs (Matsuzaka et al., 2016). They found that CD63-and major histocompatibility complex (MHC) II-associated EVs collected from the serum of DMD patients were significantly enriched in myomiRs compared to healthy controls, especially miR-1, miR-133a, and miR-206 for CD63-associated EVs and miR-1 and miR-133a for MHC II-associated EVs. Additionally, in mdx mice, it was found that levels of miR-133a and miR-206 were significantly increased in CD81-, flotillin-1-, and MHC II-associated EVs, and flotillin-1- and MHC II-coupled EVs, respectively, compared to wild type mice.
Overall, skeletal muscle-released EVs from DMD models must still be additionally explored in order to truly understand their role in DMD pathophysiology and to start the establishment of further therapeutic strategies involving EVs.
5 CARDIAC INVOLVEMENT OF EXTRACELLULAR VESICLES IN DUCHENNE MUSCULAR DYSTROPHY
It has become apparent that there is a wealth of molecular species released by cardiac muscle under both physiological and pathological circumstances (Valadi et al., 2007) (Pironti et al., 2015) (Gao et al., 2020). These molecules are said to employ paracrine and/or endocrine effects (Gabisonia et al., 2022). Contrariwise, humoral factors produced by other organs, such as adipose tissue (Crewe et al., 2021), liver (Zardi et al., 2010), kidney (Gao et al., 2020), or skeletal muscle (Murach & McCarthy, 2017), may impact the function of normal and diseased hearts. EVs represent one of the main means of delivering potent molecules to and from the heart. Furthermore, intracardiac cell-to-cell communication has also come to the forefront of understanding the paracrine and endocrine effects of EVs in the heart (Saheera et al., 2021) (Nguyen et al., 2021). It has been found that cardiomyocytes represent only approximately 30% of cardiac cells, therefore, they must have a means of communicating with neighboring endothelial cells, fibroblasts, smooth muscle cells, macrophages, and pericytes (Nag, 1980) (Banerjee et al., 2007). The proper communication between these cell types ensures the homeostatic state of the heart (Perbellini et al., 2018). A multitude of different proteins and nucleic acids have been identified in cardiomyocyte-released exosomes (Malik et al., 2013). Some examples include inflammatory factors such as interleukin-6 (IL-6) (Datta et al., 2017), IL-1β (Yu et al., 2019), tumor necrosis factor-α (TNF-α) (Yu et al., 2012), heat shock proteins such as heat-shock protein 20 (Hsp20) (Zhang et al., 2012), metabolic transporters such as glucose transporter type 4 (GLUT4) and type 1 (GLUT1) (Garcia et al., 2016), as well as enzymes such as lactate dehydrogenase (LDH), and proteins that play a major role in the cardiac development signaling pathway, such as Wnt-binding proteins (Korkut et al., 2009). As stated previously, nucleic acids, especially a wide variety of miRNAs are also present in cardiac EVs (Waldenström et al., 2012) (Wang et al., 2014) (Li et al., 2021). The specific cargo carried by these EVs is strongly tied to their biogenesis and by the different stimuli influencing the parent cells (Malik et al., 2013).
Since cardiomyopathy is one of the leading causes of early mortality in DMD patients, it is crucial to understand the molecular pathology leading to cardiac dysfunction. Gartz et al. demonstrated that short-term exposure to exosomes secreted by dystrophin-deficient iPSC-derived cardiomyocytes (Dys-iCM) had the same protective effect against stress-induced injury on Dys-iCMs as did wild type exosomes (Gartz et al., 2018). They revealed that the protective pathways stimulated in this process included p38 mitogen-activated protein kinase (p38 MAPK) and extracellular signal-regulated protein kinase 1/2 (ERK1/2). However, since this did not mimic physiological in vivo conditions where cells are exposed to secreted exosomes continuously, Gartz et al. made a follow-up study to see if long-term exposure to exosomes may represent physiological conditions better (Gartz et al., 2020). In this follow-up study, Gartz et al. tested the effects of DMD cardiac exosomes (acquired from iPSC-derived DMD cardiomyocytes) on iPSC-derived DMD cardiomyocytes, after long-term exposure (Gartz et al., 2020). They confirmed that DMD cardiomyocytes were more vulnerable to stress (higher levels of reactive oxygen species), exhibited a decrease in mitochondrial membrane potential, and experienced an increase in the level of cell death. Long-term exposure of these cardiomyocytes to non-affected exosomes revealed to be protective, however, exposure to DMD cardiac exosomes resulted in no protective effects, rather an increase in the vulnerability to stress of DMD cardiomyocytes. Furthermore, they found that the miRNA cargo was significantly implicated in the pathological effects of DMD cardiac exosomes. In particular, the miRNA cargo housed miRNAs that regulate adverse pathways such as tumor protein P53 (p53) and transforming growth factor-β (TGF-β) (Shirokova & Niggli, 2013) (Lin et al., 2015). Lastly, it was also revealed that exosome inhibition mitigated pathological events tied to DMD cardiomyopathy in an mdx mouse model. The most recent follow-up study surfaced where the authors tried to identify the exact mechanism by which DMD cardiac exosomes are able to alter crucial stress-responsive genes in recipient cells (Gartz et al., 2021). They revealed that iPSC-derived DMD cardiomyocyte exosomes contain a heavily-altered miRNA profile compared to healthy controls. In particular, miR-339-5p was upregulated in DMD cardiomyocytes, DMD cardiac exosomes, as well as in mouse cardiac tissue. Some of the important targets of this miRNA are mouse double minute 2 homolog (MDM2), glycogen synthase kinase-3 alpha (GSK3A), and mitogen-activated protein kinase kinase 3 (MAP2K3), genes that are important in stress-responsive signaling pathways (Betel et al., 2008) (Zhang et al., 2014) (Jansson et al., 2015) (Agarwal et al., 2015). Therefore, the upregulation of this miRNA diminishes the ability of DMD cardiomyocytes to protect against stress injury. In line with miRNA deregulation, the myomiRs also appear to be abnormally expressed in the heart of DMD models (Lee et al., 2022). A few examples include, miR-1, involved in the electrical remodeling of the heart and arrhythmia induction if dysregulated (Yang et al., 2007), miR-133, which in case of downregulation causes cardiac hypertrophy (Carè et al., 2007), and the miR-208 family that strongly contributes to cardiac hypertrophy and arrhythmias (Callis et al., 2009).
Other studies have focused more on the potential positive/negative effects of EVs derived from healthy/diseased cells and/or tissues. Research has shown that exosomes isolated from healthy wild-type CDCs in vitro are able to improve both cardiac function and skeletal muscle myopathy (Aminzadeh et al., 2018) (Rogers et al., 2019). This effect was the result of a decrease in inflammation and oxidative stress, as well as improved mitochondrial function. Additionally, miR-148a was identified as a potential facilitator of enhanced full-length dystrophin protein synthesis. Another study revealed that exosomes collected from progenitor or stem cells in vitro, are able to improve cardiac function in vivo, after injury (Lai et al., 2010). In other cardiac disorders, namely cardiac overload or diabetic cardiomyopathy, it was found that exosomes hamper cardiomyocyte metabolism (Halkein et al., 2013) (Bang et al., 2014) or induce cardiac hypertrophy (Bang et al., 2014) through the delivery of an abundance of pathogenic miRNAs. More recently, it was discovered that exosomes isolated from DMD muscle-derived fibroblasts stimulate fibrosis, mainly mediated by exosomal miR-199-5p (Zanotti et al., 2018). With regard to three dimensional (3D) cardiac models, recently, our laboratory unveiled that cardiac organoids derived from DMD iPSCs display DMD-like cardiomyopathy and disease progression phenotypes in long-term cultures compared to clustered regularly interspaced short palindromic repeats (CRISPR)/(CRISPR/Cas9) mutation-corrected isogenic controls (Marini et al., 2022). It was revealed that in the DMD cardiac organoid dysregulated gene network, three miRNAs were found to play crucial roles. These miRNAs were hsa-mir-335-5p, hsa-mir-124-3p, and hsa-mir-26b-5p and further studies are in progress to determine their gene targets and potential roles in DMD cardiac degeneration. miR-335-5p is said to play a critical role in cardiomyocyte apoptosis, calcium level increases, and cardiac hypertrophy in right ventricular remodeling due to pulmonary arterial hypertension (Ma et al., 2022). miR-124-3p has been described to promote cardiac fibroblast activation and proliferation in patients with atrial fibrillation (Zhu et al., 2022). Lastly, miR-26b-5p has been found to be highly expressed in phenylephrine-induced cardiac hypertrophy (Tang et al., 2020).
As with skeletal muscle, miRNAs are also becoming strong candidate biomarkers for DMD cardiomyopathy progression. Although less pronounced than skeletal muscle biomarkers, some miRNAs have been found to be tied to specific muscular dystrophy cardiac events (Becker et al., 2016). As an example, Becker et al. revealed that miR-222, miR-26a, and miR-378a-5p, are significantly upregulated in patients with proof of myocardial scarring compared to those without (Becker et al., 2016). A more recent study has revealed that serum levels of miR-1, miR-133a, miR-133b, and miR-499 were significantly higher in DMD patients with cardiac involvement compared to the no cardiac involvement group (Meng et al., 2022). It has come to attention that the lipid signature of EVs may also discriminate between diseased and control conditions. One such example was evidenced by Burrello et al., where they identified a significant shift in the amount, as well as the diversity of sphingolipid species in EVs derived from ST-segment-elevation myocardial infarction patients versus controls (Burrello et al., 2020).
Although research revealing the role of EVs in DMD cardiomyopathy is quite novel, there are some promising results that confirm the potential pathophysiological roles of diseased EVs. Indeed, as documented in the next section, some clinical trials reveal a central role of miRNAs in the positive action of cell secretome-mediated therapy. Please see Table 1 for an overview of important miRNAs described in the text.
TABLE 1 | An overview of dysregulated microRNAs (miRNAs) in Duchenne muscular dystrophy (DMD) described in the text. The columns represent the miRNAs, up- or downregulated in skeletal and/or cardiac muscle, and their potential involvement in DMD due to dysregulation (in vivo and/or in vitro).
[image: Table 1]6 FROM THE BENCH TO THE BEDSIDE: EXTRACELLULAR VESICLES IN CLINICAL DEVELOPMENT
The use of human embryonic stem cells (hESCs) or hESC-derived cells in the field of cardiac regeneration has progressed towards a clinical trial (Menasché et al., 2018). Menasché et al. conducted a trial for the use of hESC-derived cardiovascular progenitors (embedded in a fibrin patch) on patients with severe ischemic left ventricular dysfunction. They demonstrated the feasibility of deriving these cells in a clinical-grade manner, as well as outlined the short- and medium-term safety of these cells. Although interpreted cautiously, the authors did detect improved contractility of the grafted segments. This improvement was hypothesized to be due to the secretion of biomolecules manifesting host-linked reparative mechanisms (Garbern & Lee, 2013). These biomolecules were found to be largely present in EVs. Furthermore, it was previously shown that the cardioprotective effects of the hESC-derived cardiac progenitors could be recapitulated by the sole administration of their released EVs (Kervadec et al., 2016). The authors assessed the content of these EVs and found that miR-302 appeared to be predominantly expressed. This miRNA is tied to cardiomyocyte proliferation stimulation (Tao et al., 2015). This revelation has caused a further understanding and a potential shift towards viewing hESC- or iPSC-derived progenitors as vital producers of a secretome able to induce a paracrine mechanism of action, explaining the long-term action of ESC derivatives in spite of their scarce long-standing engraftment potential (Menasché, 2022). Therefore, the secretome may be further considered as the “active substance”, that includes not only cytokines, chemokines, growth factors, RNAs, and proteins, but also extracellular vesicles. This ongoing study also exudes a burgeoning high potency when it comes to a multitude of other cardiac diseases, including DMD-induced cardiomyopathy.
Early work reported by Aminzadeh et al. (Aminzadeh et al., 2014) (Aminzadeh et al., 2015) motivated the Halt cardiomyOPathy progrEssion in Duchenne (HOPE-Duchenne) clinical trial (Ascheim & Jefferies, 2016), which is now entering phase 3 (McDonald et al., 2022). Aminzadeh et al. unveiled the striking effect of CDCs in mdx mice. Although initially the main goal was to ameliorate some of the pathophysiological consequences of DMD in the heart, the authors later revealed the affinity of CDCs to also restore skeletal muscle function (Aminzadeh et al., 2018). This uncovered the major systemic benefits of CDC injection into the heart. CDCs are said to induce their beneficial effects through the secretion of exosomes. These exosomes may play a multitude of different roles such as targeting macrophages and altering them into a healing rather than pro-inflammatory state (de Couto et al., 2015), as well as targeting fibroblasts and ultimately having an antifibrotic effect (Tseliou et al., 2015). Among the cargo of CDC-derived exosomes, miRNAs (miR-146a and miR-181b) and Y RNA fragments are the known bioactive components (Cambier et al., 2017) (de Couto et al., 2017) (Marbán, 2018) (McDonald, 2022). miR-146b has been shown to suppress ischemia/reperfusion injury by targeting interleukin-1 receptor-associated kinase 1 (IRAK) and tumor necrosis factor receptor (TNFR)-associated factor 6 (TRAF6) (Cheng et al., 2013) (Ibrahim et al., 2014). These pro-inflammatory cytokines are involved in the toll-like receptor (TLR) signaling pathway (Wang et al., 2013). This miRNA was shown to also suppress nicotinamide adenine dinucleotide phosphate oxidase four (NOX4) and SMAD family member 4 (SMAD4), which are involved in oxidative stress induction and the TGF-β profibrotic pathway, respectively (Infanger et al., 2010) (Vasa-Nicotera et al., 2011) (Liu et al., 2012). It has been found that miR-181b may be involved in the cardioprotective effect of CDC-derived exosomes by targeting protein kinase C-delta (PKC-δ) within distinctive macrophages, to induce a marked polarization state (de Couto et al., 2017). Cambier et al. revealed that a fragment of Y RNA, highly enriched in CDC-derived EVs, enhances IL-10 protein secretion by altering Il10 gene expression (Cambier et al., 2017). IL-10 is a well-known cardioprotective cytokine, particularly in myocardial ischemia/reperfusion injury (Yang et al., 2000).
Phase 1 of the HOPE clinical study revealed that CDCs appeared to display an acceptable level of safety and were able to preserve upper limb and cardiac function after one-time delivery into the coronary arteries of DMD patients (Ascheim & Jefferies, 2016) (McDonald et al., 2022). Phase 2 of the HOPE clinical trial (HOPE-2) examined the safety and efficacy of sequential intravenous injections of human CDCs in patients with late-stage DMD (McDonald, 2018). This trial disclosed that CDCs are safe and efficacious with regard to reducing deterioration of upper limb function in late-stage DMD patients. Cardiac functional and structural benefits were also observed compared to the placebo group. Phase 3 of the HOPE clinical trial (HOPE-3) is currently recruiting participants and will entail testing the CDCs in a large number of patients, compared to phase 2 (McDonald et al., 2022). Therefore, the HOPE clinical trial represents a very promising therapeutic approach for DMD patients, as it continues on to the third phase of testing.
It is imperative to develop a large-scale production of EVs as a medicinal product in line with current good manufacturing processes (GMP) guidelines. Such methods are currently being studied and developed. Overcoming limitations such as contaminants, xeno-free reagents in lieu of animal-derived ones, and scalable and reliable isolation methods are some of the important aspects of establishing ready-to-use EV products (Andriolo et al., 2018). It is also critical that the robustness and the reproducibility be measurable with reliable and optimized analytical methods in order to follow GMP guidelines.
Overall, the future of research in the direction of understanding the importance of the cell secretome is gaining momentum and more revelations with regard to this topic will surely be made.
7 CONCLUSION AND POTENTIAL THERAPEUTIC APPLICATIONS
In retrospect, EVs represent a field of study that must be explored a lot more in depth. While recent studies have already established that EVs are very important mediators in cell-to-cell communication, it remains to be further seen exactly how they contribute to healthy compared to diseased physiology. There is an abundant amount of evidence suggesting that DMD EVs induce deleterious effects, so it may be beneficial to understand which molecules are responsible for the adverse effects and to explore the possibility of counteracting the release of these molecules from EVs. Nowadays, the focus of EV-related potential therapies lies with the delivery of either EVs derived from healthy sources (Aminzadeh et al., 2018) (Yedigaryan et al., 2022a) or custom-cargo-engineered EVs that can efficiently deliver molecules to recipient cells (Matsuzaka et al., 2022). The inhibition of EV release represents a paradigm shift in the manner of treatment for diseases (Gartz et al., 2020) (Catalano & O'Driscoll, 2019) (Figure 3). However, compounds used to inhibit EV formation and/or release must be scrutinized closely for their off-target effects and under these circumstances, investigated for their influence on healthy cells. In the context of DMD, it appears that one of the most efficacious molecules in EVs are miRNAs. This also asserts a potential therapeutic strategy, as antagomiRs (anti-miRs), chemically engineered oligonucleotides intended for silencing endogenous miRNAs, may be utilized to block harmful miRNAs. On the other hand, miRNA mimics, chemically-designed double-stranded RNA molecules used to imitate endogenous miRNAs, may be used to enrich tissues with advantageous miRNAs (Rotini et al., 2018). These anti-miRs could potentially also be encapsulated in healthy EVs and delivered to patients. Although these ideas all seem to represent a highly compelling argument for their use in DMD therapy, much research and trials must be devised to understand their feasibility, safety, and final effectiveness (Villa et al., 2019). However, nano-therapy is becoming increasingly widespread and there will most likely come a time when exploratory cell therapy takes a backseat to cell-free therapeutic approaches.
[image: Figure 3]FIGURE 3 | Possible strategies for using extracellular vesicles (EVs) as therapeutic agents. Custom cargos may be implemented in specific EVs (such as derived from healthy muscle) and potentially used as a Duchenne muscular dystrophy (DMD) therapeutic. Effector molecules may include nucleic acids, lipids, proteins, adeno-associated viruses (for gene therapy), and propeptides with limited efficacy via direct administration. The inhibition of EV formation and secretion is a new strategy for stopping the effect of detrimental EVs in DMD. Most commonly used compounds include inhibitors of EV trafficking such as calpeptin, manumycin A, Y27632, and inhibitors of lipid metabolism such as imipramine, pantethine, and GW4869. These inhibitors may either act on the endosomal sorting complexes required for transport machinery (ESCRT)-dependent (e.g. manumycin A) or –independent pathway (e.g. GW4869). There are a multitude of other drugs that have been investigated for their ability to inhibit EV secretion such as U0126, clopidogrel, indomethacin, and chloramidine. These strategies represent potentially highly efficacious therapeutics for DMD treatment.
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