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Abstract

:

Despite the full cloning of the Dystrophin cDNA 35 years ago, no effective treatment exists for the Duchenne Muscular Dystrophy (DMD) patients who have a mutation in this gene. Many treatment options have been considered, investigated preclinically and some clinically, but none have circumvented all barriers and effectively treated the disease without burdening the patients with severe side-effects. However, currently, many novel therapies are in the pipelines of research labs and pharmaceutical companies and many of these have progressed to clinical trials. A brief review of these promising therapies is presented, followed by a description of two novel technologies that when utilized together effectively treat the disease in the mdx mouse model. One novel technology is to generate chimeric cells from the patient’s own cells and a normal donor. The other technology is to systemically transplant these cells into the femur via the intraosseous route.
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1. Introduction


Duchenne Muscular Dystrophy (DMD) is caused by mutations in the dystrophin gene that cause an almost complete lack of the dystrophin protein in the patient. The dystrophin gene is found on the X-chromosome, causing the disease to be X-linked and almost exclusively affecting young boys and young men. Diagnosis usually occurs in the second year of life by the presence of hypertrophic gastrocnemius muscles and the Gower’s maneuver. The maneuver is characterized by the patient’s using his arms to walk up his own body when rising from the floor. The disease goes on to cause weakness in the skeletal, diaphragm and cardiac muscles. Most patients die of cardiac complications and the remainder die from respiratory illnesses in the third or fourth decade of life [1]. Dystrophin mutations that do not completely ablate the protein’s expression or do not alter the protein’s structure severely, cause a milder version of the disease called Becker Muscular Dystrophy (BMD). From the BMD patients with varying levels of dystrophin, we have learned that 20% of normal dystrophin is enough to provide for a mild disease course [2]. This identifies that a low level of dystrophin restoration may alleviate the worst DMD symptoms and can be considered an effective therapy. Despite this low level of dystrophin restoration to be adequate for a remarkably effective treatment, it has not yet been achieved. Therefore, researchers are continuing the effort to bring effective therapies to the patients.



The development of palliative therapies through the years have extended the average lifespan of patients, from approximately 20 years before these palliative therapies to about 40 years with the therapies [1]. These developments include night-time assisted ventilation and cough assistance, anti-heart failure medications and corticosteroids. The steroids aid the skeletal, diaphragm and cardiac muscles, thus keeping the patients out of wheelchairs, and improving respiratory and cardiac function. However, corticosteroids are associated with some severe side effects: weight gain, osteoporosis, mood swings and others. Thus, continued improvements are required.




2. Therapeutic Strategies


There are many important advances occurring in the Muscular Dystrophy (MD) research field [3,4]. Many preclinical investigations of therapies are providing a lot of data regarding benefits and possible side effects. These therapies can be separated into seven main groups, based upon the strategy and molecular targets. These strategies are briefly described in Table 1, and more detail is provided below.



2.1. In Vivo Gene Correction


The original gene correction strategy was the introduction of the dystrophin gene. It soon became clear that the gene was too large for the standard delivery method—adeno-associated viruses. Therefore, much research has been conducted to design truncated dystrophin DNAs which still retain most of the full-length protein’s functions. Among these are micro- and mini-dystrophin [46]. Scientists are continuing to work on delivering these truncated dystrophins to all diseased muscle groups in the mouse models. For example, a long-term, one dose micro-dystrophin preclinical gene therapy was recently conducted. At 18-months post the single injection, micro-dystrophin was detected by immunostaining and Western blotting in skeletal muscle and heart tissue at levels above normal. Many skeletal muscle and cardiac functional parameters were also improved [47].



Six patients received 6 × 1011 or 3 × 1012 genomes of mini dystrophin linked to the cytomegalovirus promoter, into one bicep muscle via the AAV2.5 capsid (NCT00428935). Dystrophin DNA was detected via PCR in the injected muscle and, in five/six patients, in the contralateral arm. However, at 90 days post-injection no dystrophin DNA was detected, likely due to an immune response [48,49]. Since this study, additional clinical trials have progressed allowing only patients without pre-existing AAVrh74 antibodies. These trials have been more successful in long term gene expression and phenotype improvements [46].



Many of these MD-treating strategies have been discussed for several years and then a new technique or reagent becomes available to reignite a strategy. This is just what has happened in the in vivo gene correction field [50]. Zinc finger nucleases (ZFN) and transcriptional activator-like effector nucleases (TALENs) have been known since 2005 and 2009 [51,52], respectively, and both demonstrated some promise in pre-clinical studies. However, problems persisted, the most significant being low efficiency of correction, and the issue that still plagues this strategy today—delivery to all cardiac and diaphragm muscle nuclei and to enough skeletal muscle nuclei to produce adequate dystrophin. CRISPR/Cas newly invigorated the field in 2012 [53]. The CRISPR/Cas9 system provides increased site specificity over ZFN and TALENS. In pre-clinical models CRISPR/Cas9 has successfully produced dystrophin expression [54]. High dystrophin expression levels of 60% were also achieved in a dog model of DMD [9]. Continuing experiments with the CRISPR/Cas9 system have identified that single base editing can effectively replace the dangerous double-stranded DNA breaks required of the earlier generations [55,56]. Despite increased site specificity these gene correction techniques still have an issue of off-target mutations. In addition, perhaps a larger issue is that each MD mutation would require a specifically designed gene-correction system. On the highly positive side, in vivo gene correction by ZFN, TALEN or CRISPR have the added potential of being a full cure.




2.2. In Vivo mRNA Correction through Read-Through Pharmaceuticals, or Exon Skipping


Read-through techniques take advantage of certain chemicals’ (modified antibiotics) ability to cause ribosomes to ignore (read-through) stop codon sequences during the elongation phase of transcription. PTC124 (Ataluren) is such a chemical that has been tested in the European Union. The ataluren receiving patients had less physical deterioration and delayed respiratory decline, but improvement in the primary outcome—the 6-min walk test (6MWT)—was only observed upon meta-analysis and dividing the patients into three subgroups based upon their baseline 6MWT [10,11]. A long-term (average of 6.3 years of Ataluren treatment) meta-analysis of 11 patients showed an extension in ambulation years and decreases in functional decline in upper limb strength and respiratory parameters [12]. Though these are somewhat promising results, read-through methodology could potentially only help those with non-sense mutations, about 10% of DMD patients [57].



Exon-skipping technology also targets the mRNA, in this case as the mRNA is being processed before translation initiates. The exon containing the mutation and, sometimes to maintain reading-frame, flanking exons are targeted to be skipped. Four of these pharmaceuticals Eteplirsen, Drisapersen, Golodirsen and Casimersen are at different stages of clinical trials in the US. Eteplirsen is successful in skipping exon 51. After twenty-four weeks of weekly intra venous dosing of 30 or 50 mg/kg/week, Eteplirsen (NCT02255552) demonstrated increased dystrophin expression, by as much as 52%, and increases in the 6MWT by an average of 67.3 m [15]. Drisapersen (NCT01254019), which is also designed to skip exon 51, has been shown somewhat successful in recently diagnosed young patients, after post hoc analysis. In this trial, 125 patients received 6 mg/kg/week for 48 weeks [17]. All Drisapersen clinical trials have been halted due to lack of effectiveness. In its clinical trial, Golodirsen (which is designed to skip exon 53), was tested in eight patients at 30 mg/kg/week, for 48 weeks, increased dystrophin production and reduced skeletal muscle and respiratory decline were observed (NCT02310906) [18,19]. Continuing issues with exon skipping are that the pharmaceuticals (anti-sense oligonucleotides) are short lived, must be continually administered, can cause toxicity [58], proteinuria [59] and initiate inflammatory signaling cascades [60,61]. Furthermore, exon-skipping strategies only treat a small percentage of patients because there are many MD-causing mutations.



These first two strategies (in vivo-gene or in vivo-mRNA correction) must rely upon a not yet perfected delivery method, such as adeno-associated viruses [62], lipid nanoparticles or a number of other modifications to improve delivery and stability [61,63].




2.3. Upregulation of Sarcolemmal Supporting Molecules Such as Utrophin, Integrin-α7 or Sarcospan


Utrophin is a homolog of dystrophin, displaying similar protein structures and functions. In adults, dystrophin is expressed robustly in skeletal and cardiac muscle tissues and minimally in neurons [64,65], while utrophin is expressed at neuro-muscular junctions and in regenerating fibers [66]. Importantly, utrophin can form a stable dystrophin glycoprotein complex because it binds to most of the other complex proteins. Therefore, an early idea was posited that increasing utrophin expression can rescue at least a portion of the DMD phenotype [67,68,69]. This theory has now been proven many times over in the mdx mouse model of DMD, using many different strategies to increase utrophin expression [67]. Although there are still issues, for example, which utrophin-increasing strategy is most promising, and the dosing schedule requires optimized [67]. A small pharmaceutical, Ezutromid, which activates utrophin expression from its native promoter has entered a Phase 1b clinical trial with promising results. With a proper diet, the drug was well-absorbed, achieved desired, functionally useful plasma concentrations and did not incur any serious or severe side effects [22]. However, as often happens when stepping from mouse models to humans, the Phase 2 study (NCT02858362) was halted due to lack of efficacy. It must now be investigated which step was insufficient for clinical improvement; was utrophin upregulation insufficient or did the patients just not respond in the same manner as the mouse models to increased utrophin?



A similar strategy is found in the upregulation of integrin-α7 which functions to attach muscle cells to the basal lamina, the same function (among others) that dystrophin usually serves. By overexpressing integrin-α7 from a transgene, scientists have reduced the pathology of the dystrophin/utrophin double knockout mice [70]. Delivery of integrin-α7 via an adeno-associated virus also benefited the dystrophin/utrophin double knockout mice [71]. To identify patient-applicable strategies, small molecules have been sought to upregulate integrin-α7. One such molecule is SU9516, which is available orally, does increase integrin-α7 and reduces the mdx mouse pathology [23]. Another such molecule is obestatin. Obestatin upregulates utrophin, integrin-α7 and other muscle membrane proteins and decreases mdx pathology [24]. Hopefully clinical trials will soon be initiated.



Sarcospan is a relative newcomer to the world of proteins that can be upregulated to alleviate MD in the mdx mouse [25]. As a newcomer, the methods of Sarcospan over expression have not been as completely investigated, but transgenic overexpression does aid the mice [25]. In addition, sarcospan reduces MD-mediated cardiomyopathy [26].



Upregulation of additional molecules may prove beneficial to the DMD patient. The key to success would be safe and effective delivery of small molecule regulators to DMD patients.




2.4. Metabolism Manipulation for DMD Benefit


There are multiple pieces of data indicating that increasing metabolism is helpful for muscles, including muscles of muscular dystrophy patients [72]. Some of these data stems from early observations that slow fibers are somewhat resistant to dystrophic pathologies [73]. Further evidence then came from positive results of switching metabolic signaling through the upregulation of pAMPK [74]. There are multiple strategies to upregulate pAMPK [74,75,76]. Metformin alters cellular metabolism by reducing the efficiency of the electron transport chain and thus ‘tricking’ the cell into thinking it is low on ATP. The cell responds by increasing mitochondrial production and metabolism [77]. This increased metabolism rate is likely beneficial, but the associated signaling cascades (pAMPK and PGC1α) of a starved cell also benefit the muscle cells [78]. The most protective metabolic manipulations in mouse models are not yet decided upon, but human trials of metformin are underway. The most significant aspect of treating MD with metformin is that metformin is already FDA approved and has few lasting side-effects [77]. Metformin is the primary medication for type 2 diabetes, is now also often prescribed for clinically necessary weight loss and has proven safe for over 20 million patients in 2020 in the USA (https://clincalc.com/drugstats/drugs/metformin (accessed on 13 January 2023)). When metformin was co-administered with L-arginine to DMD patients, the therapy was well tolerated and changes in the mitochondrial metabolic pathways and nitric oxide signaling cascades were changed to a possibly more favorable position. However, no statistically significant clinical benefits were observed, likely only because the study was underpowered (NCT01995032) [27,28].



PGC1α upregulation has been identified as a central signaling nexus for mitochondrial and skeletal muscle health [79,80]. Resveratrol, an extract of dark grapes, can upregulate PGC1α with minimal side-effects. In addition, resveratrol decreases reactive oxygen species, increases oxidative capacity, increases mitochondrial biogenesis and upregulates utrophin. In many mdx experiments, resveratrol proved successful at reducing pathology, reviewed in [81]. A clinical trial (NCT01856868) increasing PGC1α with epicatechin (a structural homologue of a family of PGC1-alpha activating steroid hormones) produced some benefits for the patients, such as increases in elbow flexion and increases in utrophin.




2.5. Designing Novel Steroids Such as Deflazacort and Volmerone


These advanced generation steroids are designed to provide the benefits, but not the side effects of traditional steroids [31]. Deflazacort has proven to be more effective than prednisone and with decreased side effects. The deflazacort patients required wheelchairs later in life and fewer patients developed scoliosis and it developed at a later age [30]. Volmerone has also proven as effective as deflazacort and has lower side effects than prednisone (NCT02760264, 02760277, 03038399) [32]. A further area of research is the effort to identify the best dosing regimens. In mice, daily or weekly administration of 5mg/ml prednisone demonstrated significant benefits, while only the daily regimen elicited side effects [82]. A portion of the benefit of weekly dosing regimens may be the realignment of the synchronicity usually observed in acute muscle injuries in non-DMD animals and patients.




2.6. Repurposing of Pharmaceuticals That Are Designed for Use against Other Diseases Has Many Advantages


This strategy saves time and money usually devoted to research, development, pharmacokinetics and safety studies. Saving this money will help to fight any disease but are more important when combatting a rare disease such as MD [83]. Read-through antibiotics, metformin and next-generation antibiotics are examples of this strategy that have already been discussed.



Tamoxifen is usually prescribed to combat breast cancer and acts by competing for the estrogen receptor [84]. In the pre-clinical MD arena, long term tamoxifen can reduce fibrosis, increase force, aid in regeneration and cause myogenesis to decrease MD pathology [85,86,87]. In a 3-year clinical trial (NCT02835079), patients showed maintenance of muscle and respiratory functions and decreased creatine kinase levels [33].



A common low-density lipoprotein-lowering pharmaceutical—simvastatin—has proven to benefit the mdx mouse model of DMD. Simvastatin reduces fibrosis, reactive oxygen species and inflammation in the mouse model, benefitting both skeletal and cardiac muscle function [34,35]. Clinical trials have not yet been initiated.



Zidovudine (AZT) inhibits purinergic receptor (P2RX7) signaling, was developed in the fight against HIV/Aids and in a mouse-model assists against MD by the same molecular cascade [36]. Following two weeks of treatment, the mice had less inflammation, fibrosis, membrane damage, increased grip strength and distance in a test run [36]. Clinical trials have not yet been initiated.




2.7. Cell Transplantation Investigations


Cell transplantation has long been seen as a potential therapy for DMD [88] and was recently reviewed [89,90,91,92]. Issues specific to this therapy are identifying the best muscle regenerating cell type, immune rejection of the donated cells, immune rejection of dystrophin and insufficient engraftment. Some of these transplant experiments have reached the state of clinical trial.



For example, a Phase I/II study involved the introduction by “high-density injections” of thirty-million donor myoblasts into the extensor carpi radialis of the forearm (NCT02196467), while the contralateral forearm received saline. The donor was one of the patient’s parents and the recipient was treated with tacrolimus for immunosuppression. Eight of nine patients expressed dystrophin (between 3.5 to 26% of normal) by immunofluorescence at 4-weeks post-injections [37]. Another trail introduced cardiosphere-derived cells into coronaries of 13 patients with substantial myocardial fibrosis (NCT 02485938). Importantly, no immune suppression was used. Cardiac parameters were measured by MRI after 12 months. The treated patients had significantly reduced scar size and improvement in inferior wall systolic thickening. The treated patients also had improvements in some of their upper limb tests [38].





3. Future of Cell-Based Therapeutics


3.1. Choosing the Correct Cell Type


Several cell types have been investigated for their abilities to rescue DMD in the mdx mouse model. Initially, scientists used neonatal mouse myoblasts, additional studies utilized satellite cells (muscle resident stem cells), induced pluripotent stem cells (iPSCs), normal adult myoblasts, side population cells, bone marrow cells, pericytes, mesenchymal stem cells (MSC) and mesoangioblasts [90,92]. Many of these cells (especially the MSCs) have the added benefit of secreting cytokines that are myotrophic and/or myogenic [93]. At first glance, satellite cells would appear to be the best candidates to repopulate injured muscles. However, satellite cells have issues; very few can be isolated, propagation in culture reduces their stem-ness, they self-aggregate by blocking small vessels and never achieve muscle localization, even when injected directly into the muscle few cells survive [90,92].



There is also the decision between autologous or allogenic cells. Autologous procedures utilize the patient’s own cells, usually genetically corrected ex vivo, expanded and then reintroduced into the patient. These cells have the advantage of not requiring immune suppressive pharmaceuticals. Allogenic cells are from a different person, a true donor. These cells have the advantage that they contain normal dystrophin, so they only need to be expanded ex vivo. However, unless the cells are from a perfectly matched donor the patients will require immune suppressive medications for the remainder of their lives.




3.2. Production of Novel Chimeric Cells Which Avoids Immune Rejection


Many of the MD transplant therapies would require donor matching or continuous immunosuppressants. Donor matching requires identical blood types and identical Human Leukocyte Antigen (HLA) between the healthy, normal donor and the recipient. This test must be conducted to match each patient. Currently more than 1200 HLA variants have been identified, making matching difficult, time-consuming and expensive [94]. Close relatives are more likely to be matches, making the statistics better in some situations. The recipient’s blood must also be checked for anti-HLA antibodies possibly formed from a previous transplantation or blood transfusion. Additional tests are performed to identify harmful interactions between donor and host. Despite these many tests, graft-versus-host-disease still occurs in more than 25% of transplant recipients [95].



If a perfectly matched donor cannot be found, immunosuppressant pharmaceuticals are an option. These drugs are likely to be needed for the life of the patient and missing a single dose can cause severe reactions. These drugs are also associated with some severe side-effects. The patients will have increased chances of infections and may have coughs and colds that require more time to dissipate. Therefore, additional research is required to successfully bring cell transplants to the clinic.



One method of avoiding the immune rejection dilemma is to mark the transplanted organs, tissues or cells as self. An interesting method to mark donor cells as self is to fuse the donor cells to the recipient’s cells in ex vivo cell culture, to create Dystrophin Expressing Chimeric cells (DEC). To ensure chimerism, the cells are first labelled with red or green dyes, the yellow/orange fused cells are fluorescently sorted and expanded in culture. The sorting step is very important as some donor cells will fuse with other donor cells; if enough of these cells are transplanted an immune reaction would occur. In the desired yellow/orange chimeric cells, the donor cell and nucleus provide the dystrophin while the recipient cell and nucleus provide the cell surface proteins that mark the fused cell as self.



This fusion chimerism has been proven to induce tolerance in vascularized composite allotransplantation and bone marrow transplantation studies [96,97,98].




3.3. The DEC Fusion Techniques for Muscular Dystrophy Have Been Perfected In Vitro and Preclinically in the mdx Mouse


The proof-of-principle chimeric cell experiments demonstrated that myoblast cells from two different mice could be successfully fused without losing muscle stemness and without losing the ability to proliferate. Furthermore, when myoblasts from an mdx mouse were fused with myoblasts from a wildtype mouse: MBN/MBmdx the chimeric cells expressed dystrophin in vitro. After sorting for and expansion of the fused cells, the MBN/MBmdx cells were injected directly into the gastrocnemius muscle (GM) of mdx mice. Upon analysis at 90-days post-transplant, dystrophin was found to be expressed and localized correctly to the sarcolemma. The injected GM samples also demonstrated increased strength by in vivo and ex vivo muscle tests and increased resistance to fatigue [40,41].



The next step was to analyze the possibility that normal human myoblast cells could be fused to DMD patient myoblasts and still retain their ability to differentiate into muscle cells and proliferate [40]. After in vitro confirmation of fusion, differentiation and proliferation, these human fused cells were injected into the GM of mdx/scid mice and followed for 90 days. Again, the DEC cells repopulated the GM and expressed dystrophin and restored the expression of other dystrophin glycoprotein complex members. Furthermore, after 90 days the DEC-injected GM produced significantly more force [40].



An additional—often raised—cell transplant question is which cells will proliferate best and repopulate the muscle best. Based upon many previous publications, the authors also tested the fusibility of murine myoblasts with mesenchymal stem cells (MSC). The fused MBN/MSCN DEC cells performed well in the in vivo battery of tests. They fused well, maintained their muscle stem-ness, expressed dystrophin, and proliferated well. These cells also passed an in vitro Comet Assay, which investigates possible genotoxicity. None of the MBN, MSCN or MBN/MSCN DEC cells displayed any genotoxicity. Furthermore, to evaluate any possible immune reactions elicited by the transplanted chimeric cells the Mixed Lymphocyte Reaction was utilized. Again, the three chimeric cell types passed by displaying reduced alloreactivity. These DEC cells also passed the localized GM transplantation in vivo tests. At 90 days post-transplantation, dystrophin expression was present and functional tests demonstrated improvement over vehicle-injected controls [45].




3.4. Choosing the Correct Delivery Route


The chimeric cell technique overcomes many of the issues that surrounded cell transplantation experiments. The chimeras evade the immune response thus allowing efficient engraftment and proliferation when locally injected. As important as ensuring that the cells are right is the use of the correct delivery route. Scientists have attempted intravenous in the tail vein [99] or intraarterial transplantation [100]. None of these produced adequate engraftment or dystrophin expression. Very few of the precious cells implanted into the muscles. A newly tested delivery route is through intraosseous delivery (IO). This route has historically been used in an emergency setting when a vein cannot be accessed. This route was now to be tested for systemic DEC cell delivery [43,44]. These experiments could then also analyze the global effectiveness of the DEC cells in alleviating cardiac and respiratory pathologies.



Intraosseous delivery has now been effectively utilized preclinically to treat the mdx mouse model of DMD. Human DEC cells (MBN/MBDMD) were identified by immunofluorescence to have localized to the gastrocnemius, diaphragm, and cardiac muscles at least to 90 days post transplant [43]. The expression patterns correlated with improved, quantitative histopathology and function in all three muscle tissues. The quantitative histology measurements included the analysis of inflammatory foci. As inflammation is ubiquitous with DMD, the found decrease in this characteristic also indicates benefits from the DEC transplantation. Quantitative histology measurements also included fibrosis analysis, and again, the DEC-treated animals displayed reduced fibrosis. The functional improvements include force generation capabilities of the GM, improved ejection fraction and fractional shortening for the heart, and improved tidal volume and relaxation times for the diaphragm (improving respiratory function). These same benefits (in GM, diaphragm and cardiac muscles) were observed in mice that had received DEC therapy via the intraosseous route after 180 days [39,42]; thus, demonstrating that the DEC cells also have longevity after their engraftment.



Importantly, the mice were assessed for additional safety measures at 180 days after intraosseous transplantation of human DEC cells (MBN/MBDMD). By flow cytometry, there was negligible presence of DEC cells in the off-target organs (blood, bone marrow, lung, liver, and spleen) and a dose-dependent increase in DEC cells in the target organs (heart, diaphragm, and gastrocnemius). Furthermore, magnetic resonance imagining was utilized to demonstrate lack of tumors. The lack of tumors was verified by a trained veterinarian conducting a complete necropsy at the study’s endpoint [39].





4. Conclusions


Despite the many years of corticosteroids being the sole pharmaceutical prescribed for DMD patients, many promising therapies are on the horizon for these patients. The most important point is the many different strategies being investigated. This will make success of at least one of the pharmaceuticals more likely. A further benefit to these multiple strategies is that one can envision combination therapies being formulated. These combination therapies may allow lower doses of the individual components, reducing the side-effect dilemma, but still—in combination—producing benefits. Additional therapies—not discussed in this review—that could be combined with the listed therapies include specific exercise regimes [101] and nutritional modifications [72]. With these many avenues and momentum, it is not surprising that many clinical trials to combat DMD are occurring [3,102].



There are several barriers that MD therapies must overcome. The main barriers are delivering therapy to all muscle groups, effectively treating the disease in skeletal, diaphragm and cardiac muscles once delivered, sustaining treatment, and limiting severe side effects. Among the therapies currently being investigated is cell transplantation. As with other transplantation scenarios, immune rejection is an additional barrier. There are many different cell types, different pre-transplant manipulations of the cells and different routes of delivery. A relatively new strategy is the making of Dystrophin Expressing Chimeric cells (DEC cells), for transplantation. These cells result from the fusion of the patient’s muscle cells with those of a healthy donor. The recipient’s cells provide the ‘self’ surface markers, thereby avoiding any immune rejection of the transplant; meanwhile, the cells from the healthy donor provide full-length dystrophin. To overcome the other barriers, intraosseous delivery has been used to deliver the cells systemically. Once delivered, the cells specifically target the muscle tissues and effectively treat the disease in canonical skeletal, diaphragm and heart muscles and maintain treatment for at least 180 days. DEC therapy is not dependent on the genetic mutation of the DMD patient, thus making DEC a universal therapy for all DMD patients. It is also possible that the combination of DEC cells with intraosseous delivery can benefit other muscular dystrophies. In addition, as DEC therapy does not require viral vectors, it can be readministered. The therapy is not associated with any genetic manipulation and therefore involves no risk of off-target mutations. Having proven itself pre-clinically, this therapy has now entered a Dystrogen-administered clinical trial in Poland, approved by the Poznan University Hospital Bioethics Committee (approval number 46/2019).







Funding


This research received no external funding.




Conflicts of Interest


M.S. is the Chief Medical Officer of Dystrogen Therapeutics Corporation.




References


	



Mercuri, E.; Bonnemann, C.G.; Muntoni, F. Muscular dystrophies. Lancet 2019, 394, 2025–2038. [Google Scholar] [CrossRef]

	



Wells, D.J. What is the level of dystrophin expression required for effective therapy of Duchenne muscular dystrophy? J. Muscle Res. Cell Motil. 2019, 40, 141–150. [Google Scholar] [CrossRef]

	



Deng, J.; Zhang, J.; Shi, K.; Liu, Z. Drug development progress in duchenne muscular dystrophy. Front. Pharmacol. 2022, 13, 950651. [Google Scholar] [CrossRef] [PubMed]

	



Markati, T.; Oskoui, M.; Farrar, M.A.; Duong, T.; Goemans, N.; Servais, L. Emerging therapies for Duchenne muscular dystrophy. Lancet Neurol. 2022, 21, 814–829. [Google Scholar] [CrossRef] [PubMed]

	



Willcocks, R.J.; Forbes, S.C.; Walter, G.A.; Sweeney, L.; Rodino-Klapac, L.R.; Mendell, J.R.; Vandenborne, K. Assessment of rAAVrh.74.MHCK7.micro-dystrophin Gene Therapy Using Magnetic Resonance Imaging in Children With Duchenne Muscular Dystrophy. JAMA Netw. Open 2021, 4, e2031851. [Google Scholar] [CrossRef]

	



Mendell, J.R.; Sahenk, Z.; Lehman, K.; Nease, C.; Lowes, L.P.; Miller, N.F.; Iammarino, M.A.; Alfano, L.N.; Nicholl, A.; Al-Zaidy, S.; et al. Assessment of Systemic Delivery of rAAVrh74.MHCK7.micro-dystrophin in Children With Duchenne Muscular Dystrophy: A Nonrandomized Controlled Trial. JAMA Neurol. 2020, 77, 1122–1131. [Google Scholar] [CrossRef]

	



Clinicaltrials. A Phase 3 Study to Evaluate the Safety and Efficacy of pf-06039926 for the Treatment of Duchenne Muscular Dystrophy. Available online: https://clinicaltrials.gov/ct2/show/NCT04281485 (accessed on 16 February 2023).

	



Biospace. FDA Slaps Second Clinical Hols on Biosciences’ DMD Gene Therapy Due to Adverse Events. 2022. Available online: https://www.biospace.com/article/fda-Slaps-Second-Clinical-Hold-on-Biosciences’-DMD-Gene-Therapy-Due-to-Adverse-Events/ (accessed on 16 February 2023).

	



Amoasii, L.; Hildyard, J.C.W.; Li, H.; Sanchez-Ortiz, E.; Mireault, A.; Caballero, D.; Harron, R.; Stathopoulou, T.R.; Massey, C.; Shelton, J.M.; et al. Gene editing restores dystrophin expression in a canine model of Duchenne muscular dystrophy. Science 2018, 362, 86–91. [Google Scholar] [CrossRef]

	



McDonald, C.M.; Campbell, C.; Torricelli, R.E.; Finkel, R.S.; Flanigan, K.M.; Goemans, N.; Heydemann, P.; Kaminska, A.; Kirschner, J.; Muntoni, F.; et al. Ataluren in patients with nonsense mutation Duchenne muscular dystrophy (ACT DMD): A multicentre, randomised, double-blind, placebo-controlled, phase 3 trial. Lancet 2017, 390, 1489–1498. [Google Scholar] [CrossRef]

	



McDonald, C.M.; Muntoni, F.; Penematsa, V.; Jiang, J.; Kristensen, A.; Bibbiani, F.; Goodwin, E.; Gordish-Dressman, H.; Morgenroth, L.; Werner, C.; et al. Ataluren delays loss of ambulation and respiratory decline in nonsense mutation Duchenne muscular dystrophy patients. J. Comp. Eff. Res. 2022, 11, 139–155. [Google Scholar] [CrossRef] [PubMed]

	



Michael, E.; Sofou, K.; Wahlgren, L.; Kroksmark, A.K.; Tulinius, M. Long term treatment with ataluren-the Swedish experience. BMC Musculoskelet. Disord. 2021, 22, 837. [Google Scholar] [CrossRef]

	



Iff, J.; Gerrits, C.; Zhong, Y.; Tuttle, E.; Birk, E.; Zheng, Y.; Paul, X.; Henricson, E.K.; McDonald, C.M.; Investigators, C.-D. Delays in pulmonary decline in eteplirsen-treated patients with Duchenne muscular dystrophy. Muscle Nerve 2022, 66, 262–269. [Google Scholar] [CrossRef]

	



Alhamadani, F.; Zhang, K.; Parikh, R.; Wu, H.; Rasmussen, T.P.; Bahal, R.; Zhong, X.B.; Manautou, J.E. Adverse Drug Reactions and Toxicity of the Food and Drug Administration-Approved Antisense Oligonucleotide Drugs. Drug Metab. Dispos. 2022, 50, 879–887. [Google Scholar] [CrossRef]

	



Mendell, J.R.; Rodino-Klapac, L.R.; Sahenk, Z.; Roush, K.; Bird, L.; Lowes, L.P.; Alfano, L.; Gomez, A.M.; Lewis, S.; Kota, J.; et al. Eteplirsen for the treatment of Duchenne muscular dystrophy. Ann. Neurol. 2013, 74, 637–647. [Google Scholar] [CrossRef]

	



Clemens, P.R.; Rao, V.K.; Connolly, A.M.; Harper, A.D.; Mah, J.K.; McDonald, C.M.; Smith, E.C.; Zaidman, C.M.; Nakagawa, T.; Investigators, C.D.; et al. Long-Term Functional Efficacy and Safety of Viltolarsen in Patients with Duchenne Muscular Dystrophy. J. Neuromuscul. Dis. 2022, 9, 493–501. [Google Scholar] [CrossRef]

	



Goemans, N.; Mercuri, E.; Belousova, E.; Komaki, H.; Dubrovsky, A.; McDonald, C.M.; Kraus, J.E.; Lourbakos, A.; Lin, Z.; Campion, G.; et al. A randomized placebo-controlled phase 3 trial of an antisense oligonucleotide, drisapersen, in Duchenne muscular dystrophy. Neuromuscul. Disord. 2018, 28, 4–15. [Google Scholar] [CrossRef] [PubMed]

	



Frank, D.E.; Schnell, F.J.; Akana, C.; El-Husayni, S.H.; Desjardins, C.A.; Morgan, J.; Charleston, J.S.; Sardone, V.; Domingos, J.; Dickson, G.; et al. Increased dystrophin production with golodirsen in patients with Duchenne muscular dystrophy. Neurology 2020, 94, e2270–e2282. [Google Scholar] [CrossRef] [PubMed]

	



Servais, L.; Mercuri, E.; Straub, V.; Guglieri, M.; Seferian, A.M.; Scoto, M.; Leone, D.; Koenig, E.; Khan, N.; Dugar, A.; et al. Long-Term Safety and Efficacy Data of Golodirsen in Ambulatory Patients with Duchenne Muscular Dystrophy Amenable to Exon 53 Skipping: A First-in-human, Multicenter, Two-Part, Open-Label, Phase 1/2 Trial. Nucleic. Acid. Ther. 2022, 32, 29–39. [Google Scholar] [CrossRef]

	



Wilton-Clark, H.; Yokota, T. Casimersen for Duchenne muscular dystrophy. Drugs Today 2021, 57, 707–717. [Google Scholar] [CrossRef]

	



Wagner, K.R.; Kuntz, N.L.; Koenig, E.; East, L.; Upadhyay, S.; Han, B.; Shieh, P.B. Safety, tolerability, and pharmacokinetics of casimersen in patients with Duchenne muscular dystrophy amenable to exon 45 skipping: A randomized, double-blind, placebo-controlled, dose-titration trial. Muscle Nerve 2021, 64, 285–292. [Google Scholar] [CrossRef]

	



Muntoni, F.; Tejura, B.; Spinty, S.; Roper, H.; Hughes, I.; Layton, G.; Davies, K.E.; Harriman, S.; Tinsley, J. A Phase 1b Trial to Assess the Pharmacokinetics of Ezutromid in Pediatric Duchenne Muscular Dystrophy Patients on a Balanced Diet. Clin. Pharmacol. Drug Dev. 2019, 8, 922–933. [Google Scholar] [CrossRef]

	



Sarathy, A.; Wuebbles, R.D.; Fontelonga, T.M.; Tarchione, A.R.; Mathews Griner, L.A.; Heredia, D.J.; Nunes, A.M.; Duan, S.; Brewer, P.D.; Van Ry, T.; et al. SU9516 Increases alpha7beta1 Integrin and Ameliorates Disease Progression in the mdx Mouse Model of Duchenne Muscular Dystrophy. Mol. Ther. 2017, 25, 1395–1407. [Google Scholar] [CrossRef]

	



Gonzalez-Sanchez, J.; Sanchez-Temprano, A.; Cid-Diaz, T.; Pabst-Fernandez, R.; Mosteiro, C.S.; Gallego, R.; Nogueiras, R.; Casabiell, X.; Butler-Browne, G.S.; Mouly, V.; et al. Improvement of Duchenne muscular dystrophy phenotype following obestatin treatment. J. Cachexia Sarcopenia Muscle 2018, 9, 1063–1078. [Google Scholar] [CrossRef]

	



Gibbs, E.M.; Marshall, J.L.; Ma, E.; Nguyen, T.M.; Hong, G.; Lam, J.S.; Spencer, M.J.; Crosbie-Watson, R.H. High levels of sarcospan are well tolerated and act as a sarcolemmal stabilizer to address skeletal muscle and pulmonary dysfunction in DMD. Hum. Mol. Genet. 2016, 25, 5395–5406. [Google Scholar] [CrossRef] [PubMed]

	



Parvatiyar, M.S.; Brownstein, A.J.; Kanashiro-Takeuchi, R.M.; Collado, J.R.; Dieseldorff Jones, K.M.; Gopal, J.; Hammond, K.G.; Marshall, J.L.; Ferrel, A.; Beedle, A.M.; et al. Stabilization of the cardiac sarcolemma by sarcospan rescues DMD-associated cardiomyopathy. JCI Insight 2019, 5, e123855. [Google Scholar] [CrossRef] [PubMed]

	



Hafner, P.; Bonati, U.; Erne, B.; Schmid, M.; Rubino, D.; Pohlman, U.; Peters, T.; Rutz, E.; Frank, S.; Neuhaus, C.; et al. Improved Muscle Function in Duchenne Muscular Dystrophy through L-Arginine and Metformin: An Investigator-Initiated, Open-Label, Single-Center, Proof-Of-Concept-Study. PLoS ONE 2016, 11, e0147634. [Google Scholar] [CrossRef] [PubMed]

	



Hafner, P.; Bonati, U.; Klein, A.; Rubino, D.; Gocheva, V.; Schmidt, S.; Schroeder, J.; Bernert, G.; Laugel, V.; Steinlin, M.; et al. Effect of Combination l-Citrulline and Metformin Treatment on Motor Function in Patients With Duchenne Muscular Dystrophy: A Randomized Clinical Trial. JAMA Netw. Open 2019, 2, e1914171. [Google Scholar] [CrossRef]

	



Hollinger, K.; Gardan-Salmon, D.; Santana, C.; Rice, D.; Snella, E.; Selsby, J.T. Rescue of dystrophic skeletal muscle by PGC-1alpha involves restored expression of dystrophin-associated protein complex components and satellite cell signaling. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2013, 305, R13–R23. [Google Scholar] [CrossRef]

	



Wong, B.L.; Cook, T.; Miller, H. Prednisone and deflazacort in Duchenne muscular dystrophy: A patient perspective and plain language summary publication of the Cincinnati study. J. Comp. Eff. Res. 2022, 11, 779–786. [Google Scholar] [CrossRef]

	



Heier, C.R.; Yu, Q.; Fiorillo, A.A.; Tully, C.B.; Tucker, A.; Mazala, D.A.; Uaesoontrachoon, K.; Srinivassane, S.; Damsker, J.M.; Hoffman, E.P.; et al. Vamorolone targets dual nuclear receptors to treat inflammation and dystrophic cardiomyopathy. Life Sci. Alliance 2019, 2, e201800186. [Google Scholar] [CrossRef]

	



Smith, E.C.; Conklin, L.S.; Hoffman, E.P.; Clemens, P.R.; Mah, J.K.; Finkel, R.S.; Guglieri, M.; Tulinius, M.; Nevo, Y.; Ryan, M.M.; et al. Efficacy and safety of vamorolone in Duchenne muscular dystrophy: An 18-month interim analysis of a non-randomized open-label extension study. PLoS Med. 2020, 17, e1003222. [Google Scholar] [CrossRef]

	



Tsabari, R.; Simchovitz, E.; Lavi, E.; Eliav, O.; Avrahami, R.; Ben-Sasson, S.; Dor, T. Safety and clinical outcome of tamoxifen in Duchenne muscular dystrophy. Neuromuscul. Disord. 2021, 31, 803–813. [Google Scholar] [CrossRef] [PubMed]

	



Kim, M.J.; Bible, K.L.; Regnier, M.; Adams, M.E.; Froehner, S.C.; Whitehead, N.P. Simvastatin provides long-term improvement of left ventricular function and prevents cardiac fibrosis in muscular dystrophy. Physiol. Rep. 2019, 7, e14018. [Google Scholar] [CrossRef]

	



Whitehead, N.P.; Kim, M.J.; Bible, K.L.; Adams, M.E.; Froehner, S.C. A new therapeutic effect of simvastatin revealed by functional improvement in muscular dystrophy. Proc. Natl. Acad. Sci. USA 2015, 112, 12864–12869. [Google Scholar] [CrossRef]

	



Al-Khalidi, R.; Panicucci, C.; Cox, P.; Chira, N.; Rog, J.; Young, C.N.J.; McGeehan, R.E.; Ambati, K.; Ambati, J.; Zablocki, K.; et al. Zidovudine ameliorates pathology in the mouse model of Duchenne muscular dystrophy via P2RX7 purinoceptor antagonism. Acta Neuropathol. Commun. 2018, 6, 27. [Google Scholar] [CrossRef]

	



Skuk, D.; Goulet, M.; Roy, B.; Chapdelaine, P.; Bouchard, J.P.; Roy, R.; Dugre, F.J.; Sylvain, M.; Lachance, J.G.; Deschenes, L.; et al. Dystrophin expression in muscles of duchenne muscular dystrophy patients after high-density injections of normal myogenic cells. J. Neuropathol. Exp. Neurol. 2006, 65, 371–386. [Google Scholar] [CrossRef]

	



Taylor, M.; Jefferies, J.; Byrne, B.; Lima, J.; Ambale-Venkatesh, B.; Ostovaneh, M.R.; Makkar, R.; Goldstein, B.; Smith, R.R.; Fudge, J.; et al. Cardiac and skeletal muscle effects in the randomized HOPE-Duchenne trial. Neurology 2019, 92, e866–e878. [Google Scholar] [CrossRef] [PubMed]

	



Siemionow, M.; Brodowska, S.; Langa, P.; Zalants, K.; Kozlowska, K.; Grau-Kazmierczak, W.; Heydemann, A. Long-Term Biodistribution and Safety of Human Dystrophin Expressing Chimeric Cell Therapy After Systemic-Intraosseous Administration to Duchenne Muscular Dystrophy Model. Arch. Immunol. Ther. Exp. 2022, 70, 20. [Google Scholar] [CrossRef]

	



Siemionow, M.; Cwykiel, J.; Heydemann, A.; Garcia, J.; Marchese, E.; Siemionow, K.; Szilagyi, E. Dystrophin Expressing Chimeric (DEC) Human Cells Provide a Potential Therapy for Duchenne Muscular Dystrophy. Stem Cell Rev. Rep. 2018, 14, 370–384. [Google Scholar] [CrossRef]

	



Siemionow, M.; Cwykiel, J.; Heydemann, A.; Garcia-Martinez, J.; Siemionow, K.; Szilagyi, E. Creation of Dystrophin Expressing Chimeric Cells of Myoblast Origin as a Novel Stem Cell Based Therapy for Duchenne Muscular Dystrophy. Stem Cell Rev. Rep. 2018, 14, 189–199. [Google Scholar] [CrossRef]

	



Siemionow, M.; Langa, P.; Brodowska, S.; Kozlowska, K.; Zalants, K.; Budzynska, K.; Heydemann, A. Long-Term Protective Effect of Human Dystrophin Expressing Chimeric (DEC) Cell Therapy on Amelioration of Function of Cardiac, Respiratory and Skeletal Muscles in Duchenne Muscular Dystrophy. Stem Cell Rev. Rep. 2022, 18, 2872–2892. [Google Scholar] [CrossRef]

	



Siemionow, M.; Langa, P.; Harasymczuk, M.; Cwykiel, J.; Sielewicz, M.; Smieszek, J.; Heydemann, A. Human dystrophin expressing chimeric (DEC) cell therapy ameliorates cardiac, respiratory, and skeletal muscle’s function in Duchenne muscular dystrophy. Stem Cells Transl. Med. 2021, 10, 1406–1418. [Google Scholar] [CrossRef] [PubMed]

	



Siemionow, M.; Malik, M.; Langa, P.; Cwykiel, J.; Brodowska, S.; Heydemann, A. Cardiac Protection after Systemic Transplant of Dystrophin Expressing Chimeric (DEC) Cells to the mdx Mouse Model of Duchenne Muscular Dystrophy. Stem Cell Rev. Rep. 2019, 15, 827–841. [Google Scholar] [CrossRef] [PubMed]

	



Siemionow, M.; Szilagyi, E.; Cwykiel, J.; Domaszewska-Szostek, A.; Heydemann, A.; Garcia-Martinez, J.; Siemionow, K. Transplantation of Dystrophin Expressing Chimeric Human Cells of Myoblast/Mesenchymal Stem Cell Origin Improves Function in Duchenne Muscular Dystrophy Model. Stem Cells Dev. 2021, 30, 190–202. [Google Scholar] [CrossRef]

	



Manini, A.; Abati, E.; Nuredini, A.; Corti, S.; Comi, G.P. Adeno-Associated Virus (AAV)-Mediated Gene Therapy for Duchenne Muscular Dystrophy: The Issue of Transgene Persistence. Front. Neurol. 2021, 12, 814174. [Google Scholar] [CrossRef]

	



Wasala, N.; Yue, Y.; Hu, B.; Shin, J.H.; Srivastava, A.; Yao, G.; Duan, D. Life-long outcomes of systemic AAV micro-dystrophin gene therapy in a murine Duchenne muscular dystrophy model. Hum. Gene Ther. 2022. [Google Scholar] [CrossRef]

	



Bowles, D.E.; McPhee, S.W.; Li, C.; Gray, S.J.; Samulski, J.J.; Camp, A.S.; Li, J.; Wang, B.; Monahan, P.E.; Rabinowitz, J.E.; et al. Phase 1 gene therapy for Duchenne muscular dystrophy using a translational optimized AAV vector. Mol. Ther. 2012, 20, 443–455. [Google Scholar] [CrossRef]

	



Mendell, J.R.; Campbell, K.; Rodino-Klapac, L.; Sahenk, Z.; Shilling, C.; Lewis, S.; Bowles, D.; Gray, S.; Li, C.; Galloway, G.; et al. Dystrophin immunity in Duchenne’s muscular dystrophy. N. Engl. J. Med. 2010, 363, 1429–1437. [Google Scholar] [CrossRef]

	



Zhang, C.; Phillips, A.P.R.; Wipfler, R.L.; Olsen, G.J.; Whitaker, R.J. The essential genome of the crenarchaeal model Sulfolobus islandicus. Nat. Commun. 2018, 9, 4908. [Google Scholar] [CrossRef] [PubMed]

	



Urnov, F.D.; Miller, J.C.; Lee, Y.L.; Beausejour, C.M.; Rock, J.M.; Augustus, S.; Jamieson, A.C.; Porteus, M.H.; Gregory, P.D.; Holmes, M.C. Highly efficient endogenous human gene correction using designed zinc-finger nucleases. Nature 2005, 435, 646–651. [Google Scholar] [CrossRef] [PubMed]

	



Boch, J.; Scholze, H.; Schornack, S.; Landgraf, A.; Hahn, S.; Kay, S.; Lahaye, T.; Nickstadt, A.; Bonas, U. Breaking the code of DNA binding specificity of TAL-type III effectors. Science 2009, 326, 1509–1512. [Google Scholar] [CrossRef]

	



Jinek, M.; Chylinski, K.; Fonfara, I.; Hauer, M.; Doudna, J.A.; Charpentier, E. A programmable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity. Science 2012, 337, 816–821. [Google Scholar] [CrossRef] [PubMed]

	



Min, Y.L.; Li, H.; Rodriguez-Caycedo, C.; Mireault, A.A.; Huang, J.; Shelton, J.M.; McAnally, J.R.; Amoasii, L.; Mammen, P.P.A.; Bassel-Duby, R.; et al. CRISPR-Cas9 corrects Duchenne muscular dystrophy exon 44 deletion mutations in mice and human cells. Sci. Adv. 2019, 5, eaav4324. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, T.; Henderson, J.M.; Coote, K.; Cheng, Y.; Valley, H.C.; Zhang, X.O.; Wang, Q.; Rhym, L.H.; Cao, Y.; Newby, G.A.; et al. Chemical modifications of adenine base editor mRNA and guide RNA expand its application scope. Nat. Commun. 2020, 11, 1979. [Google Scholar] [CrossRef] [PubMed]

	



Ryu, S.M.; Koo, T.; Kim, K.; Lim, K.; Baek, G.; Kim, S.T.; Kim, H.S.; Kim, D.E.; Lee, H.; Chung, E.; et al. Adenine base editing in mouse embryos and an adult mouse model of Duchenne muscular dystrophy. Nat. Biotechnol. 2018, 36, 536–539. [Google Scholar] [CrossRef] [PubMed]

	



Chowdhury, H.M.; Siddiqui, M.A.; Kanneganti, S.; Sharmin, N.; Chowdhury, M.W.; Nasim, M.T. Aminoglycoside-mediated promotion of translation readthrough occurs through a non-stochastic mechanism that competes with translation termination. Hum. Mol. Genet. 2018, 27, 373–384. [Google Scholar] [CrossRef]

	



Sheikh, O.; Yokota, T. Pharmacology and toxicology of eteplirsen and SRP-5051 for DMD exon 51 skipping: An update. Arch. Toxicol. 2022, 96, 1–9. [Google Scholar] [CrossRef]

	



Janssen, M.J.; Nieskens, T.T.G.; Steevels, T.A.M.; Caetano-Pinto, P.; den Braanker, D.; Mulder, M.; Ponstein, Y.; Jones, S.; Masereeuw, R.; den Besten, C.; et al. Therapy with 2’-O-Me Phosphorothioate Antisense Oligonucleotides Causes Reversible Proteinuria by Inhibiting Renal Protein Reabsorption. Mol. Ther. Nucleic. Acids. 2019, 18, 298–307. [Google Scholar] [CrossRef]

	



McMillan, H.J.; Amid, A.; Gonorazky, H.; Almobarak, S.; Campbell, C. Drisapersen associated with elevated serum factor VIII levels in Duchenne muscular dystrophy. Neurology 2020, 94, 538–540. [Google Scholar] [CrossRef]

	



Andreana, I.; Repellin, M.; Carton, F.; Kryza, D.; Briancon, S.; Chazaud, B.; Mounier, R.; Arpicco, S.; Malatesta, M.; Stella, B.; et al. Nanomedicine for Gene Delivery and Drug Repurposing in the Treatment of Muscular Dystrophies. Pharmaceutics 2021, 13, 278. [Google Scholar] [CrossRef]

	



Chamberlain, J.R.; Chamberlain, J.S. Progress toward Gene Therapy for Duchenne Muscular Dystrophy. Mol. Ther. 2017, 25, 1125–1131. [Google Scholar] [CrossRef]

	



Saad, F.A.; Saad, J.F.; Siciliano, G.; Merlini, L.; Angelini, C. Duchenne Muscular Dystrophy Gene therapy. Curr. Gene. Ther. 2022. [Google Scholar] [CrossRef] [PubMed]

	



Chelly, J.; Kaplan, J.C.; Maire, P.; Gautron, S.; Kahn, A. Transcription of the dystrophin gene in human muscle and non-muscle tissue. Nature 1988, 333, 858–860. [Google Scholar] [CrossRef]

	



Bies, R.D.; Phelps, S.F.; Cortez, M.D.; Roberts, R.; Caskey, C.T.; Chamberlain, J.S. Human and murine dystrophin mRNA transcripts are differentially expressed during skeletal muscle, heart, and brain development. Nucleic. Acids. Res. 1992, 20, 1725–1731. [Google Scholar] [CrossRef] [PubMed]

	



Helliwell, T.R.; Man, N.T.; Morris, G.E.; Davies, K.E. The dystrophin-related protein, utrophin, is expressed on the sarcolemma of regenerating human skeletal muscle fibres in dystrophies and inflammatory myopathies. Neuromuscul. Disord. 1992, 2, 177–184. [Google Scholar] [CrossRef] [PubMed]

	



Miura, P.; Jasmin, B.J. Utrophin upregulation for treating Duchenne or Becker muscular dystrophy: How close are we? Trends Mol. Med. 2006, 12, 122–129. [Google Scholar] [CrossRef]

	



Moorwood, C.; Khurana, T.S. Duchenne muscular dystrophy drug discovery—the application of utrophin promoter activation screening. Expert Opin. Drug Discov. 2013, 8, 569–581. [Google Scholar] [CrossRef]

	



Peladeau, C.; Jasmin, B.J. Identifying FDA-Approved Drugs that Upregulate Utrophin A as a Therapeutic Strategy for Duchenne Muscular Dystrophy. Methods Mol. Biol. 2023, 2587, 495–510. [Google Scholar] [CrossRef] [PubMed]

	



Burkin, D.J.; Wallace, G.Q.; Nicol, K.J.; Kaufman, D.J.; Kaufman, S.J. Enhanced expression of the alpha 7 beta 1 integrin reduces muscular dystrophy and restores viability in dystrophic mice. J. Cell Biol. 2001, 152, 1207–1218. [Google Scholar] [CrossRef]

	



Heller, K.N.; Montgomery, C.L.; Shontz, K.M.; Clark, K.R.; Mendell, J.R.; Rodino-Klapac, L.R. Human alpha7 Integrin Gene (ITGA7) Delivered by Adeno-Associated Virus Extends Survival of Severely Affected Dystrophin/Utrophin-Deficient Mice. Hum. Gene. Ther. 2015, 26, 647–656. [Google Scholar] [CrossRef]

	



Heydemann, A. Skeletal Muscle Metabolism in Duchenne and Becker Muscular Dystrophy-Implications for Therapies. Nutrients 2018, 10, 796. [Google Scholar] [CrossRef]

	



Webster, C.; Silberstein, L.; Hays, A.P.; Blau, H.M. Fast muscle fibers are preferentially affected in Duchenne muscular dystrophy. Cell 1988, 52, 503–513. [Google Scholar] [CrossRef]

	



Pauly, M.; Daussin, F.; Burelle, Y.; Li, T.; Godin, R.; Fauconnier, J.; Koechlin-Ramonatxo, C.; Hugon, G.; Lacampagne, A.; Coisy-Quivy, M.; et al. AMPK activation stimulates autophagy and ameliorates muscular dystrophy in the mdx mouse diaphragm. Am. J. Pathol. 2012, 181, 583–592. [Google Scholar] [CrossRef]

	



Ljubicic, V.; Jasmin, B.J. Metformin increases peroxisome proliferator-activated receptor gamma Co-activator-1alpha and utrophin a expression in dystrophic skeletal muscle. Muscle Nerve 2015, 52, 139–142. [Google Scholar] [CrossRef] [PubMed]

	



Berhanu, T.K.; Holley-Cuthrell, J.; Roberts, N.W.; Mull, A.J.; Heydemann, A. Increased AMP-activated protein kinase in skeletal muscles of Murphy Roth Large mice and its potential role in altered metabolism. Physiol. Rep. 2014, 2, e00252. [Google Scholar] [CrossRef] [PubMed]

	



Du, Y.; Zhu, Y.J.; Zhou, Y.X.; Ding, J.; Liu, J.Y. Metformin in therapeutic applications in human diseases: Its mechanism of action and clinical study. Mol. Biomed. 2022, 3, 41. [Google Scholar] [CrossRef]

	



Dong, X.; Hui, T.; Chen, J.; Yu, Z.; Ren, D.; Zou, S.; Wang, S.; Fei, E.; Jiao, H.; Lai, X. Metformin Increases Sarcolemma Integrity and Ameliorates Neuromuscular Deficits in a Murine Model of Duchenne Muscular Dystrophy. Front. Physiol. 2021, 12, 642908. [Google Scholar] [CrossRef] [PubMed]

	



Arany, Z. PGC-1 coactivators and skeletal muscle adaptations in health and disease. Curr. Opin. Genet. Dev. 2008, 18, 426–434. [Google Scholar] [CrossRef]

	



Suntar, I.; Sureda, A.; Belwal, T.; Sanches Silva, A.; Vacca, R.A.; Tewari, D.; Sobarzo-Sanchez, E.; Nabavi, S.F.; Shirooie, S.; Dehpour, A.R.; et al. Natural products, PGC-1 alpha, and Duchenne muscular dystrophy. Acta Pharm. Sin. B 2020, 10, 734–745. [Google Scholar] [CrossRef] [PubMed]

	



Petrella, C.; Di Certo, M.G.; Gabanella, F.; Barbato, C.; Ceci, F.M.; Greco, A.; Ralli, M.; Polimeni, A.; Angeloni, A.; Severini, C.; et al. Mediterranean Diet, Brain and Muscle: Olive Polyphenols and Resveratrol Protection in Neurodegenerative and Neuromuscular Disorders. Curr. Med. Chem. 2021, 28, 7595–7613. [Google Scholar] [CrossRef] [PubMed]

	



Quattrocelli, M.; Barefield, D.Y.; Warner, J.L.; Vo, A.H.; Hadhazy, M.; Earley, J.U.; Demonbreun, A.R.; McNally, E.M. Intermittent glucocorticoid steroid dosing enhances muscle repair without eliciting muscle atrophy. J. Clin. Investig. 2017, 127, 2418–2432. [Google Scholar] [CrossRef]

	



Vitiello, L.; Tibaudo, L.; Pegoraro, E.; Bello, L.; Canton, M. Teaching an Old Molecule New Tricks: Drug Repositioning for Duchenne Muscular Dystrophy. Int. J. Mol. Sci. 2019, 20, 6053. [Google Scholar] [CrossRef]

	



Jordan, V.C. Tamoxifen or raloxifene for breast cancer chemoprevention: A tale of two choices-point. Cancer Epidemiol. Biomark. Prev. 2007, 16, 2207–2209. [Google Scholar] [CrossRef] [PubMed]

	



Botti, V.; Menzel, O.; Staedler, D. A state-of-the-art review of tamoxifen as a potential therapeutic for duchenne muscular dystrophy. Front. Pharmacol. 2022, 13, 1030785. [Google Scholar] [CrossRef] [PubMed]

	



Dorchies, O.M.; Reutenauer-Patte, J.; Dahmane, E.; Ismail, H.M.; Petermann, O.; Patthey- Vuadens, O.; Comyn, S.A.; Gayi, E.; Piacenza, T.; Handa, R.J.; et al. The anticancer drug tamoxifen counteracts the pathology in a mouse model of duchenne muscular dystrophy. Am. J. Pathol. 2013, 182, 485–504. [Google Scholar] [CrossRef]

	



Gayi, E.; Neff, L.A.; Ismail, H.M.; Ruegg, U.T.; Scapozza, L.; Dorchies, O.M. Repurposing the Selective Oestrogen Receptor Modulator Tamoxifen for the Treatment of Duchenne Muscular Dystrophy. Chimia 2018, 72, 238–240. [Google Scholar] [CrossRef]

	



Watt, D.J.; Morgan, J.E.; Partridge, T.A. Use of mononuclear precursor cells to insert allogeneic genes into growing mouse muscles. Muscle Nerve 1984, 7, 741–750. [Google Scholar] [CrossRef]

	



Ratajczak, M.Z. New Hope for Treatment of Duchene Dystrophy by Employing Dystrophin Expressing Chimeric Cells—Studies Published in Stem Cell Reviews and Reports. Stem Cell Rev. Rep. 2018, 14, 295–296. [Google Scholar] [CrossRef] [PubMed]

	



Biressi, S.; Filareto, A.; Rando, T.A. Stem cell therapy for muscular dystrophies. J. Clin. Investig. 2020, 130, 5652–5664. [Google Scholar] [CrossRef]

	



Kim, H.; Perlingeiro, R.C.R. Generation of human myogenic progenitors from pluripotent stem cells for in vivo regeneration. Cell Mol. Life Sci. 2022, 79, 406. [Google Scholar] [CrossRef] [PubMed]

	



Sun, C.; Serra, C.; Lee, G.; Wagner, K.R. Stem cell-based therapies for Duchenne muscular dystrophy. Exp. Neurol. 2020, 323, 113086. [Google Scholar] [CrossRef]

	



Cudkowicz, M.E.; Lindborg, S.R.; Goyal, N.A.; Miller, R.G.; Burford, M.J.; Berry, J.D.; Nicholson, K.A.; Mozaffar, T.; Katz, J.S.; Jenkins, L.J.; et al. A randomized placebo-controlled phase 3 study of mesenchymal stem cells induced to secrete high levels of neurotrophic factors in amyotrophic lateral sclerosis. Muscle Nerve 2022, 65, 291–302. [Google Scholar] [CrossRef] [PubMed]

	



Chee, R.E. Histocompatibility testing. Southeast Asian J. Trop Med. Public Health 2002, 33 (Suppl. S2), 112–114. [Google Scholar] [PubMed]

	



Partanen, J.; Hyvarinen, K.; Bickeboller, H.; Bogunia-Kubik, K.; Crossland, R.E.; Ivanova, M.; Perutelli, F.; Dressel, R. Review of Genetic Variation as a Predictive Biomarker for Chronic Graft-Versus-Host-Disease After Allogeneic Stem Cell Transplantation. Front. Immunol. 2020, 11, 575492. [Google Scholar] [CrossRef]

	



Siemionow, M.; Demir, Y.; Mukherjee, A.; Klimczak, A. Development and maintenance of donor-specific chimerism in semi-allogenic and fully major histocompatibility complex mismatched facial allograft transplants. Transplantation 2005, 79, 558–567. [Google Scholar] [CrossRef] [PubMed]

	



Siemionow, M.; Klimczak, A.; Unal, S.; Agaoglu, G.; Carnevale, K. Hematopoietic stem cell engraftment and seeding permits multi-lymphoid chimerism in vascularized bone marrow transplants. Am. J. Transpl. 2008, 8, 1163–1176. [Google Scholar] [CrossRef]

	



Hivelin, M.; Klimczak, A.; Cwykiel, J.; Sonmez, E.; Nasir, S.; Gatherwright, J.; Siemionow, M. Immunomodulatory Effects of Different Cellular Therapies of Bone Marrow Origin on Chimerism Induction and Maintenance Across MHC Barriers in a Face Allotransplantation Model. Arch. Immunol. Ther. Exp. 2016, 64, 299–310. [Google Scholar] [CrossRef] [PubMed]

	



Muskiewicz, K.R.; Frank, N.Y.; Flint, A.F.; Gussoni, E. Myogenic potential of muscle side and main population cells after intravenous injection into sub-lethally irradiated mdx mice. J. Histochem. Cytochem. 2005, 53, 861–873. [Google Scholar] [CrossRef]

	



Bachrach, E.; Perez, A.L.; Choi, Y.H.; Illigens, B.M.; Jun, S.J.; del Nido, P.; McGowan, F.X.; Li, S.; Flint, A.; Chamberlain, J.; et al. Muscle engraftment of myogenic progenitor cells following intraarterial transplantation. Muscle Nerve 2006, 34, 44–52. [Google Scholar] [CrossRef]

	



Su, Y.; Song, Y. The new challenge of “exercise + X” therapy for Duchenne muscular dystrophy-Individualized identification of exercise tolerance and precise implementation of exercise intervention. Front. Physiol. 2022, 13, 947749. [Google Scholar] [CrossRef]

	



Eser, G.; Topaloglu, H. Current Outline of Exon Skipping Trials in Duchenne Muscular Dystrophy. Genes 2022, 13, 1241. [Google Scholar] [CrossRef]








[image: Table] 





Table 1. Highlights of Promising Therapeutic Strategies.
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Strategy

	
Pros

	
Cons

	
Specific Therapy

	
Pre-Clinical/Clinical Results

	
Refs






	
1. In vivo gene correction

	
If stem cells are repaired this may be a true cure.

Mutation independent

	
May cause off-site mutations.Safe delivery to all muscle cells is not yet perfected.

	
SRP-9001. rAAV-rh74 delivery of micro-dystrophin, 1 injection.

	
NCT03375164, 03769116, 04626674. Patients had long-term gene expression and phenotype improvements. Phase 3 is now recruiting. Some patients developed antibodies to the virus.

	
[5,6]




	
Pf-06939926. rAAV9 delivery of mini-dystrophin, 1 injection, 2 doses.

	
NCT0336502, NCT04281485, NCT05429372. Patients had gene expression, and an average 3.5-point increase in the NSAA score. A total of 40% of patients experienced vomiting and/or nausea. Phase 3 trial on hold due to a patient’s death.

	
[7]




	
SGT-001, rAAV9 delivery of micro-dystrophin, 1 injection, 2 doses.

	
NCT03368742. Variable dystrophin expression. Phenotype improvement in 6MWT and NSAA scores. Many severe adverse effects; liver and kidney injuries.

	
[8]




	

	
Mutation specific

	
CRISPR/Cas9

	
Achieved 60% of normal dystrophin in a canine DMD model

	
[9]




	
2. In vivo mRNA correction

	
These have demonstrated clinical benefits.

	
Safe delivery to all muscle cells is not yet perfected.

Some adverse drug reactions.

Must be continually re-administered.

Mutation specific

	
Read through; Ataluren

	
NCT01826487, NCT01557400. Reduces many of the disease symptoms, such as loss of ambulation and respiratory decline

	
[10,11,12]




	
Exon 51 skipping; Eteplirsen

	
NCT02255552. Small, if any, improvements over the control group at 96 weeks post treatment. Delay in pulmonary decline.

	
[13,14,15]




	
Exon 53 skipping; Vitolarsen

	
Achieved an average of 5.9% of normal dystrophin levels after 20 weeks of treatment

	
[16]




	
Exon 51 skipping; Drisapersen

	
NCT01254019. Some benefit with post hoc statistics in the 6MWT, clinical trials terminated

	
[17]




	
Exon 53 skipping; Golodirsen

	
NCT02310906. Decreased muscle function decline.

	
[18,19]




	
Exon 45 skipping; Casimersen

	
NCT02500381. Confirmed safety.

	
[20,21]




	
3. Upregulation of supporting molecules

	
Will treat most DMD patients. Low side-effects.

	

	
Utrophin

	
NCT02858362. Study was halted due to lack of efficacy.

	
[22]




	
Integrin-α7; SU9516

	
PC., Slows disease progression

	
[23]




	
Integrin-α7; Obestatin

	
PC. Increased force production and other aspects of the mdx phenotype

	
[24]




	
Sarcospan

	
PC, decreases mdx muscle pathology including cardiomyopathy

	
[25,26]




	
4. Enhancing muscle metabolism

	
FDA-approved for Type 2 diabetes

	

	
Increase pAMPK; Metformin

	
NCT01995032. No DMD reducing results.

	
[27,28]




	
Increase PGC1α

	
NCT01856868. Some benefit for the patients.

	
[29]




	
5. Novel steroids

	
Fewer side-effects

	
May still decrease patient’s immune response

	
Deflazacort

	
A retrospective patient study identified benefits of deflazacort over prednisone.

	
[30]




	
Vamorolone

	
PC. Vamorolone reduces fibrosis, inflammation and cardiomyopathy in mdx mice with reduced side effects.

NCT02760264, 02760277, 03038399. Improvement in muscle function over natural history values and fewer side-effects then with corticosteroids.

	
[31,32]




	
6. Repurposing pharmaceuticals

	
Less expensive. Already passed human safety trials.

	

	
Tamoxifen

	
NCT02835079. Lower decreases in muscle and respiratory functions.

	
[33]




	
Simvastatin

	
PC. Reduced pathology and increased muscle function.

	
[34,35]




	
Zidovudine (AZT)

	
PC. Reduced pathology and increased muscle function.

	
[36]




	
7. Cell Transplants

	

	
Requires immune suppression.

	
Myoblasts

	
NCT02196467. Local high-density cell injections with immune suppression. Dystrophin was detected at the injection site at 4-weeks post-injections.

	
[37]




	
Additionally benefitted skeletal muscles.

	

	
Cardiospheres

	
NCT02485938. Coronary injections without immune suppression. At 12-months post treatment only the treated patients had reduced size of myocardial scars.

	
[38]




	
No immune suppression is needed. Intraosseous, systemic delivery

	

	
Dystrophin expressing

chimeric cells (DEC)

	
PC. Skeletal, cardiac and diaphragm muscle improvements up to 180 days post single injection.

	
[39,40,41,42,43,44,45]








NCT: NIH clinical trials number, this number indicates clinical trial data on DMD patients will follow; PC: denotes preclinical data on the mdx mouse; 6MWT: 6-min walk test; NSAA: North Star ambulatory assessments.
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