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Abstract

:

Casimersen (AMONDYS 45TM) is an antisense oligonucleotide of the phosphorodiamidate morpholino oligomer subclass developed by Sarepta therapeutics. It was approved by the Food and Drug Administration (FDA) in February 2021 to treat Duchenne muscular dystrophy (DMD) in patients whose DMD gene mutation is amenable to exon 45 skipping. Administered intravenously, casimersen binds to the pre-mRNA of the DMD gene to skip a mutated region of an exon, thereby producing an internally truncated yet functional dystrophin protein in DMD patients. This is essential in maintaining the structure of a myocyte membrane. While casimersen is currently continuing in phase III of clinical trials in various countries, it was granted approval by the FDA under the accelerated approval program due to its observed increase in dystrophin production. This article discusses the pathophysiology of DMD, summarizes available treatments thus far, and provides a full drug review of casimersen (AMONDYS 45TM).
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1. Introduction


Duchenne muscular dystrophy (DMD) is an X-linked recessive disorder that causes a degenerative neuromuscular disease that significantly affects the skeletal and cardiac muscles, resulting in debilitating muscle weakness. The consequences of this condition extend beyond muscle impairment, leading to decreased heart function and a weakened diaphragm that can lead to respiratory and/or cardiac failure [1,2]. This disorder is one of the most severe and the most common inherited forms of childhood muscular dystrophy, imposing a heavy burden on those affected [1]. Like any other X-linked recessive disease, it occurs most frequently in males, affecting approximately 1 in 3000–5000 live male births [3]. While it can occur in females, it is very rare, affecting 1 in 50,000,000 live female births [4]. Even when females inherit the abnormal X chromosome, they are usually heterozygous asymptomatic carriers. Very rarely can a female present with signs and symptoms of DMD due to homozygous mutations in the dystrophin gene. DMD does not exhibit a predilection for any race or ethnic group [5]. According to one study, two-thirds of DMD cases are due to mutations on the X chromosome from a female carrier while the remaining cases are due to de novo mutations [2].



DMD is caused by mutations of the DMD gene, the largest gene in the human genome, which codes for a protein that is essential for the structure of a myocyte membrane (DP427m) [2]. Mutations of the DMD gene could either be frameshift or point mutations that prevent the synthesis of a fully functional dystrophin protein by truncating the sequence. Several animal models exist to explore potential gene therapies for DMD, with muscular dystrophy X-linked (mdx) mice being the most common model used for these studies [6].



One recent study using mdx mice utilized clustered regularly interspaced short palindromic repeats/CRISPR-associated 9 (CRISPR/Cas9) gene editing in combination with a homology-directed repair (HDR) donor vector to replace a mutated exon, exon23, to restore dystrophin expression in stem cells for transplantation [7]. However, the efficacy of these therapies is still limited by the low survival rate of dystrophin-expressing donor cells.



Beyond mouse models, certain investigations utilize canine DMD models [8]. In a recent study, dual adeno-associated virus (AAV) technology was utilized alongside the mini-dystrophin gene, a truncated version of the dystrophin gene, to restore components of the dystrophin-associated glycoprotein complex (DGC) on the sarcolemma [8]. Nonetheless, these therapeutic approaches faced limitations as the study involved only one mixed-breed dog, comprising golden retriever, labrador retriever, and beagle ancestry. Moreover, the treatment duration spanned only 2 months, raising doubts regarding its long-term effectiveness.



The earliest symptoms can be seen around 2–3 years of age and often include difficulty in climbing stairs, a waddling gait, and frequent falls [9]. Untreated, DMD worsens quickly and is characterized by muscle wasting and loss of walking ability, leading to complete wheelchair dependence on average by approximately age 13 [10]. While cardiovascular symptoms are rare before the age of 20, cardiac impairment can occur around 6–10 years of age [2]. With optimal care, most DMD patients die between 20 and 40 years of age from cardiac and/or respiratory issues [9].



DMD is one of the nine types of muscular dystrophy. Another type of muscular dystrophy that presents as a milder form of DMD is Becker muscular dystrophy (BMD) [11]. Similar to DMD, BMD is also an X-linked recessive disorder caused by a mutation to the dystrophin gene, leading to progressive muscle degeneration and proximal muscle weakness [12]. Due to its inheritance pattern, BMD also primarily affects young males. However, the mutations in BMD affect a much smaller part of the dystrophin gene than that of DMD. Studies have found that immunohistoanalysis on DMD patients shows total absence of dystrophin, whereas analysis of BMD patients shows 10–40% of the normal amount of dystrophin [13]. Hence, BMD has a less severe disease course and a more gradual progression. The age of onset for BMD is later than DMD, with symptoms usually appearing after the age of 8 [14]. While DMD patients are usually dependent on wheelchairs by age 13, BMD patients usually remain ambulant until the age of 16 [13]. BMD also has a lower prevalence than DMD, with some studies showing BMD to be three times less common than DMD in the United States [15]. This review outlines the pathophysiology of DMD, the history of antisense oligonucleotide (ASO) therapy, and the pharmacology of casimersen.




2. Pathophysiology


Dystrophin is a membrane-associated protein of 3685 amino acids with a molecular weight of 427 kDa [Figure 1a]. Dystrophin has four domains: an N-terminal domain for binding actin, a central rod-like domain mainly for structural flexibility, a cysteine-rich domain for facilitating protein–protein interactions and stabilizing dystroglycan binding, and a C-terminal domain for binding several cytoplasmic, integral membranes and dystrophin-associated protein complexes (DAPC) at the sarcolemma [2]. It links cytoskeletal actin muscle fibers with the extracellular matrix. This linkage strengthens muscle structure during stressful contraction/relaxation cycles. The loss of dystrophin protein predisposes muscle fibers to mechanical damage, leading to muscle degeneration and cardiomyopathy [9].



Muscle degeneration due to loss of dystrophin activates the innate immune system as part of the normal repair process. While acutely this facilitates the repair process, the release of cytokines, neutrophils, and macrophages chronically in DMD patients due to cellular stress leads to the replacement of muscle tissue with fibrous tissue. In the heart, replacement with fibrous tissue generally affects the posterior, lateral, and segments of the anterior portions of the ventricles, leading to ventricular dilation and dysfunction [2]. Thus, targeting the immune system to reduce the inflammatory response in DMD patients has been of interest and one of the mainstays in their therapy.




3. Treatment for Duchenne Muscular Dystrophy


DMD is currently incurable; thus, prolongation of walking and cardiac and respiratory function has been the major aim of treatment. Among the standard treatments for DMD is the use of glucocorticosteroids. Several randomized controlled trials (RCTs) have demonstrated that corticosteroids significantly improve muscle strength and function in boys with DMD in the short term due to their anti-inflammatory nature [16]. However, questions regarding their long-term adverse effects like excessive weight gain, bone weakness, and muscle atrophy have made corticosteroids less preferable options. Recently several studies have been conducted to better understand corticosteroid’s mechanism of action in the muscle repair process in order to maximize therapeutic options for DMD patients while minimizing their adverse effects [17]. In this light, vamorolone was recently approved by the FDA in October 2023 as a potential treatment for patients with DMD above 2 years of age [18]. Vamorolone is a steroid analogue with a distinct chemical structure that works by inhibiting inflammatory pathways, thereby promoting cell membrane stability. It acts as an inhibitor to the mineralocorticoid receptor, thereby decreasing some of the adverse effects like hypertension and bone weakness compared to corticosteroids. Unlike corticosteroids, vamorolone does not suppress the immune system or bone growth, making it a favorable option. However, cushingoid features and other unknown potential long-term adverse effects still remain of concern. Thus, although steroids and vamorolone remain as part of the recommendation to treat DMD, several questions remain unanswered regarding their long-term consequences and efficacy in prolonging walking [18].



Several other approaches have also been considered to treat DMD besides anti-inflammatory agents like corticosteroids and vamorolone. One approach is the development of therapies by targeting the restoration of the production of the functional dystrophin protein. This approach involves using antisense oligonucleotides which bind to target exons in the pre-mRNA dystrophin transcript to skip early stop codons in the dystrophin gene and to restore the reading frame, leading to the production of truncated but functional dystrophin protein [1].



Due to mutations that can happen in various exon regions coding for the protein, DMD can express itself in various ways [Figure 1b]. Depending on the region of mutation, there can be different forms of DMD. For example, one form of DMD is a mutation in the exon 51 region of the sequence which accounts for about 14% of DMD patients. In September 2016, the Food and Drug Administration (FDA) granted accelerated approval for eteplirsen (EXONDYS 51TM) to treat DMD patients with a mutation that is specific to the region exon 51. Eteplirsen is a phosphorodiamidate morpholino (PMO) antisense oligonucleotide (ASO) drug that acts to promote dystrophin production by restoring the translational reading frame of DMD by skipping exon 51 in defective gene variants [3]. Common adverse effects include headache, fever, nausea, and abdominal pain [19].



Another form of DMD stems from a mutation in the exon 53 region, which accounts for about 8% of DMD patients [20]. Other exon-skipping therapies, such as golodirsen and viltolarsen, have been developed to treat this form of DMD.



Golodirsen (Vyondys 53), like eteplirsen, is a PMO ASO drug that was approved by the FDA in 2019 for the treatment of DMD [21]. Golodirsen works by skipping exon 53 to create a truncated, but functional, dystrophin gene [22]. It is important to note that this therapeutic approach is not a cure. Golodirsen can slow the progression of DMD, but it cannot revive muscle tissue that has already been lost [21]. Common adverse effects include rash, fever, headache, itching, and abdominal pain [23].



Viltolarsen (Viltepso) is an ASO drug that was granted accelerated approval by the FDA in 2020 to treat a specific type of DMD [24]. Its mechanism is similar to that of golodirsen, in that it skips exon 53, increasing the amount of dystrophin. However, viltolarsen is the first of these exon 53-skipping therapies to show an elevation in dystrophin levels in children as young as 4 years old [25]. Common adverse effects include injection-site reactions, cough, headache, arthralgias, and urticaria [26].



While the ASO drugs mentioned above treat DMD by targeting either exon 51 or exon 53, another form of DMD is expressed as a result of a mutation occurring in the exon 45 region. This DMD type consists of approximately 8% of all DMD patients. In February 2021, the FDA approved casimersen (AMONDYS 45™), a drug that has been approved to target a translation reading frame of DMD in the exon 45 region.




4. Other Antisense Oligonucleotides Brought to Market


ASO drugs are single-stranded nucleic acid polymers primarily used to treat common and rare human diseases. They function by binding to a specific portion of an mRNA sequence involved in the formation of a specific disease, thereby interfering with its gene expression [27]. Mechanisms of interference include inhibiting translation, promoting RNA degradation, and modulating RNA splicing [28]. ASO drugs that induce RNA degradation utilize the binding of ASO to mRNA sequence results in the activation of RNase, an enzyme that cleaves and degrades RNA. Genes that cause or modify diseases are common targets of RNaseH1-mediated ASOs [29]. Another common mechanism implored by ASO drugs is inhibition of translation via splicing modulation. Splicing modulation can be used to induce exon skipping or exon inclusion to restore a functional reading frame. Drugs that induce alternative splicing can be used to treat diseases caused by frameshift mutations [29].



These drugs have been around for decades, with fomivirsen (Vitravene) being the first FDA-approved ASO drug back in 1998 for the treatment of cytomegalovirus (CMV) retinitis [30]. Human CMV is a ubiquitous herpes virus that is the most common cause of viral retinitis in immunocompromised individuals, such as HIV patients [31]. This ASO drug works by specifically binding the viral mRNA to inhibit the replication of human CMV [32]. It is administered intravitreally, and common adverse effects include abnormal or blurred vision, changes in color vision, eye pain, eye redness, and eye sensitivity to light [33]. Due to the efficacy of antiretroviral therapies for the treatment of CMV retinitis, Fomivirsen was removed from the market in 2002 and 2006 in the European Union and US, respectively [34].



After fomivirsen, pegaptanib (Macugen) was approved by the FDA in 2004 for the treatment of neovascular age-related macular degeneration [35]. Pegaptanib is an aptamer, which is an oligonucleotide ligand that binds to selective molecular targets. Pegaptanib specifically is an RNA aptamer that is chemically modified and attached to polyethylene glycol (PEG). This modification provides structural stability and improves the pharmacokinetics of pegaptanib. Pegaptanib targets vascular endothelial growth factor (VEGF)-165. VEGF is essential for the growth of vascular endothelial cells and the formation of new blood vessels [36]. However, in age-related macular degeneration, these abnormal blood vessels leak fluid, damaging the macula and central vision. VEGF-165 is the specific isoform implicated in the ocular neovascularization process. Pegaptanib is administered intraocularly, and common adverse effects include bladder pain, blurred vision, eye pain, sore eyes, and tunnel vision [37]. Pegaptanib is credited with being the first FDA-approved aptamer, laying the foundation for future aptamer therapies.



Mipomersen (Kynamro) was approved by the FDA in January 2013 for the treatment of familial hypercholesterolemia [38]. This ASO drug inhibits apolipoprotein B (apo-B), which plays a crucial role in lipid metabolism. Apolipoprotein B is essential for the function of very low-density lipoprotein (VLDL) and low-density lipoprotein (LDL). VLDL is synthesized by the liver and transports cholesterol and triglycerides to peripheral tissues [39]. By altering this function of VLDL, mipomersen contributes to fat accumulation in the liver, causing non-alcoholic steatohepatitis (NASH), which can progress to liver cirrhosis. Common adverse effects include injection-site reactions, such as pain, erythema, and pruritus, along with flu-like symptoms [40].



Nusinersen (Spinraza) was approved by the FDA in 2016 for the treatment of spinal muscular atrophy. Spinal muscular atrophy is caused by a gene mutation in the Survival Motor Neuron (SMN) 1 gene. A shorter, truncated protein is produced by the SMN2 gene, though it cannot compensate for the loss of SMN1. Spinraza targets the SMN2 gene, which then promotes full length SMN proteins lost by the mutation of the SMN1 gene [41]. Common adverse effects include lower respiratory infection, fever, constipation, headache, and vomiting [42].



Defibrotide sodium (Defitelio) is a deoxyribonucleic acid derivative that was approved by the FDA in 2016 for the treatment of hepatic veno-occlusive disease (VOD), also known as sinusoidal obstruction syndrome (SOS) [43]. VOD occurs in patients that have undergone hematopoietic stem-cell transplantation [44]. Defibrotide sodium works to prevent blood clot formation by selectively increasing prostaglandin I2 and E2 levels, promoting tissue plasminogen activator, and decreasing the activity of tissue plasminogen inhibitor [45]. This enhanced fibrinolytic activity helps restore sinusoidal blood flow. Common adverse effects include hypotension, diarrhea, vomiting, nausea, and epistaxis.



Inotersen (Tegsedi) is an ASO drug that was approved by the FDA in 2018 for the treatment of hereditary transthyretin amyloidosis (ATTR) [46]. ATTR is caused by mutations in the transthyretin (TTR) gene, which leads to a buildup of a misfolded protein called amyloid [47]. This amyloid is deposited in the body’s organs and tissues, which can lead to cardiomyopathy and the dysfunction of other organs [48]. Inotersen works by binding to mRNA from the TTR gene and preventing its translation [49]. Common adverse effects include injection-site reactions, nausea, headache, tiredness, low platelet counts, and fever [46].




5. Concerns with the Use of Antisense Oligonucleotides


While many of the aforementioned drugs have had success, many have not made it to market or have been pulled from market due to hepatotoxicity concerns. Many studies have evaluated possible causes for the hepatotoxicity seen across the various ASO drugs, despite the lack of common treatment targets. One study noted that the most hepatotoxicity was seen in ASOs that utilized bicylic modifications (BNA) like locked nucleic acid (LNA) to induce cleavage of the intended RNA target. The study also showed that ASO drugs with the most hepatotoxicity, measured by liver function test (transaminases) elevations, were intended to downregulate transcripts with long pre-mRNA sequences. The more severe the hepatotoxicity, the larger the magnitude of downregulation and the longer the length of the mRNA transcripts [50]. ASOs utilizing LNA modification have been previously shown to cause hepatotoxicity independent of the target mRNA sequence and modulation [51]. As most of the documentation regarding ASOs’ hepatotoxicity is in reference to LNA modifications, it is unclear whether the hepatotoxicity is specific to LNA modifications or to high-affinity modifications in general. LNA modifications were substituted with 2′-O-methoxyethyl (MOE) and constrained ethyl (cEt) to test this hypothesis. There was complete suppression of the alanine aminotransferase (ALT) increase in those with 2′-MOE; however, there was a reduced potency regarding on-target transcripts. Substitutions with cEt showed moderate suppression of the ALT increase while not affecting the potency of on- or off-target transcripts.



Additionally, a study assessed the methods in which the downregulation of the gene expression was induced. Many ASO drugs utilize ribonuclease H (RNase H) and small interfering RNA (siRNA) to promote DNA degradation, and the commonality of the downregulation suggests that RNase H1 is likely involved. To identify if RNase H1 contributes to the downregulation seen, mice were pre-treated with an anti-RNase H1 MOE ASO or a control oligonucleotide, then treated with a toxic LNA ASO. Pre-treatment with anti-RNase H1 exhibited a reduction in liver enzymes and no evidence of liver injury. Conversely, pretreatment with a control oligonucleotide exhibited no reduction in liver enzymes, while also displaying no evidence of liver injury. These findings suggest that the downregulation of transcripts is RNase H1-dependent. The combination of hepatotoxicity seen in ASO drugs utilizing LNA modifications and cEt modifications, as well as the severity of the hepatotoxicity dependent on the length of the pre-mRNA and the downregulation of expression, suggests that hepatotoxicity likely results from incorporating high-affinity modifications and is not solely from LNA mechanisms [49].



Studies have also looked at the efficacy and delivery of ASO drugs, as nucleic-acid-based therapies have historically had low bioavailability and uptake. Drugs utilizing antisense biomolecules are often highly charged and have a high molecular weight, making it difficult for them to cross the cell membrane. Cell-penetrating peptides (CPPs) have been shown to help increase bioavailability through two methods: through direct attachment to the drug or through noncovalent nanoparticle complexes to increase cellular uptake. Direct attachment, or covalent conjugation, typically occurs between a charge-neutral oligonucleotide and a cationic CCP. The addition of the CCP improves cellular uptake and enhances antisense activity. Covalent CCPs represent a highly reproducible, though laborious compound with limited oligonucleotide targets. Cationic CCPs are limited when conjugated with negatively charged nucleic acid oligomers, as there is an electrostatic interaction that can potentially interfere with the target binding site. Increasing bioavailability and uptake in anionic oligonucleotides is best achieved using noncovalent CCP methods. Noncovalent CCPs utilize the formation of nanoparticle complexes from electrostatic or hydrostatic interactions between the anionic oligonucleotide and an amphipathic peptide. Limitations to noncovalent CCPs include increased potential for degradation by intracellular and extracellular proteases. Noncovalent CCPs represent more simplified interactions between particles and targets with a wider usage, but a less reliable target compound [52].



Current research is now focusing on ways to assess the risk of hepatotoxicity in earlier phases of drug development. As studies have shown that the least selective ASOs exhibit the most hepatotoxicity, utilizing transcriptome-wide screening for selectivity is an initial step to assess hepatotoxicity in the drug development stage [53]. Additional research remains to be conducted on CCP delivery and other methods to enhance the bioavailability and cellular uptake of ASOs [52]. Given the success of ASO drugs for other therapies, casimersen represents a novel treatment option for the management of DMD. This paper focuses on the pharmacology of casimersen, including its use, adverse effects, and considerations prior to initiation of therapy.




6. Description of Casimersen


Casimersen is a subclass of PMO. PMOs are synthetic molecules in which a five-membered ribofuranosyl ring in DNA and RNA are replaced by a six-membered morpholino ring linked through uncharged phosphorodiamidate moieties. Casimersen has a molecular formula of C268H424N124O95P22 and weighs 7584.5 daltons. It contains 22 linked subunits with a sequence of bases of 5′-CAATGCCATCCTGGAGTTCCTG-3′ [Figure 1c]. It is available as a concentrated 50 mg/mL aqueous solution designed for intravenous infusion post-dilution. The final formulation comprises 50 mg casimersen, 0.2 mg potassium chloride, 0.2 mg potassium phosphate monobasic, 8 mg sodium chloride, and 1.14 mg sodium phosphate dibasic. [54].




7. Clinical Pharmacology of Casimersen


7.1. Mechanism of Action


Casimersen is an antisense oligonucleotide indicated for the treatment of DMD in patients who have mutations in the exon 45 region of the dystrophin gene. It works by binding to the mutated portion of the dystrophin pre-mRNA, specifically exon 45. Upon binding, casimersen induces splicing of the mutated exon, thereby allowing the production of functional dystrophin protein. Although truncated, the resulting dystrophin gene remains functional. Through this mechanism, casimersen slows the progression of muscle disease in patients with DMD [1].




7.2. Pharmacodynamics


During the ESSENCE trial (NCT02530905), an interim analysis was conducted at week 48 by obtaining a muscle biopsy to determine the efficacy of casimersen. Patients were divided into two groups where one group received casimersen and the other received a placebo. Patients who received casimersen (n = 27) showed a significant increase in the skipping of exon 45 (p < 0.001) compared to baseline. On the other hand, compared to baseline, patients who received placebo (n = 16) did not demonstrate a significant increase in exon 45 skipping (p = 0.808). Exon 45 skipping and dystrophin protein expression have a positive correlation, indicating casimersen as a potential drug to treat exon 45-amenable DMD [55].



In the ESSENCE trial, dystrophin level was also assessed by Western blot analysis, which showed an increase from 0.93% (SD 1.67) at baseline to 1.74 (SD 1.97) after 48 weeks of treatment with casimersen. The study also used immunofluorescence staining to demonstrate correct localization of dystrophin protein in the sarcolemma [54].




7.3. Pharmacokinetics


DMD patients were administered IV doses of 4 mg/kg/week–30 mg/kg/week of casimersen to evaluate pharmacokinetic properties. At the end of a single IV dose, Cmax was achieved [54]. Over a 24 h period, plasma concentrations of casimersen, across all doses, rose and declined in a similar manner. Long-term weekly dosing did not result in an accumulation when comparing week 7 to week 60 [56].




7.4. Distribution


Casimersen undergoes non-concentration-dependent distribution with plasma protein binding, ranging from 8.4% to 31.6%. Following a 30 mg/kg dose, casimersen had a steady-state volume of distribution of 367 mL/kg, with a variability of 28.9% [54].




7.5. Metabolism


Casimersen does not undergo extensive hepatic metabolism, and no known metabolites are detectable in plasma or urine [54].




7.6. Elimination and Excretion


Plasma clearance of casimersen was 180 mL/h/kg at 30 mg/kg dose and has an elimination half-life of 3.5 h. Casimersen is excreted mostly in urine and is unchanged. According to the FDA, a clinical study showed more than 90% of casimersen to be excreted in urine, with negligible fecal excretion [54]. Renal clearance is suggested to be the main route of elimination, as total clearance from renal excretion ranged from 77% to 108% [56].




7.7. Handling and Storage


Casimersen should be stored below room temperature to maintain its integrity. It should never be stored in the freezer, as extreme temperatures alter its pharmacodynamics. The ideal storage temperature for casimersen is 2 °C to 8 °C (36 °F to 46 °F).




7.8. Administration, Dosage, and Strengths


Casimersen is administered intravenously after dilution with normal saline to a total volume of 100 to 150 mL. Prior to infusion, the line should be flushed with 0.9% NaCl. It should not be administered with or mixed with other medications [54]. The dose recommended for administration of casimersen is 30 mg/kg/week as a 35 to 60 min intravenous infusion via an in-line 0.2-micron filter. If a dose is missed, it can be administered as soon as possible after the missed dose [54].




7.9. Use in Specific Populations


There are no human or animal data available to assess the effect of administering casimersen to pregnant women. Since DMD is largely a disease affecting children and young adults, there is no evidence of its use in and effect on geriatric patients. The efficacy and adverse effects of casimersen have been assessed on children and young adults with a specific mutation amenable to exon 45 skipping.



An animal study that assessed the safety of intravenous casimersen indicated that high doses of casimersen cause renal tubular damage [55]. In this study, casimersen was administered intravenously at varying concentrations (0, 100, 300, and 900 mg/kg) to juvenile rats once a week for 10 weeks. Renal tubular degeneration was observed at the highest dose, but no effects were observed on the reproductive system, development, and immune function [54]. Similarly, studies showed a transient nephrotoxic effect when casimersen was administered to cynomolgus monkeys at a dose > 40 mg/kg. However, this effect resolved weeks later after the last dose [57].




7.10. Adverse Effects and Contraindications


Clinical Trial


In a double-blind, placebo-controlled study, 76 patients with a demographic of age between 7 and 20 years, of white (88%) and Asian (9%) ethnicities, and confirmed to have DMD were enrolled. In the clinical trial, a dose of at least 30 mg/kg casimersen was administered once a week. In the study, patients either received casimersen (n = 57) or placebo (n = 31) intravenously once a week for up to 96 weeks. After the 96 weeks, all patients received 30 mg/kg casimersen for 48 weeks. Adverse reactions were 20% greater in patients that received casimersen than in the placebo group. Those that occurred in 20% of casimersen-treated patients and 5% of placebo patients can be seen in Table 1 [55].



An additional randomized, double-blind, placebo-controlled, dose-titration trial was conducted on 12 participants aged 7–21 years. Participants underwent a 12-week dose titration where they were randomized 2:1 to weekly casimersen infusions or placebo. The casimersen infusions were titrated using escalating doses of 4, 10, 20, and 30 mg/kg, and patients spent two weeks at each dose. Adverse reactions were classified as treatment-emergent (TEAEs) if they developed, worsened, or became serious at the start of the infusions or within 28 days after the last dose. Serious adverse reactions (SAEs) were those which were life-threatening, required hospitalization, or caused significant disability. Over the 12-week period, all patients experienced one TEAE, with those related to treatment reported at the same frequency between the treatment (2 out of 8, 25%) and the placebo (1 out of 4, 25%) groups. Those in the treatment group were mild and considered unrelated to the drug. During the double-blind treatment, the most commonly reported TEAEs were pain with the procedure, headache, and vomiting. The most commonly reported TEAEs during the combined double-blind and open-label period were nasopharyngitis, cough, headache, procedural pain, upper respiratory tract infection, and vomiting [56].





7.11. Warnings and Precautions


Kidney function should be monitored in patients that receive casimersen. Although not observed in human studies of casimersen, kidney toxicity and glomerulonephritis have been noted in animals who received casimersen, particularly at supratherapeutic doses. It is recommended to measure glomerular filtration rate before administering casimersen and to continue monitoring kidney function using urine dipstick, serum cystatin C, and urine protein creatinine ratio (UPCR) every three months [58].



Given the concerns raised about ASO-mediated hepatotoxicity, serum transaminase levels were not elevated in clinical trials, and there have been no reported episodes of liver injury clinically seen [59]. Casimersen utilizes PMOs to alter the splicing site, inducing exon skipping to produce functional protein synthesis [29]. Studies have shown that most hepatotoxicity is likely related to the high-affinity modifications used in ASOs and to the downregulation of the target mRNA via RNaseH1 mechanisms [50]. Studies testing PMO drugs, including casimersen, have not seen the systemic toxicities and target organ toxicities associated with other ASO drugs [57].





8. Efficacy of Casimersen


Interim results of the ongoing phase III ESSENCE trial (NCT02530905) have shown that casimersen increases dystrophin production in patients with DMD amenable to exon 45 skipping [60].



The ESSENCE trial included male patients in the age range of 6–13 who can ambulate (defined by a mean 6 min walk test of ≥300 m and ≤450 m), have stable pulmonary function (percent predicted forced vital capacity greater than 50%), and who were on a stable corticosteroid dose for a duration of 6 months or greater prior to the start of the trial [1]. On the other hand, patients on other DMD treatments, undergoing treatment with gene therapy, clinically significant illness, or major surgery within the past 3 months were excluded from the trial [1,55,56]. Eligible participants underwent a double-blind 12-week dose titration where they were randomized 2:1 to weekly casimersen infusions or placebo. The casimersen infusions were titrated using escalating doses of 4, 10, 20, and 30 mg/kg, and patients spent two weeks at each dose [55]. An open-label extension period lasting 132 weeks followed, where all 12 initial participants were enrolled and received casimersen. Twelve males meeting the criteria participated in total, with eight assigned to the casimersen group and the remaining four assigned to the placebo during the double-blind portion of the trial. Of the initial 12, 11 completed the open-label extension period. The primary end point was a 6 min walk test change from baseline at 96 weeks. The secondary end point for the trial was a 6 min walk test change from baseline at week 144, dystrophin protein change from baseline at weeks 48 and 96, change in forced vital capacity from baseline at weeks 96 and 144, as well as other ambulation assessments like the ability to rise from a seated position independently and time to loss of ambulation assessed by the North Star ambulatory assessment score [1,55,56].



Although still ongoing, the interim results from this trial via Western blot analysis showed increased mean dystrophin levels, which was measured as a percentage of normal. It increased from 0.93% normal at baseline to 1.74% normal at week 48 among patients treated with IV casimersen 30 mg/kg once weekly (mean change from baseline, 0.81; p < 0.001) compared with a change from 0.54% normal to 0.76% normal among placebo recipients (mean change from baseline, 0.22; p = 0.09) [1,56]. The mean change from baseline shows a between-group difference of 0.59 (p = 0.004) [56]. All casimersen recipients displayed an increase in exon 45 skipping (100% response rate). Furthermore, a positive correlation between exon 45 skipping and dystrophin production was noted (Spearman rank correlation, 0.627; p < 0.001) [1].




9. Conclusions


Casimersen is an antisense oligonucleotide developed by Serepta therapeutics and conditionally approved by the FDA as the first line treatment for patients with DMD amenable to mutation on exon 45. Conditional approval by the FDA is granted if the immediate availability of a drug fulfills an unmet medical need, and if the benefit outweighs the risks. Currently, the clinical trial for casimersen is ongoing and expected to be concluded in the second quarter of 2024. It requires a full approval and verification of clinical benefit in a phase 3 ESSENCE study (NCT02500381) [61]. An additional extension study (NCT03532542) with estimated enrollment of 260 participants is expected to be completed in 2026 [62]. Clinically, the administration of casimersen to patients with mutation in the exon 45 region has shown a statistically significant production of dystrophin protein in skeletal muscles compared to the placebo group.



What Does This Mean for DMD Patients and What Is Next?


The approval and clinical use of casimersen is expected to treat about 8% of all DMD patients. Currently, along with other RNA therapies, a treatment plan can be provided for nearly 30% of DMD patients. While there is a lot of progress to be made in this area and casimersen still requires full approval from the FDA, the discovery of the drug is an invaluable addition to the treatment of DMD and provides hope for DMD patients. Additionally, besides ASO therapies, which are the main focus of this paper, trials for other treatment options like the monoclonal antibody pamrevlumab, synthetic steroids like vamorolone, and other allogeneic stem cell therapies are underway. With all these recent discoveries and undergoing trials, even if a complete cure might be difficult to attain, we hope that significant strides can be made to treat more DMD patients in the next decade.
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