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Key points:
· The chronic administration of conventional drugs for the treatment of myasthenia gravis is associated with significant side effects and often lacks effectiveness, highlighting the need for the development of innovative therapies. In this context, preclinical research has been crucial in identifying potential therapeutic targets and conducting animal-based experimentation. 
· Therapeutic opportunities available to patients affected by myasthenia gravis are expanding. In recent years eculizumab, ravulizumab, efgartigimod, rozanolixizumab, and zilucoplan were approved by regulatory agencies and many pharmacological and non-pharmacological treatments are currently under investigation.

Abstract
Myasthenia gravis (MG) is a rare autoimmune disease that causes debilitating muscle weakness due to impaired neuromuscular transmission. Since most (about 80-90%) of MG patients present autoantibodies against the acetylcholine receptor, standard medical therapy consists of symptomatic treatment with acetylcholinesterase inhibitors (e.g., pyridostigmine). In addition, considering the autoimmune basis of MG, standard therapy also includes immunomodulating agents, such as corticosteroids, azathioprine, cyclosporine A, and cyclophosphamide. New treatment strategies have been proposed for the therapy of MG and include complement blockade (i.e., eculizumab, ravulizumab, and zilucoplan) and neonatal Fc receptor antagonism (i.e., efgartigimod and rozanolixizumab). The aim of this review was to provide a detailed overview of the pre- and post-marketing evidence on the three pharmacological treatments most recently approved for the treatment of MG, by identifying both pre-clinical and clinical studies registered in clinicaltrials.gov. A description of the molecules which are currently under evaluation for the treatment of MG was also provided.


1. Introduction
Myasthenia gravis (MG) is a rare autoimmune neuromuscular disease characterized by impaired neuromuscular transmission and it is the most common neuromuscular transmission disorder. Its annual incidence is estimated to range from 7 to 23 cases per million, while the prevalence varies from 70 to 320 cases per million. [1]
Regarding the etiopathogenesis, 80-90% of MG patients present autoantibodies against the acetylcholine receptor (AChR antibodies), mainly belonging to the immunoglobulin (Ig) G1 and G3 families [2-4], which lead to dysfunction of the neuromuscular junction by blocking the binding of acetylcholine (Ach) to its receptor (AchR) and activating complement-mediated destruction of AchRs. Although the severity of the disease is not closely correlated with the plasma concentration of AchR antibodies, variations in antibody levels can be used to monitor the effectiveness of pharmacological treatment in individual patients. [5]
About 40-70% of MG patients who are seronegative for AchR antibodies have antibodies directed against the muscle-specific tyrosine kinase (MuSK), a transmembrane component of the postsynaptic neuromuscular junction that mediates AchR clustering and anchoring of acetylcholinesterase during neuromuscular junction formation. [6] MuSK antibodies mainly belong to the IgG4 class and, to a lesser extent, the IgG1 class. However, the role of MuSK antibodies in MG pathogenesis is not yet fully understood. [7]
MG is considered “seronegative” when AchR and MuSK antibodies are not detected by standard laboratory tests. In half of these patients, using more sensitive tests, such as immunofluorescence, clustered AchR antibodies can be identified. [8]
Furthermore, autoantibodies directed against other antigens and with an unclear pathogenicity can also be detected in all cases. [9]
Cell-mediated immunity is also involved in MG pathogenesis: T lymphocytes might stimulate antibody production by B cells through binding to AchRs. This is confirmed by the association between thymic abnormalities, such as thymic hyperplasia (developing in 60-70% of MG cases) and thymoma (developing in 10-12% of MG cases), and anti-AchR-positive MG, which often improve after thymectomy. [10-12]
In addition to antibody status, MG can be classified based on clinical manifestations as ocular and generalized MG (gMG). Around 50% of ocular MG patients progress to gMG, while others have a milder course limited to ocular symptoms. [13,14] Evaluation of disease symptoms and signs is useful for differential diagnosis, supported by laboratory tests, and possibly electromyography, to study muscle electrical activity and confirm neuromuscular impairment. [15]
[bookmark: _Hlk150776759][bookmark: _Hlk150776850]In general, the main symptoms of MG are related to muscle weakness. which varies from mild and fluctuating to severe tetraparesis with respiratory failure. Muscle weakness most frequently affects ocular and bulbar muscles compared to other muscle groups. Ocular symptoms, often asymmetric, are most common in MG and may include ptosis due to weakness of the levator palpebrae superioris and diplopia. Regarding bulbar involvement, weakness commonly affects oropharyngeal muscles, causing difficulty when chewing, dysphagia, dysarthria, or hypophonia, or facial expression muscles (i.e., the "myasthenic snarl"). Other primarily involved muscles include neck muscles, and limb muscles typically with a proximal pattern, and the arms tend to be more often affected than the legs. [16,17] Severe respiratory and/or bulbar muscles weakness may lead to myasthenic crisis, a life-threatening condition triggered by various factors, including surgery, infections, medications, or occurring spontaneously during an active phase of the disease. [18] The severity of symptoms can be distinguished using several assessment scales, and the most commonly used for evaluating therapy efficacy in registrational RCTs are shown in Table 1.
[bookmark: _Hlk150780820]This narrative review aimed to provide an overview of the pre- and post-marketing evidence on the pharmacological treatments most recently approved for the treatment of MG, by identifying both pre-clinical and clinical studies registered in clinicaltrials.gov, a public repository run by the United States National Library of Medicine, in which interventional and observational studies, as well as programs providing access to investigational drugs outside of clinical trials (i.e., expanded access), are registered. Studies registered from the inception to June 22, 2023, concerning both approved and experimental drugs for the treatment of MG were searched using the terms “myasthenia gravis”, “autoimmune myasthenia”, “acquired myasthenia”, and “neuromuscular junction disorder”. The results were screened by two authors (SC, MC) for inclusion in this review. Additionally, innovative therapies currently under investigation for the treatment of MG were also discussed.

2. Traditional treatments for myasthenia gravis
[bookmark: _Hlk150783601]While a definitive cure for MG is not yet available, multiple therapeutic options can significantly alleviate MG symptoms and improve patients’ quality of life.
The first therapeutic approach, developed almost a century ago, stimulates cholinergic transmission at the neuromuscular junction by inhibiting acetylcholinesterase, the enzyme metabolizing acetylcholine into acetate and choline. Consequently, cholinesterase inhibition results in a buildup of acetylcholine in the synaptic cleft. Acetylcholinesterase inhibitors currently approved for the treatment of MG patients are pyridostigmine, and neostigmine, which are still considered as a possible first-line therapy for the treatment of the AChR antibody-positive disease, since they can significantly enhance muscle strength, especially in milder forms of the disease. [19]
[bookmark: _Hlk150777815]Given the autoimmune basis of MG, another classical therapeutic approach is based on immunosuppressant drugs, such as corticosteroids (i.e., prednisone), azathioprine, mycophenolic acid, tacrolimus, methotrexate, cyclosporine A, and cyclophosphamide. They can be administered in both acute and chronic therapeutic regimens, individually or in combination, for the treatment of MG patients. However, the severe side effects associated with their long-term use and the lack of effectiveness in some patients frequently lead to a switch in therapy. An alternative approach involves the high-dose intravenous administration of immunoglobulins (IVIg), which can counteract AChR IgG antibodies. The mechanism through which IVIg may improve neuromuscular transmission is not well-known yet, but it may be associated with an anti-idiotype antibody action, a modulating activity of Fc receptor function, and an accelerated clearance of autoantibodies. [20] IVIg administration is recommended for patients in acute phases of MG and those refractory to immunosuppressive therapies. [21] Although this pharmacological approach has shown promising results and excellent patient compliance, its long-term efficacy is still being evaluated. [22,23]
[bookmark: _Hlk150504405]Plasma exchange (PLEX) is another therapeutic approach for MG patients, consisting in the direct elimination of autoantibodies and complement components involved in the pathogenesis of the disease, as well as in the reduction of the levels of pro-inflammatory cytokines, such as interleukin-10. [24-26] 

3. [bookmark: _Hlk150778492]Novel treatments for myasthenia gravis
Due to the abovementioned challenges, several innovative strategies have been developed in recent years. One of them targets the downstream mechanism activated by the interaction of IgG autoantibodies with the nicotinic receptor, specifically the classic and common complement cascade. The final steps of the cascade form C5 convertase, which splits C5 into C5a and C5b, with the latter being the primary responsible for cellular damage. Monoclonal antibodies binding the complement factor C5 have been synthesized to prevent its cleavage by C5 convertase [27] (Fig. 1). 
Over the years, experimental autoimmune myasthenia gravis (EAMG) models have greatly contributed to understanding MG pathogenesis, the role of the complement system and identifying new immunotherapies for disease modulation. Numerous EAMG models (i.e., mouse, rat, rabbit) have been developed using various immunization techniques. Reference guidelines have been established to induce autoimmune disease in animals, allowing researchers to achieve standardized high-level models. [28-30]
Preclinical studies that identified therapeutic targets were mostly conducted in rodents that closely replicate clinical MG symptoms (muscle weakness, fatigue, decreased response to repetitive nerve stimulation) and its immunopathological characteristics. The use of transgenic knockout and mutant models greatly supported the comprehension of the biological mechanisms underlying MG pathogenesis. [31-33] In particular, these models revealed that the activation of the classical complement pathway is crucial in EAMG pathogenesis due to the presence of AChR or LRP4 antibodies, unlike MuSK antibody models where the complement pathway is not activated. [34-40] Thanks to the EAMG model, the inhibition of the C5 protein emerged as a significant therapeutic target, even preferable to inhibiting other upstream components in the complement pathway like C3, which are associated with major side effects. [41]
[bookmark: _Hlk150786296]Another innovative pharmacological approach consists in depleting circulating AchR IgG antibodies by targeting their Fc fragment. Specifically, the neonatal Fc receptor (FcRn) protects IgGs from lysosomal degradation, and its blockade significantly reduces the recycling of circulating IgGs. The identification of the complement cascade and the FcRn receptor as potential new targets for MG therapy was also facilitated by preclinical research involving both in vitro studies and animal models, clarifying the significance of still poorly understood pathogenic mechanisms underlying MG.
Novel drugs approved by both the FDA and the EMA for the treatment of gMG include the inhibitors of the complement protein C5 eculizumab, ravulizumab, and zilucoplan, and the FcRn receptor antagonists efgartigimod and rozanolixizumab. Although these drugs were proved to be effective and well tolerated in pivotal clinical trials, real-world evidence (RWE) concerning their effectiveness and safety in routine clinical practice is still sparse, thus highlighting the need to conduct post-marketing surveillance studies. 

3.1. Eculizumab
To develop potent C5 complement component inhibitors, panels of murine monoclonal antibodies against human C5 were generated and screened in vitro for their ability to inhibit the human terminal complement complex in a standard hemolytic test. Among approximately 30,000 candidates, eculizumab, a murine monoclonal antibody 5G1.1, was identified and subsequently humanized to reduce potential immunogenicity. [42,43] Eculizumab's activity against human C5 is highly species-specific, with minimal activity against C5 in any other primate or mammal, halting the conduction of preclinical studies in animal models. [44] Thus, in vivo pharmacological activity was evaluated using specific surrogate antibodies against the murine C5 protein in preclinical EAMG models, yielding promising results. Anti-C5 antibodies were able to prevent disease development when administered before induction and to significantly reduce immune response biomarkers and symptoms (asthenia) in already induced animals [45,46] (Table 2).
Toxicology studies on eculizumab have been conducted in mice using the surrogate antibody BB5.1, testing doses up to 60 mg/kg/week. No adverse effects were observed in chronic toxicity and fertility studies up to 6 months. However, studies on animal development showed mild effects at doses of 60 mg/kg per week. These studies paved the way for clinical trials leading to eculizumab's approval in 2014 as the first orphan drug for MG therapy. [47] Due to its mechanism of action, eculizumab may lead to an increased incidence of meningococcal disease, thus requiring that patients receive polyvalent vaccination before starting treatment. [48]
Initially approved in 2007 for the treatment of paroxysmal nocturnal hemoglobinuria, eculizumab is an orphan drug authorized in 2017 by the European Medicines Agency (EMA) through accelerated assessment for the treatment of adult patients with refractory gMG who are positive for AChR antibodies, based on positive results from a large phase III clinical trial (REGAIN). [49]
The clinical efficacy of this drug was demonstrated in the pivotal REGAIN study (NCT01997229), a randomized controlled phase III clinical trial conducted on 125 patients aged ≥ 18 years with a total score on the MG-ADL scale ≥ 6 and who had not positively responded to at least two immunosuppressive therapies or to one immunosuppressive therapy plus intravenous immunoglobulins or plasma exchange in the last year. [49] Enrolled patients were randomized to receive intravenous eculizumab treatment (N=62 patients) or placebo (N=63 patients) for 26 weeks. The study’s primary endpoint was the change from baseline in the total MG-ADL scale score at week 26, while secondary endpoints included changes in the QMG, MGC, and MG-QOL15 scale scores at week 26. Overall, 118 patients completed the study. Regarding the primary endpoint, the analysis did not reveal significant differences between eculizumab and placebo. However, sensitivity analyses, including periodic measurements of MG-ADL, QMG, MGC, and MG-QOL15 scores during the follow-up period, showed a statistically significant positive effect for eculizumab.
117 out of the 125 patients enrolled in the REGAIN trial were subsequently included in a long-term extension study (ECU-MG-302 study; NCT02301624), in which all patients received eculizumab. [50] Patients previously treated with eculizumab in the REGAIN trial continued to show beneficial effects for all endpoints over an additional 130 weeks of eculizumab treatment. Similarly, clinical improvement was also observed in patients previously treated with placebo and switched to eculizumab. In this study, physicians were allowed to adjust baseline immunosuppressive agents to manage refractory gMG. By the end of the study, 72% of patients had discontinued or reduced the daily dosage of at least one immunosuppressive therapy. Overall, eculizumab was well tolerated, with headache and upper respiratory tract infection being the most reported adverse events in both groups. Myasthenia gravis exacerbations were reported by 6 (10%) patients in the eculizumab group and 15 (24%) in the placebo group, and no cases of meningococcal infection were reported. Such findings were also confirmed by the open-label extension study of the REGAIN trial, which showed that after a median of almost 2 years of treatment, no cases of meningococcal infection were reported, while the most common serious adverse event was MG worsening. [50]
The effectiveness of eculizumab has been proven by several real-world studies demonstrating that this drug is associated with significant improvements in outcome measures as well as a decrease in concomitant drugs requirement. [51-53] Real-world evidence on the use of eculizumab shows that this drug is well tolerated, as documented by a recent post-marketing surveillance study conducted in Japan on 40 patients with MG. In particular, after 26 weeks of follow-up, none of the patients experienced meningococcal infections and 80% of patients were continuing therapy. [52]

3.2. Ravulizumab
Ravulizumab was developed seeking a drug with a longer half-life than eculizumab and it was tested in preclinical pharmacokinetic and pharmacodynamic studies using genetically modified murine models, confirming its therapeutic efficacy and prolonged duration of action. [54,55] As compared to eculizumab, ravulizumab exhibited higher affinity for complement factor C5 and received approval by the EMA (2019) and the Food and Drug Administration (FDA) (2022) as an add-on therapy to standard treatment for adult patients with gMG who are positive for AChR antibodies. Like eculizumab, also ravulizumab increases the risk for meningococcal disease and therapy can be started only in vaccinated patients. [56]
[bookmark: _Hlk150778853]Ravulizumab was developed by replacing four amino acids in the heavy chain region, two in the complementarity-determining variable region, and two in the Fc fragment of eculizumab, leading to a longer duration of action, allowing ravulizumab to be administered once every eight weeks [57] (Table 2).
The clinical efficacy of ravulizumab in adult patients with gMG was assessed in the CHAMPION-MG study (NCT03920293), a double-blind, placebo-controlled, phase III randomized controlled trial (RCT). [58] Eligibility criteria for the trial included: (i) age ≥ 18 years and weight ≥ 40 kg, (ii) a diagnosis of gMG for at least 6 months, (iii) severity class II-IV according to the MGFA classification, a score ≥ 6 on the MG-ADL scale, and a positive serologic test for AChR antibodies during the screening and randomization phases. Patients receiving immunosuppressive therapies were allowed to continue treatment for the entire study duration. The 175 enrolled patients were randomized to receive intravenous ravulizumab (N=86 patients) or placebo (N=89 patients) for 26 weeks. The study’s primary endpoint was the change in the total MG-ADL scale score from baseline at week 26. Secondary endpoints included changes in the QMG, revised MG-QOL15, and Neuro-QoL Fatigue scale scores at week 26. Overall, 162 patients completed the randomization period. The primary analysis demonstrated that, compared to placebo, ravulizumab resulted in a significant mean change in MG-ADL scale values (-3.1 vs. -1.4; p<0.001) and QMG scale values (-2.8 vs. -0.8; p<0.001). Total QMG scale scores improved by ≥ 5 points in a significantly larger proportion of patients treated with ravulizumab than those receiving placebo (30.0% vs. 11.3%; p=0.005). No significant differences in the types of adverse events were observed between the two groups and the most common adverse event was headache in both groups. A higher proportion of patients treated with ravulizumab reported serious adverse events (23%) as compared to those treated with placebo (16%) and the most reported serious adverse events was MG worsening. No cases of meningococcal infection were reported.
Enrolled patients were subsequently allowed to enter an open-label extension study lasting up to four years, during which all patients received ravulizumab. Out of the 175 patients enrolled in the CHAMPION-MG trial, 161 continued into the still ongoing open-label extension study (NCT03920293), and data from the first 60 weeks of the study were published in April 2023. [59] The endpoints for assessing the efficacy of the drug included changes in the scores after 60 weeks of treatment. The results of this study demonstrated that over 60 weeks, ravulizumab was associated with improvement in MG-ADL and QMG scale scores for both patients who continued with the treatment and those who initially received placebo during the randomized controlled 26-week period. As for the safety profile, finding from the open-label extension study confirmed those of the CHAMPION-MG trial. As compared with placebo, higher rates of abdominal pain, dizziness, and upper respiratory tract infection were observed with ravulizumab. Furthermore, no meningococcal infections were reported. [59]

3.3. Efgartigimod
Efgartigimod is an orphan drug approved by the EMA in 2022 for the treatment, as add-on therapy, of adult patients with gMG who are positive for AChR antibodies. It is an engineered human IgG fragment capable of binding FcRn with high affinity, thus enhancing the degradation of endogenous IgGs and preventing their recycling. Encouraging results from clinical trials led the FDA to approve the drug in 2021 for treating AChR IgGs positive adults with gMG. [60]
The therapeutic effects of FcRn administration have been explored in two rat EAMG models. [61] These studies demonstrated significant improvement in symptoms and signs (asthenia, tremors, mortality) and a substantial reduction in AChR antibody concentrations in both tested EAMG models. Subsequent studies in primates and mice inoculated with different humanized anti-FcRn antibodies confirmed the selective reduction of IgG levels in animals. These studies led to the recent development of efgartigimod, a human IgG Fc fragment modified to enhance the affinity for FcRn using the Antibodies That Enhance IgG Degradation (ABDEG)® technology. [62-65] Administering efgartigimod in monkeys resulted in a 75% reduction in circulating IgGs, demonstrating the drug's efficacy in non-human primates. Currently, only one preclinical study with efgartigimod in a murine EAMG model is available. In this study, the model was injected with purified IgG4 from anti-MuSK-positive MG patients to induce the disease and then treated with efgartigimod. A significant decrease in human IgG titers approximately 8-fold compared to the control group, along with muscle strength recovery, was observed [66] (Table 2). 
The clinical efficacy of this drug for the treatment of gMG was evaluated in the ADAPT trial (NCT03669588), a multicenter, double-blind, placebo-controlled phase III RCT lasting 26 weeks. [67] This trial enrolled 167 patients aged ≥ 18 years with a diagnosis of gMG, a score of ≥ 5 on the MG-ADL scale, and severity class II-IV according to the MGFA classification. Patients were treated with stable doses of at least one gMG treatment (acetylcholinesterase inhibitors, corticosteroids, or other immunomodulatory therapy, alone or in combination). Patients were randomized in a 1:1 ratio to receive efgartigimod treatment at 10 mg/kg (N=84 patients) or placebo (N=83 patients), administered in four infusions per treatment cycle (i.e., one infusion per week). The primary endpoint for efficacy evaluation was the proportion of AChR antibody-positive patients defined as responders according to the MG-ADL scale (i.e., those patients showing an improvement of ≥ 2 points on the MG-ADL scale by the end of the fourth week of the first treatment cycle, sustained for at least 4 consecutive weeks). Five secondary endpoints were evaluated: (1) the proportion of AChR antibody-positive responders according to the QMG scale (i.e., those patients showing an improvement of at least 3 points on the QMG scale by the end of the fourth week of the first treatment cycle, sustained for at least 4 consecutive weeks); (2) the proportion of MG-ADL responders during the first treatment cycle in the entire trial population; (3) duration of the effect on MG-ADL scale score among AChR antibody-positive patients up to day 126; (4) time from the week after the fourth infusion to the absence of clinically meaningful improvement in the AChR antibody-positive patient population; and (5) the proportion of early treatment responders (i.e., patients with improvement ≥ 2 points on the MG-ADL scale at the second week) among AChR antibody-positive patients. Overall, 152 patients completed the treatment cycles. The results of this study showed that out of a total of 129 AChR antibody-positive patients, a higher proportion of responders was observed among patients treated with efgartigimod (44 out of 65; 68%) compared to those treated with placebo (19 out of 64; 30%), with an odds ratio of 4.95 (95% confidence interval (95% CI): 2.21-11.53). Efgartigimod was significantly more effective than placebo for all secondary endpoints, except for the time from the week after the fourth infusion to the absence of clinically meaningful improvement in the AChR antibody-positive patient population. As for the safety profile, a lower frequency of adverse events was observed among patients receiving efgartigimod (77%) as compared to those receiving placebo (84%). The most common adverse events in both groups were headache, nasopharyngitis, nausea, diarrhea, upper respiratory tract infections, and urinary tract infections. [67]
[bookmark: _Hlk150511771]An ongoing open-label extension study with a maximum estimated duration of 128 weeks is currently in progress (NCT04980495) to evaluate the long-term efficacy and safety of efgartigimod, and no results have been published yet. A recent multicenter retrospective study evaluating the real-word safety and effectiveness of efgartigimod on 37 MG patients positive for AChR antibodies showed that this drug led to a clinically significant improvement in MG-ADL scores for 72% of them and to a 61% reduction in IgG levels after the first cycle. [68] As for the safety, treatment was generally well tolerated; one patient had to discontinue the treatment because of a relapse of Clostridium difficile infection, and two patients experienced mild upper respiratory infections, but they did not discontinue the treatment. [68]

3.4. Rozanolixizumab
Rozanolixizumab (UCB7665) is a humanized high-affinity anti-human FcRn monoclonal antibody [69]. In human FcRn transgenic mice, rozanolixizumab induced a rapid decrease in plasma IgG without adverse events (PMID: 30130439). Two studies are reported on cynomolgus monkeys. The first one - a 4-week toxicology study - was conducted to evaluate the potential toxicity, and PD of high (50-150 mg/Kg) and repeated doses of rozanolixizumab. Marked decreases (75 to 90% from baseline) in plasma IgG concentrations were observed in all animals with both dosages; rozanolixizumab was well tolerated and did not increase risk of infection (PMID: 29093180). In the second study, low dose (initial 30 mg/kg loading dose; 5 mg/kg daily thereafter), IV administration of rozanolixizumab effectively and persistently reduced plasma IgG concentration in all animals throughout the treatment (42 days). Of note, anti‐drug antibodies directed against rozanolixizumab were detected in the majority of the animals, without impacting PK and PD. Finally, a prolonged 13-week toxicology study (≤ 150 mg/kg every 3 days) confirmed sustained (but reversible) reductions in IgG concentrations by up to 85%, with no adverse events. [63] The results of these studies culminated in the development of a successfully predictive, semi mechanistic translational PK/PD preclinical model of the IgG response to rozanolixizumab in humans. [70]
This drug has been approved by the FDA in June 2023 and by the EMA in November 2023 for the treatment of gMG in adults who are anti- AchR - or anti- MuSK antibody-positive.
The clinical efficacy of rozanolixizumab was evaluated in the MycarinG study, a Phase III, randomized, double-blind, placebo-controlled clinical trial that enrolled 200 patients aged ≥ 18 years with positive gMG for AChR or MuSK antibodies. [71] Of the enrolled patients, 66 were randomized to receive rozanolixizumab 7 mg/kg, 67 to receive rozanolixizumab 10 mg/kg, and 67 to receive placebo, subcutaneously once a week for 6 weeks. The primary outcome for assessing drug efficacy was the change from baseline in MG-ADL scale scores on day 43. Overall, 128 patients completed the study. The results of this trial showed that both rozanolixizumab dosages were associated with statistically and clinically significant improvements compared to placebo. Rozanolixizumab was generally well-tolerated, with a similar frequency of adverse events (mainly headache, diarrhea, and fever) between the two dosages. A similar rate of infections was observed for rozanolixizumab 7mg/kg (16%) and placebo (19%), while it was higher for rozanolixizumab 10 mg/kg (30%). The most frequent infections were nasopharyngitis, oral herpes, and upper respiratory tract infection. [71] 

3.5. Zilucoplan
Zilucoplan (formerly RA101495), is a novel peptide-based C5 complement inhibitor, that exhibits promising potential in the management of MG. The macrocyclic synthetic peptide RA101495 emerged from meticulous drug discovery efforts, using an innovative in vitro screening technique, the mRNA display. [72] This approach allowed to obtain a molecule with a with subnanomolar affinity for C5 component, that was successfully tested in preclinical studies for paroxysmal nocturnal hemoglobinuria, a disorder related to complement dysregulation, confirming its mechanism of action. [73] Moreover, RA101495 was also tested in a humanised murine model of immune-mediated necrotising myopathy with evidence of strength loss prevention and reduction of C5b-9 deposits on myofibres. [74] In vitro studies confirmed that zilucoplan bound human complement C5 with high affinity and on a different binding size respect eculizumab. [72,75] This is particularly useful for the treatment of patients genetically resistant to eculizumab.
Zilucoplan has been approved by the FDA in October 2023, respectively, for the treatment of gMG in adults who are anti- AchR - or anti- MuSK antibody-positive Its clinical efficacy was evaluated in the RAISE study, a phase III, double-blind, placebo-controlled RCT conducted on 174 MG patients positive for AChR antibodies with an MG-ADL score ≥ 6. [76] These patients were randomized to receive zilucoplan 0.3 mg/kg per day, or placebo, subcutaneously in self-administration, for 12 weeks. The primary endpoint was the change from baseline in MG-ADL scale scores at week 12. Overall, 166 patients completed the study. At week 12, zilucoplan was significantly superior to placebo in reducing MG-ADL scale scores with a greater proportion of zilucoplan-treated patients achieved a reduction of ≥ 3 points in the MG-ADL scale score without requiring rescue therapy, compared to those receiving placebo (73% vs. 46%; p<0.001). Overall, the safety profile of zilucoplan was favorable, with similar adverse event incidence rates compared to the placebo control group, with the exception of injection-site bruising, diarrhea, injection-site pain, and lipase increase, which were more common in patient receiving zilucoplan than in those treated with placebo. Furthermore, a higher frequency of infections (mainly upper respiratory tract infections) was observed in the zilucoplan group (27%) as compared to the placebo group (18%). No meningococcal infections were reported. [76]

To date, in addition to the above-described pivotal trials and open-label extension studies, one observational study and fifteen experimental studies related to eculizumab, ravulizumab, and efgartigimod have been identified on clinicaltrials.gov (Table 3). In more detail, the retrospective multicenter observational study aims to collect data on clinical outcomes and long-term safety of eculizumab and ravulizumab (NCT04202341). Out of the fifteen experimental studies, ten were phase III trials, two were phase II/III trials, two were phase II trials, and one was an expanded access study (NCT04777734) to assess the efficacy of efgartigimod in a larger sample of patients who did not meet the eligibility criteria for inclusion in other RCTs. 

5. Future Perspectives
Several molecules are currently under evaluation for the treatment of MG (Table 4). In more detail, in the coming years, the results of phase III clinical trials for nipocalimab and batoclimab (two FcRn receptor antagonists) [77], satralizumab (an interleukin-6 receptor antagonist already authorized for the treatment of neuromyelitis spectrum disorders) [78], inebilizumab (an anti-CD19 monoclonal antibody) [79], gefurulimab (a complement C5 protein inhibitor monoclonal antibody) [80], vemircopan (a factor D protease inhibitor) [81], and the combination of pozelimab (a complement protein C5 inhibitor) and cemdisiran (a complement C5 protein liver production inhibitor) [82] will become available. 
Future perspectives for the treatment of MG also include the development of chimeric antigen receptor (CAR)-T-cell therapy, which was evaluated in an open-label phase 1b/2a trial (NCT04146051) involving 16 adult patients (aged ≥ 18 years) affected by gMG with presence of anti-AchR - or anti-MuSK antibodies. [83] Results from this study were encouraging and CD8 CAR-T therapy appeared to be safe, well tolerated, and led to a clinically meaningful decrease on MG severity scales at up to 9 months of follow-up. CAR-T infusion did not lead to cytokine release syndrome nor neurotoxicity, and the most common side effects were headache, nausea, vomiting, and fever. This treatment principle is regarded also specifically for anti-MuSK antibodies patients, using engineered T cells to express a MuSK chimeric autoantibody receptor with CD137-CD3ζ signaling domains (MuSK-CAART) for precision targeting of B cells expressing anti-MuSK autoantibodies. [84] To date, a first phase I trial to evaluate the safety of various dosing regimens of MuSK-CAART for MuSK anti-AChR negative MG is recruiting (NCT05451212). 
Encouraging non-pharmacological treatments, including gene therapy and hematopoetic stem cell transplantation, need to be mentioned. Recent research has explored the potential of RNA interference (RNAi) techniques in treating MG by targeting components of the immune system. [85] Preclinical studies have shown that small interfering RNAs (siRNAs) can effectively silence genes involved in the disease process, such as complement C5, C2, RelB, and Bcl-6, reducing disease severity and improving immune regulation. [86] This approach includes using conjugates like GalNAc-siRNA to decrease the expression of specific genes in hepatocytes, resulting in lowered disease severity in MG models. [87] Additionally, miR-146a, regulatory nucleic acid molecule, silencing has shown promise in alleviating MG symptoms. [88] Further, antisense oligodeoxynucleotides targeting acetylcholinesterase mRNA effectively reduced active acetylcholinesterase levels, improving muscle strength and clinical outcomes in MG. [89] These preclinical studies highlight the potential of RNAi-based therapies in MG treatment, though extensive research is still needed to fully assess their therapeutic viability. Several small case series have been reported regarding hematopoietic stem cell transplantation [90,91]. Promising clinical outcomes, such as long-term symptom- and treatment-free remission, should lead to considering its employment in cases of severe or life-threatening MG-related symptoms despite the continued use of intensive immunosuppressive therapies.

6. Conclusions
In recent years, a large number of drugs have been approved for the treatment of MG, and a wide range of clinical studies is currently ongoing, with the aim of evaluating the efficacy and safety of medications that can modulate autoimmune processes at various levels, which are primarily responsible for the clinical manifestations of different variants of the disease. It is noteworthy that many of the already approved drugs or in advanced stages of experimentation have the potential to find clinical application in other autoimmune disorders, whether more common or rare. This adaptability is due to their varying degrees of specificity and their ability to intervene in shared immune response pathways, but it is anticipated that additional therapies of this kind will receive approval for treating various forms of MG, thereby enhancing the clinical management of patients. In addition to evidence coming from pivotal clinical trials, it is essential to carry out post-marketing studies aimed at evaluating the benefit-risk profile of these drugs in the real-world setting. This is particularly important in the field of rare diseases, where pre-marketing evidence is generally sparce due to several issues related to both the rarity of the diseases as well as to the feasibility of RCTs. 
Simultaneously, it is essential to consider the recognition of orphan drug status, the associated regulatory procedures, and Health Technology Assessment evaluations. Lastly, experimental gene therapies represent innovative and highly personalized approaches, holding the promise of introducing significant innovations to the therapeutic landscape of this rare disease. 
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Table 1. Most commonly used scales for evaluating myasthenia gravis therapy efficacy in registrational RCTs.
	Scale
	Description

	Myasthenia Gravis Foundation of America (MGFA) classification [92]
	A classification system categorizing MG severity based on muscle groups affected and functional impairment. Ranges from I (mild) to V (severe).

	Myasthenia Gravis Activities of Daily Living (MG-ADL) scale [93]
	An 8-item scale assessing MG's impact on daily activities, namely talking, chewing, swallowing, breathing, brushing teeth or hair, arising from chair. Measures the degree of difficulty in performing these activities. In addition, the scale evaluates the occurring of double vision, and eyelid drop.

	Quantitative Myasthenia Gravis (QMG) scale [94]
	A 13-item scale quantifying muscle weakness and fatigability. Each item assesses specific muscle groups through manual testing. The total score indicates overall muscle impairment. 

	Myasthenia Gravis Composite (MGC) scale [95]
	A comprehensive scale combining QMG scores, MG-ADL scores, and physician's assessment. Offers a holistic view of disease severity by considering various clinical measures. 

	15-item Myasthenia Gravis Quality of Life (MG-QOL15) questionnaire [96]
	Questionnaire with 15 items assessing the impact of MG symptoms and treatment on patients' quality of life. Covers physical, emotional, and social aspects of well-being. 


Abbreviations: MG = myasthenia gravis

Fig. 1. Innovative drugs for myasthenia gravis therapy and their primary mechanism of action. 
Abbreviations: ACh = acetylcholine; AChR = acetylcholine receptor; FcRn = neonatal Fc receptor.
In red are reported drugs approved for the treatment of myasthenia gravis. In turquoise are reported drugs currently under evaluation for the treatment of myasthenia gravis.

Table 2. Preclinical studies related to the three newly approved therapies for MG treatment.
	Drug
	Mechanism of Action
	Preclinical Studies

	Eculizumab
	Humanized monoclonal anti-C5 antibody
	1988: C5 is identified as a target for EAMG treatment in murine models. [38]
1996: The humanized antibody h5G1.1 (eculizumab) demonstrates potent inhibitory effects against human C5 in in vitro studies. [43]
2007-2009: Anti-C5 antibodies attenuate the progression of EAMG in rats. [45,46]

	Ravulizumab
	Humanized monoclonal anti-C5 antibody
	2018: Through engineering of the eculizumab sequence, it is demonstrated that ravulizumab has an approximately 4-fold longer half-life compared to the parental antibody in murine models. [55]

	Efgartigimod
	IgG fragment of anti-FcRn monoclonal antibody
	2007: Administration of an anti-FcRn antibody in two experimental EAMG models significantly reduces symptomatology and AChR IgG antibodies levels. [61]
2015-2018: Humanized anti-FcRn antibodies effectively reduce circulating IgG in primate and mouse models. [63,65]
2018: Development of efgartigimod in vitro and studies on pharmacokinetics, pharmacodynamics, and toxicity in primates. [64]
2019: Administration of efgartigimod in a murine EAMG model significantly reduces MuSK antibodies and disease symptoms, demonstrating in vivo efficacy. [66]

	Rozanolixizumab
	FcRn receptor antagonist
	2017-2018: Toxicology, PK and PD studies on rozanolixizumab conducted in cynomolgus monkeys demonstrated a marked decrease in plasma IgG concentrations with no adverse effects. [63,97]
2018: In human FcRn transgenic mice, rozanolixizumab induced a rapid decrease in plasma IgG without adverse events. [63]
2022: Development of a predictive, semi mechanistic translational PK/PD preclinical model of the IgG response to rozanolixizumab in humans. [70]

	Zilucoplan
	Complement protein C5 inhibitor
	2015: Preclinical studies for the treatment of paroxysmal nocturnal hemoglobinuria confirmed the mechanism of action of the drug. [73]
2022: Administration of zilucoplan in a mouse model of immune-mediated necrotising myopathy showed strength loss prevention and reduction of C5b-9 deposits on myofibres. [74]


Abbreviations: AChR = Acetylcholine Receptor; EAMG = Experimental Autoimmune Myasthenia Gravis; FcRn = Neonatal Fc Receptor; IgG = Immunoglobulin G; MuSK = Muscle-Specific Tyrosine Kinase.

Table 3. Experimental and observational clinical trials related to eculizumab, ravulizumab, efgartigimod, rozanolixizumab, and zilucoplan registered on clinicaltrials.gov as of June 22, 2023.
	[bookmark: _Hlk139963874]NCT
	Phase
	Study Drug
	Age of Study Population, years
	Enrolled patients#
	Primary Outcome 
	Results*
	Status

	Clinical trials

	NCT03759366 [98]
	III
	Eculizumab
	6-17
	10
	Change in total score of the MG-ADL scale at week 26, regardless of rescue treatment
	11 patients, after 26 weeks of therapy, experienced least square mean changes of –5.8 for qMG) total score and ¬–2.3 for MG-ADL total score. During the study, adverse events were predominantly mild to moderate in severity and mainly unrelated to eculizumab.
	Ongoing

	NCT00727194 [99]
	II
	Eculizumab
	18-80
	14
	Proportion of patients with a reduction of 3 points in the total score of the QMG scale
	86% of patients treated with eculizumab for 16 weeks achieved a 3-point reduction in the QMG score. The total change in mean QMG total score was significantly different between eculizumab and placebo (P = 0.0144). Eculizumab was well tolerated.
	Completed

	NCT02965573 [100]
	II
	Efgartigimod
	≥ 18
	23
	Evaluation of the incidence and severity of adverse events and the variation in vital signs from baseline to day 78
	The proportion of patients with at least 1 treatment-related adverse event from day 1 to day 78 was equal to (6.7%) (86 patients) for efgartigimod vs 5.0% (32 patients) for placebo.
	Completed

	NCT03770403 [101]
	III
	Efgartigimod
	≥ 18
	111
	Evaluation of the incidence of (serious) adverse events associated with treatment in patients positive for AChR antibodies
	92 (82.9%) patients experienced at least 1 treatment-related adverse event from day 1 to the end of follow-up (approximately up to 3 years). The proportion of patients with treatment-emergent serious adverse events was 25.2% (28/111). Ten (9%) patients experienced treatment-related adverse events that led to efgartigimod discontinuation.
	Completed

	[bookmark: _Hlk151997172]NCT05374590 [102]
	II/III
	Efgartigimod
	2-18
	
	Incidence and severity of adverse events and assessment of changes in height and weight (follow-up: 4 years)
	Not available
	Ongoing

	[bookmark: _Hlk151997227]NCT04833894 [103]
	II/III
	Efgartigimod
	2-18
	
	Evaluation of efgartigimod concentrations to determine clearance and volume of distribution
	Not available
	Ongoing

	[bookmark: _Hlk151997284]NCT04818671 [104]
	III
	Efgartigimod
	≥ 18
	
	Incidence and severity of adverse events (follow-up: 3.5 years)
	Not available
	Ongoing

	[bookmark: _Hlk151997344]NCT04735432 [105]
	III
	Efgartigimod
	≥ 18
	102
	Mean change from baseline in total IgG levels after 4 weeks of treatment
	The mean (95% CI) change from baseline in total IgG levels after 4 weeks of treatment was equal to -66.4 (-68.91 to -63.86) for patients receiving subcutaneous efgartigimod PH20 (1000 mg) and -62.2 (-64.67 to -59.72) for patients receiving intravenous efgartigimod (10 mg/kg)
	Completed

	[bookmark: _Hlk151997424]NCT05644561 [106]
	III
	Ravulizumab
	6-18
	12
	Evaluation of plasma and serum concentrations of ravulizumab from day 1 to day 18
	Not available
	Ongoing

	[bookmark: _Hlk151997483]NCT05681715 [107]
	III
	Rozanolixizumab
	≥ 18
	30
	Success of self-administration of the drug, assessed at weeks 12 and 18
	Not available
	Recruiting

	[bookmark: _Hlk151997526]NCT04650854 [108]
	III
	Rozanolixizumab
	≥ 18
	230
	Percentage of participants with adverse events occurring during treatment, and percentage of treatment discontinuation due to adverse events, from baseline to the end of the study (mean expected follow-up of 20 months)
	Not available
	Ongoing

	NCT03971422 [71]
	III
	Rozanolixizumab
	≥ 18
	200
	Change in total score of the MG-ADL scale from baseline to day 43.
	The change in total score of the MG-ADL scale from baseline to day 43 was as follows: 
Placebo: -0.784 (0.488) vs rozanolixizumab 7 mg/kg: -3.370 (0.486) vs rozanolixizumab 10 mg/kg: -3.403 (0.494)
	Completed

	NCT04124965 [109]
	III
	Rozanolixizumab
	≥ 18
	92
	Percentage of participants with treatment-emergent adverse events, from baseline to week 60
	The percentage of patients experiencing at least one treatment-emergent adverse event was 76.0% for patients receiving rozanolixizumab 7 mg/kg and 78.6% for patients treated with rozanolixizumab 10 mg/kg 
	Completed

	NCT03052751 [110]
	II
	Rozanolixizumab
	≥ 18
	43
	Change in total score of the MG-ADL scale from baseline to day 29
	Mean change in total score of the MG-ADL scale from baseline to day 29 for rozanolixizumab vs placebo was −1.8 vs −0.4, difference −1.4, 95% upper confidence limit −0.4). The most common adverse event in period 1 was headache (rozanolixizumab 57%, placebo 14%).
	Completed

	[bookmark: _Hlk151997681]NCT04225871 [111]
	III
	Zilucoplan
	≥ 18
	200
	Percentage of participants with adverse events occurring during treatment (expected follow-up 36 months)
	Not available
	Ongoing

	[bookmark: _Hlk151997740]NCT05514873 [112]
	III
	Zilucoplan
	18-85
	20
	Percentage of participants with adverse events occurring during treatment and percentage of treatment discontinuation due to adverse events (expected follow-up 18 weeks)
	Not available
	Recruiting

	NCT04115293 [76]
	III
	Zilucoplan
	18-74
	174
	Change in total score of the MG-ADL scale from baseline to week 12
	Patients receiving zilucoplan showed a greater reduction in MG-ADL score from baseline to week 12, as compared with those treated with placebo (mean change: −4.39 [95% CI –5.28 to –3.50] vs −2.30 [–3.17 to –1.43]; mean difference −2.09 [−3.24 to −0.95]; p=0.0004). The incidence of serious adverse events and serious infections was similar in both groups. 
	Completed

	NCT03315130 [113]
	II
	Zilucoplan
	18-85
	34
	Change in total score of the QMG scale from baseline to week 12
	Zilucoplan resulted in a mean reduction from baseline of 6.0 points in the QMG score (placebo-corrected change, –2.8; P = .05) and 3.4 points in the MG-ADL score (placebo-corrected change, –2.3; P = .04). Zilucoplan was observed to have a favorable safety and tolerability profile.
	Completed

	Expanded access program studies

	[bookmark: _Hlk151997817]NCT04777734 [114]
	N.A.
	Efgartigimod
	≥ 18
	Not reported
	N.A.
	Not available
	Ongoing

	Observational studies

	[bookmark: _Hlk151997853]NCT04202341 [115]
	N.A.
	Eculizumab, Ravulizumab
	≥ 18
	500
	Change in total score of the MG-ADL scale (approximate 5-year follow-up from enrollment)
	Not available
	Ongoing


Abbreviations: AChR = Acetylcholine Receptor; gMG = Qualitative Myasthenia Gravis score; IC = confidence interval; IgG = Immunoglobulin G; MG-ADL = Myasthenia Gravis-Activities of Daily Living; N.A. = Not Applicable; NCT = National Clinical Trial number; QMG = Quantitative Myasthenia Gravis Scoring System.
#The number of patients analyzed for the primary outcome was reported. For studies for which results were not available, the estimated enrollment was reported. 
* Preliminary results for ongoing studies were also reported.
Table 4. Clinical trials registered on clinicaltrials.gov as of June 22, 2023, related to new molecules currently under evaluation for the treatment of MG.
	[bookmark: _Hlk150787047]Study drug
	Mechanism of Action
	NCT number
	Phase
	Age of study population, years
	Enrolled patients#
	Primary outcome
	Results*
	Status

	Batoclimab
	FcRn receptor antagonist
	[bookmark: _Hlk151997915]NCT05403541 [116]
	III
	≥ 18
	210
	Change from baseline in MG-ADL score in participants with AChR antibody positivity (from baseline to week 12)
	Not available
	Recruiting

	
	
	[bookmark: _Hlk151997962]NCT05039190 [117]
	III
	18-99
	132
	Percentage of patients with improvement in MG-ADL score, among patients with seropositivity to AChR and MuSK antibodies
	Not available
	Completed

	
	
	NCT04346888 [118]
	II
	18-99
	30
	Mean change in total MG-ADL score from baseline to day 43
	Mean MG-ADL score changes (± standard error) from baseline to day 43 were -2.2 ± 0.9 in patients receiving placebo, -4.7 ± 0.6 in patients receiving batoclimab 340 mg, and -4.4 ± 1.0 in patients receiving batoclimab 680 mg.
	Completed

	
	
	[bookmark: _Hlk151998053]NCT05332210 [119]
	III
	≥ 18
	144
	Incidence of adverse events (follow-up: 24 weeks)
	Not available
	Recruiting

	Gefurulimab
	Monoclonal antibody inhibitor of complement protein C5
	[bookmark: _Hlk151998089]NCT05556096 [120]
	III
	≥ 18
	254
	Change in total score of the MG-ADL scale from baseline to week 26
	Not available
	Recruiting

	Inebilizumab
	Monoclonal antibody anti-CD19
	[bookmark: _Hlk151998126]NCT04524273 [79]
	III
	≥ 18
	270
	Change from baseline in MG-ADL scale score in participants with AChR antibody positivity (from baseline to week 52) and MuSK antibody positivity (from baseline to week 26)
	Not available
	Recruiting

	Nipocalimab
	FcRn receptor antagonist
	[bookmark: _Hlk151998275]NCT05265273 [121]
	II/III
	2-17
	12
	Change from baseline in total serum IgG levels (expected follow-up 3 years)
	Not available
	Recruiting

	
	
	NCT04951622 [122]
	III
	≥ 18
	198
	Change in total score of the MG-ADL scale from baseline to week 24
	Not available
	Recruiting

	
	
	[bookmark: _Hlk151998398]NCT03896295 [123]
	II
	≥ 18
	37
	Percentage of participants with adverse events occurring during treatment up to 257 days post-baseline
	The percentage of patients experiencing at least one treatment-emergent adverse event was 57.1% for patients switching from placebo to nipocalimab and 60.0% for patients continuing treatment with nipocalimab
	Completed

	
	
	[bookmark: _Hlk151998447]NCT03772587 [124]
	II
	≥ 18
	68
	Number of participants with adverse events occurring during treatment from baseline to day 113;
Change in total score of the MG-ADL scale from baseline to day 57
	The percentage of patients experiencing at least one treatment-emergent adverse event was 78.6% for patients treated with placebo, 85.7% for patients treated with nipocalimab 5 mg/kg, 69.2% for patients treated with nipocalimab 30 mg/kg, and 92.3% for patients treated with nipocalimab 60 mg/kg
	Completed

	Satralizumab
	Interleukin-6 receptor antagonist
	NCT04963270 [78]
	III
	≥ 12
	240
	Change compared to baseline in the score of the MG-ADL scale in participants with AChR antibodies (from baseline to week 24)
	Not available
	Recruiting

	[bookmark: _Hlk139973216]Vemircopan
	Factor D protease inhibitor
	NCT05218096 [81]
	II
	≥ 18
	70
	Proportion of participants with a reduction of ≥ 2 points in the total score of the MG-ADL scale for a duration of 4 consecutive weeks during the first 8 weeks and who did not receive rescue therapy
	Not available
	Recruiting

	Pozelimab + cemdisiran
	[bookmark: _Hlk151639204]Monoclonal antibody inhibitor of complement protein C5 + complement C5 protein liver production inhibitor
	NCT05070858 [82]
	III
	≥18
	235
	Change in MG-ADL from baseline to week 24
	Not available
	Recruiting


Abbreviations: AChR = Acetylcholine Receptor; IgG = Immunoglobulin G; MG-ADL = Myasthenia Gravis-Activities of Daily Living; MuSK = Muscle-Specific Tyrosine Kinase; NCT = National Clinical Trial number; QMG = Quantitative Myasthenia Gravis Scoring System; RCT = Randomized Controlled Trial.
#The number of patients analyzed for the primary outcome was reported. For studies for which results were not available, the estimated enrollment was reported. 
* Preliminary results for ongoing studies were also reported.
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