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Myasthenic syndromes are typically characterized by muscle weakness and increased fatigability due to an impaired transmission at the neuromuscular junction (NMJ). Most cases are caused by acquired autoimmune conditions such as myasthenia gravis (MG), typically with antibodies against the acetylcholine receptor (AChR). Different drugs are among the major factors that may complicate pre-existing autoimmune myasthenic conditions by further impairing transmission at the NMJ. Some clinical observations are substantiated by experimental data, indicating that presynaptic, postsynaptic or more complex pathomechanisms at the NMJ may be involved, depending on the individual compound. Most robust data exist for the risks associated with some antibiotics (e.g., aminoglycosides, ketolides, fluoroquinolones) and cardiovascular medications (e.g., class Ia antiarrhythmics, beta blockers). Apart from primarily autoimmune-mediated disorders of the NMJ, de novo myasthenic manifestations may also be triggered by medical treatments that induce an autoimmune reaction. Most notably, there is growing evidence that the immune checkpoint inhibitors (ICI), a modern class of drugs to treat various malignancies, represent a relevant risk factor to develop severe and progressive medication-induced myasthenia via an immune-mediated mechanism. From a clinical perspective, it is of utmost importance for the treating physicians to be aware of such adverse treatment effects and their consequences. In this article, we aim to summarize existing evidence regarding the key molecular and immunological mechanisms as well as the clinical implications of medication-aggravated and medication-induced myasthenic syndromes.
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INTRODUCTION

Myasthenia gravis (MG) is the prototype disorder of the neuromuscular junction (NMJ) typically characterized by an autoimmune-mediated muscle weakness and premature fatigue. In more than 80% of patient sera, antibodies directed against the nicotinic acetylcholine receptor (AChR) can be detected (Cetin and Vincent, 2018; Koneczny and Herbst, 2019). Other conditions affecting neuromuscular transmission include Lambert-Eaton myasthenic syndrome (LEMS) (Titulaer et al., 2011), a range of congenital myasthenic syndromes (CMS) due to variants in > 30 different genes (e.g., CHRNE, RAPSN, DOK7, etc.) (Vanhaesebrouck and Beeson, 2019) and botulism (Guidon, 2019), all of which may be caused by various presynaptic, postsynaptic or combined mechanisms at the NMJ. In addition, drugs or medical treatments may also compromise neuromuscular transmission, the physiology of which will be introduced before outlining the mechanisms underlying the exacerbation of myasthenic syndromes by medical treatments.

Upon arrival of an action potential at the nerve terminal, presynaptic voltage-gated calcium channels (VGCC) open and give rise to an increase of the intracellular Ca2+ concentration. This triggers the fusion of presynaptic vesicles containing acetylcholine (ACh) with the cell membrane, releasing their content into the synaptic cleft. In humans, around 50 presynaptic vesicles are released upon each nerve action potential (i.e., quantal content). AChRs are densely concentrated at the postsynaptic muscle membrane by rapsyn, an intracellular 43 kDa receptor-associated protein of the synapse (Maimone and Merlie, 1993), and bind up to two ACh molecules and become permeable to cations with a net inflow of sodium. The activation of AChRs by the release of the quantal content leads to the endplate potential (EPP) at the postsynapse, a locally restricted depolarization of the muscle membrane. Occasional spontaneous release of a single vesicle gives rise to the much smaller (quantal) miniature endplate potential (MEPP). The EPP usually exceeds the threshold potential of –50 mV required for the activation of voltage-gated sodium channels (VGSC) at the depths of the postsynaptic folds, which triggers an action potential in the muscle fiber. The summation of all muscle fiber action potentials generated by the stimulation of a motor axon results in the compound muscle action potential. A safety factor defines the excess local depolarization of the muscle membrane that exceeds the threshold potential required for VGSC activation, ensuring that each nerve action potential is translated into a muscle action potential under physiological conditions. Different factors including the release of a substantially high number of presynaptic vesicles together with high AChR and VGSC densities at the postsynaptic membrane contribute to the safety factor that is around 2 in humans (Elmqvist et al., 1964; Wood and Slater, 2001). There is a non-linear relationship between the quantal content and the EPP. As the membrane potential approaches the reversal potential of the AChR (around 0 mV) during the EPP, the driving force for the cationic inward current through AChRs also decreases, so that with an increasing quantal content more quanta have to be released to cause a further unit increase in EPP amplitude (Slater, 2008).

Some medications, for instance various antibiotics or cardiovascular drugs (beta blockers, calcium channel blockers), that directly impair neuromuscular transmission due to different pre- or postsynaptic or combined mechanisms, usually cause transient worsening of symptoms in patients with a previously diagnosed myasthenic condition (Figure 1). It can be hypothesized that most of such drug-related adverse events that are caused by interference with the NMJ only last for a short period of time, mainly depending on the half-life of the drug and patient-related factors (gender, age, renal function, etc.) influencing its elimination. One of the few studies systematically addressing this issue reported that 19% of all recorded MG exacerbations were due to pharmaceutical interventions (Gummi et al., 2019). Withdrawal of myasthenia-aggravating drugs should be effective in these cases, and once an acute aggravation has been managed successfully, the clinical baseline may again be reached without further intervention.
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FIGURE 1. Drugs and antibodies that affect the function of the neuromuscular junction. Upon arrival of an action potential, presynaptic P-type VGCC (voltage-gated calcium channels) open and calcium enters the motoneuron terminal. This may be negatively affected by autoantibodies that block the VGCC, Mg+ or Verapamil. Calcium stimulates Ca2+ mediated exocytosis of neurotransmitters via the SNARE complex, which is negatively affected by BoNT-A which induces cleavage of one of its components, SNAP-25. Release of acetylcholine may also be reduced by corticosteroids or antibiotics. At the postsynaptic side, AChRs are densely aggregated, which is regulated via the agrin-Lrp4-MuSK-Dok-7 signaling pathway. Neural agrin is released by the motoneuron and binds to its co-receptor, Lrp4, located in the muscle membrane. Lrp4 and agrin bind as a dimer of dimers to the muscle-specific kinase (MuSK), a receptor tyrosine kinase that then phosphorylates itself, leading to the attachment of the adapter protein Dok-7. This binding leads to a full activation of MuSK and phosphorylation of downstream molecules, cumulating in the phosphorylation and dense aggregation of AChRs. The interaction between MuSK and Lrp4 can be blocked by autoantibodies, leading to interrupted signal transduction and reduced AChR clustering. The AChR clustering can be strengthened by SHP2-inhibitors and β2-adrenergic agonists, and de-stabilized by β2-adrenergic antagonists. Binding of acetylcholine to the AChR leads to opening of the channel, influx of cations, depolarization of the membrane and opening of voltage-gated Na + channels, which amplifies the depolarization. A range of drugs was shown to block the AChR, including fluoroquinolones, chloroquine, antibiotics, anesthetics, NMBA, telithromycin, curare and class Ia antiarrhythmics. Quinidine, a class Ia antiarrhythmic drug, may also be beneficial in the context of slow channel CMS with a pathological prolonged open state of the AChR. Voltage-gated Na+ channels are inhibited by phenytoin and class Ia antiarrhythmics. Acetylcholine is recycled in the synaptic cleft by the acetylcholinesterase (AChE), which hydrolyses acetylcholine to choline and acetate. AChE is arranged in tetramers attached to collagen q like tail (ColQ), which in turn is anchored to the synapse via binding to MuSK. AChE is inhibited by pyridostigmine, leading to prolonged presence of acetylcholine in the synaptic cleft, and is used as first line symptomatic treatment in myasthenia gravis.


In contrast to these directly NMJ-related mechanisms, a small number of drugs (e.g., D-penicillamine, immune checkpoint inhibitors) or treatments (e.g., allogeneic stem cell transplantation) may lead to de novo myasthenic syndromes (Figure 2). This is primarily explained by setting in train a previously unknown autoimmune process that subsequently affects neuromuscular transmission, similar to classical autoimmune myasthenia (Penn et al., 1998). In such cases, simply stopping the causative treatment may not be sufficient to reverse the symptoms right away, as enduring auto-reactive immune responses have been initiated. Based on this pathophysiological concept, it can be presumed that immunomodulatory treatments may be more effective in treating medication-induced myasthenic syndromes caused by immune-related mechanisms.
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FIGURE 2. Drugs affecting components of the immune system. The T-cell receptor (TCR) of autoreactive T-helper cells recognizes antigen peptides that are presented by the MHC II complex on antigen-presenting cells. The binding of programmed cell death protein 1 (PD-1) to its ligand, PD-L1, expressed, respectively, on antigen-presenting cell and T-cell, inhibits immune activation and is an important immune checkpoint to guard against autoimmunity. CTLA4 is another checkpoint that is expressed on regulatory T-cells and upregulated on conventional T cells after activation and turns off T-cell activation when it interacts with its ligands, CD80 or CD86, on antigen-presenting cells. Checkpoint inhibitors are used as therapy to stimulate an attack on tumor cells, but they may also activate autoreactive T-cells and induce autoimmunity. Corticosteroids such as Prednisone inhibit antigen processing and presenting in antigen-presenting cells and block T-cell activation in the nucleus. T-cells are further targeted by other immunosuppressant drugs, such as cyclophosphamide, azathioprine, methotrexate, mycophenolate mofetil, cyclosporin A or tacrolimus. T helper cells activate autoreactive B-cells via MHC II-antigen-TCR interaction and the secretion of pro-inflammatory cytokines, these may be increased by statins. B-cells can be depleted by the use of Rituximab, a therapeutic monoclonal antibody against CD20, which is beneficial in many antibody-mediated autoimmune diseases. Plasma cells, which produce autoantibodies, may be targeted by proteasome inhibitors, and autoantibodies can be depleted by plasmapheresis. IVIg are also a therapeutic drug in autoimmune diseases that ameliorate antibody-mediated effects, although their exact mechanism of action is unknown.


In this review article, we aim to summarize the well-characterized molecular mechanisms of various medical treatments related to worsening of myasthenia (summarized in Table 1) or the development of de novo myasthenic symptoms (summarized in Table 2). Since evidence is scanty for many classes of medication, we will also descriptively mention drugs/treatments with as yet unknown mechanisms but a potential clinical relevance.


TABLE 1. Selection of clinically relevant classes of drugs associated with exacerbations of pre-existing myasthenic syndromes.
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TABLE 2. Drugs and medical treatments with best evidence for an association with the development of de novo myasthenic syndromes.
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A broad range of drugs have been reported to worsen neuromuscular weakness in patients with pre-existing NMJ disorders. The most commonly observed clinical effect is a transient aggravation of symptoms and a relatively prompt recovery upon drug withdrawal. However, for the same drugs also unmasking of a previously unknown myasthenic condition has been hypothesized, but this phenomenon is apparently difficult to prove based on case description. Generally speaking, these drugs usually directly interfere with NMJ function due to different pre- or postsynaptic and combined pathomechanisms.



PRESYNAPTIC NEUROMUSCULAR JUNCTION EFFECTS


The Botulinum Toxin Effect

One of the best-characterized and long-known mechanisms is the one caused by botulinum toxin A (BoNT-A), a toxin produced by Clostridium botulinum. BoNT-A is routinely used for the medical treatment of various (focal) neurological disorders (e.g., dystonia, spasticity). The main mode of action is the blockade of ACh release at the presynaptic nerve terminal. More specifically, BoNT-A causes proteolytic cleavage of SNAP-25, which is part of the soluble N-ethylmaleimide-sensitive-factor attachment receptor (SNARE) complex and crucially involved in neurotransmitter release through Ca2+-mediated exocytosis (Dolly and Aoki, 2006).

Although transient and usually mild, typical side effects include neuromuscular symptoms through local (to the injection site) but also distant effects at the NMJ, including dysphagia, ptosis, diplopia and limb weakness (Dashtipour and Pedouim, 2016). Interestingly, single-fiber electromyography demonstrated changes in neuromuscular transmission in muscles distant from the injection site (Garner et al., 1993). In keeping with these observations, myasthenic disorders may significantly worsen due to BoNT-A (Watts et al., 2015). As a result, pre-existing disorders of the NMJ represent a relative contraindication for the injection of BoNT-A, hence requiring a cautious risk-benefit assessment by the treating clinicians beforehand.

In addition to the known NMJ-related side effects, anecdotal evidence suggests an association between BoNT-A injections and an initial manifestation of a myasthenic condition. To the best of our knowledge, eight cases have so far reported a first manifestation of MG following BoNT-A injection, with the majority of described patients showing predominantly ocular symptoms with a latency between 1 day and 6 weeks after injection (Timmermans et al., 2019). Moreover, one publication reported that LEMS first presented after BoNT-A injection (Erbguth et al., 1993). Given the known directly NMJ-related mechanism, it can be assumed that previously subtle conditions may have been unmasked by further impairing neuromuscular transmission.



Electrolyte-Related Neuromuscular Junction Effects

An electrolyte-related impairment of NMJ function may be caused by electrolyte imbalances, most typically by an excess of magnesium. Magnesium competitively blocks the entry of calcium into the presynaptic nerve terminal – a process that is crucial for the release of ACh into the synaptic cleft. The subsequent magnesium-induced reduction of ACh release eventually impairs neuromuscular transmission (Krendel, 1990). Accordingly, the pathophysiological mechanisms of hypermagnesemia resemble LEMS, in which Abs are directed against the presynaptic VGCC. Investigations of nerve and muscle tissue showed that endplate potential amplitudes evoked by nerve stimulation were reduced in the presence of magnesium, which could be reversed by adding calcium. This finding corroborates a presynaptic mechanism as the key mode of action. A slight decrease in sensitivity of the motor endplate to ACh was also observed, potentially suggesting a mild additional postsynaptic effect (del Castillo and Engbaek, 1954).

In concordance with the mainly presynaptic mode of action, the clinical picture also resembles LEMS rather than classical MG (Swift, 1979). Nonetheless, also patients with known disorders of the postsynaptic membrane (i.e., MG) appear to react particularly sensitive to magnesium. Hence, individuals with MG and LEMS may develop increased weakness already at slightly elevated serum levels (Gutmann and Takamori, 1973; Cohen et al., 1976).

An excess of magnesium may especially be relevant in patients with concomitant renal failure and the use of magnesium-containing drugs such as laxatives, antacids or enemas (Krendel, 1990). Moreover, hypermagnesemia is a pharmacologically intended state in women with (pre)eclampsia (Pritchard, 1979), and the application of high parental doses may result in myasthenic crises in these patients (Lipsitz, 1971; Singh et al., 2015). Clinical symptoms have been reported to correlate well with magnesium serum levels (Fishman, 1965). In patients with no previous history of neuromuscular disease but myasthenic symptoms due to iatrogenic magnesium application, magnesium withdrawal and the intravenous use of calcium can be efficient. Hemodialysis may remain reserved for severe cases (Alfrey et al., 1970). In contrast, low oral doses of magnesium are usually not considered as a clinically relevant problem.



Calcium-Dependent Presynaptic Effects

As mentioned above, the influx of calcium through VGCC, induced by a motor axonal action potential, represents one of the key functional events of neuromuscular transmission in the presynaptic nerve terminal. Yet, the exact influences of calcium channel blocking agents (which are mainly used for cardiovascular indications) on neuromuscular activity are not fully understood, but some functional data and clinical reports suggest a clinically relevant impairment of neuromuscular function.

From an experimental point of view, a presynaptic reduction of released ACh but also postsynaptic effects have been observed for the calcium channel blocker verapamil (Ribera and Nastuk, 1989). When studying the effects of different calcium channel blockers on transmitter release at the neuromuscular junction, it was found that P-type calcium channel blockers inhibited nerve-evoked action potentials and subsequent synaptic transmission, while transmitter release remained unaffected by selective L-type and N-type channel blocking agents (Protti et al., 1996). These findings underscore that P-type channels (CaV2.1) are the primary mediators of transmitter release at motor nerve terminals.

In addition, case-based observations of paraneoplastic LEMS and autoimmune MG showed clinical worsening following a treatment with verapamil, a class IV antiarrhythmic drug that blocks voltage-dependent calcium channels (Krendel and Hopkins, 1986; Swash and Ingram, 1992). The effect of verapamil on neuromuscular transmission was addressed by Jonkers et al., who studied the influence of intravenous verapamil on repetitive nerve stimulation and clinical function in 10 patients with MG. However, no reproducible effects on neuromuscular transmission were found in this study, that was mainly limited by its small sample size (Jonkers et al., 1996).




POSTSYNAPTIC NEUROMUSCULAR JUNCTION EFFECTS


Blockade of Acetylcholine Receptors (Curare-Like Effects)

The plant-derived toxin curare is a historical example for neuromuscular blockade, acting by a competitive inhibition of the nicotinic AChR at the postsynaptic membrane. Functionally similar (curare-like) mechanisms have also been proposed for various drugs.

A broad range of antibiotics have already been associated with clinical worsening in patients with MG. This is particularly relevant, since many patients with MG are under immunosuppressive treatment, partly suffering from recurrent respiratory symptoms and requiring antimicrobial treatment. Yet, the exact mechanisms underlying neuromuscular blockade are diverse and often poorly understood.

First, Telithromycin, a relatively new ketolide antibiotic, is known to induce myasthenia or lead to severe symptom exacerbations including fatal respiratory failure and death (Nieman et al., 2003; Jennett et al., 2006). In vitro studies substantiated these observations by showing that telithromycin inhibits nicotinic AChRs and blocks neuromuscular transmission (Liu and Somps, 2010). A case series comprising 10 affected individuals highlights the potential to aggravate and unmask MG, also reporting that most patients develop symptoms within 2 h after the first administration of telithromycin, which is in line with the aforementioned mechanism (Perrot et al., 2006). The drug has already been withdrawn from the market due to its severe side effects.

There is a long list of anecdotal reports indicating (sometimes severe) symptom deterioration following the administration of fluoroquinolones, i.e., gyrase inhibitors, which led to a “black box” warning by the FDA, for their use in patients with MG (De Sarro and De Sarro, 2001). Notably, the fluoroquinolones, particularly levofloxacin, ofloxacin and ciprofloxacin, may cause acute and severe exacerbations of myasthenic symptoms (Moore et al., 1988; Mumford and Ginsberg, 1990; Azevedo et al., 1993; Roquer et al., 1996; Gunduz et al., 2006). From a biochemical perspective, these adverse effects may in part be explained by the structural similarities to quinine and chloroquine, which have been shown to cause a neuromuscular blockade (Sieb et al., 1996).

Chloroquine is used for the treatment of malaria, but also for some rheumatological diseases. Moreover, the pandemic COVID-19 caused by the virus infection with SARS-CoV-2 has recently brought widespread attention to this drug, as it has initially been suggested as a potentially promising anti-viral treatment for this indication (Touret and de Lamballerie, 2020). A subsequent multi-national analysis showing an increased mortality rate and no beneficial effects was later retracted by the journal (Mehra et al., 2020). In general, clinical, electrophysiological and serological characteristics of chloroquine-related myasthenia are strikingly reminiscent of acquired autoimmune MG. In view of the complete recovery 2 weeks after treatment cessation (compatible with the long half-life of chloroquine) and the absence of anti-AChR Abs, it has been hypothesized that chloroquine-induced MG may be caused by a direct postsynaptic mechanism (Robberecht et al., 1989). However, in contrast to most classical antimicrobial drugs, chloroquine seems to have the ability to induce (partly anti-AChR-positive) MG, usually recovering after drug withdrawal (Varan et al., 2015). It is worthy of note, that chloroquine has immune-modulatory properties that may play an additional role in such cases.

Primarily postsynaptic effects at the NMJ have also been ascribed to class Ia antiarrhythmics, which interfere with sodium channels. Intracellular microelectrode recordings in rats provided evidence for both pre- and postsynaptic effects of procainamide, with postsynaptic blockade representing the dominant mode of action (Lee et al., 1983). One study by Yeh et al. (1992) demonstrated a perturbed AChR-dependent contractile muscle function in a rat model of experimental MG caused by procainamide. Clinically, procainamide may lead to a rapid and severe deterioration of weakness in MG patients (Godley et al., 1990). Moreover, also the primary induction of myasthenic symptoms including bulbar features has been reported occasionally in the literature (Oh et al., 1986; Miller et al., 1993). Though immunological properties have been ascribed to this drug, the rapid clinical manifestation of neuromuscular symptoms rather supports a directly NMJ-related mechanism.

Drug-induced side effects that might be related to alterations of the membrane potential of the NMJ are most obvious for the neuromuscular blocking agents (NMBAs), which are used in anesthesiology. In fact, both depolarizing and non-depolarizing NMBAs may interfere with the muscle membrane potential. Relatively small doses of non-depolarizing agents can cause a profound and prolonged NMJ blockade in individuals with MG and LEMS, with more severe disease and higher doses of pyridostigmine correlating with an increased sensitivity toward non-depolarizing NMBAs (Nilsson and Meretoja, 1990). A comparably novel drug, sugammadex, has the potential to reverse the neuromuscular blockade of NMBAs within minutes by 1:1 binding of rocuronium or vecuronium (Schaller and Lewald, 2016). Given most reports published to date, it can be considered as a safe option to restore neuromuscular transmission for this vulnerable patients population, if the use of NMBAs is necessary (Cata et al., 2019).

It is a commonly observed phenomenon that patients with NMJ disorders are specifically prone to prolonged weakness after surgery with various types of anesthesia. Patients with MG pose a major challenge for anesthesiologists, and the post-surgical risk of respiratory problems is a matter of concern. Yet, surgery is often necessary in MG, especially because thymectomy is a standard treatment of seropositive patients with AChR Abs (Wolfe et al., 2016). A careful selection of anesthetic drugs must be made to avoid complications. Elective surgery should ideally be performed in a stable phase of myasthenic disease, and the clinical situation should be optimized beforehand (Jamal and Herb, 2009).

may result in a superimposed impairment of neuromuscular transmission when used together with NMBAs, volatile (inhalation) anesthetics may interfere with neuromuscular transmission in a more direct way, that is mainly through the inhibition of nicotinic AChR. Experimental data indicate that they change the kinetics of postsynaptic conductance at synapses (Gage and Hamill, 1976). Myasthenic patients display an increased sensitivity to the relaxant effects of these drugs (e.g., sevoflurane) (Nitahara et al., 2007). Regarding anesthesia, a thorough pre- and post-operative evaluation, the continuation of pyridostigmine and a careful monitoring should be helpful to safely manage patients with MG. In addition, it is important to use neuromuscular monitoring (i.e., train-of-four monitoring) during surgery to ensure optimal recovery before terminating anesthesia (Blichfeldt-Lauridsen and Hansen, 2012).



Effects of Beta-Adrenergic Blockade

Beta-adrenergic blocking agents are under the suspicion of adversely affecting neuromuscular strength in MG patients (Verkijk, 1985). In vitro studies of nerve-muscle preparations revealed that various beta-adrenergic blockers may lead to a dose-dependent reduction of neuromuscular transmission in rats with propranolol having the most pronounced effect on neuromuscular transmission (Harry et al., 1974). Adrenergic beta-2 receptor agonists are increasingly used in the treatment of CMS, and it has been shown that they directly interfere with proteins located at the NMJ, exerting a stabilizing effect on AChR clusters (Clausen et al., 2018). This strongly suggests a reverse effect at the NMJ as the mechanism underlying beta blocker-related worsening of myasthenic symptoms. It is also worthy of note that the stabilization of AChR clusters using an SRC homology 2 domain-containing phosphotyrosine phosphatase 2 (SHP2) inhibitor has recently been found in early cell culture studies to be a promising mechanisms against MuSK-MG (Huda et al., 2020).

A retrospective chart review study showed that the odds of developing a transient aggravation of MG is increased 2.7-fold under beta-adrenergic antagonists in general, which represents a statistically significant signal (Gummi et al., 2019). A small-scale systematic trial studying the neuromuscular effects of an intravenously applied beta blocker (propranolol) in 10 patients could not prove an acute and significant deterioration of neuromuscular transmission in MG using repetitive nerve stimulation and clinical tests, but the work was clearly limited by the small number of participants (Jonkers et al., 1996). Several case reports indicated that latent myasthenia may be unmasked by beta blocker treatment (Leys et al., 1987; Confavreux et al., 1990).

Apart from cardiovascular indications, beta-adrenergic antagonists are used for the local treatment of open angle glaucoma to depress intraocular pressure. Although applied as eye drops, there may be systemic adverse events including increased neuromuscular weakness in rare cases. Both worsening of previously diagnosed as well as newly diagnosed MG have been described for the non-selective beta blocker timolol (Coppeto, 1984; Verkijk, 1985) and for the beta1-selective blocker betaxolol (Khella and Kozart, 1997).




PRESUMED (COMBINED) PRE- AND POSTSYNAPTIC EFFECTS

In many classes of drugs, the functional evidence for the pathomechanisms underlying neuromuscular blockade is scanty at best. Often, both pre- and postsynaptic mechanisms are presumed, mostly on the basis of electrophysiological studies. Hence, for many of these medications, the exact mechanism remains unknown.

Various reports have been published for aminoglycoside antibiotics to cause a clinically relevant neuromuscular blockade. Functional data indicate that aminoglycoside antibiotics may impair neuromuscular transmission through both presynaptic (via inhibition of prejunctional ACh release) and postsynaptic (via depression of post-junctional sensitivity) molecular mechanisms, which are overall still poorly appreciated (Pittinger and Adamson, 1972). The resulting effects appear to be (partly) reversible by calcium gluconate, AChE inhibitors and aminopyridines (Singh et al., 1978a, b). One study evaluated neuromuscular toxicity of several aminoglycosides including amikacin, gentamicin, kanamycin, neomycin, netilmicin, streptomycin and tobramycin, with neomycin being classified as the most toxic and tobramycin as the least toxic of all investigated aminoglycosides (Caputy et al., 1981). Interestingly, gentamicin, neomycin, streptomycin, tobramycin, and kanamycin have also been implicated in clinical weakness occurring in otherwise healthy (non-myasthenic) individuals (Kaeser, 1984).

Neuromuscular blockade due to antibiotics is certainly not confined to aminoglycosides. The monobasic amino acid antibiotics lincomycin and clindamycin structurally differ from classical aminoglycosides, but may cause a neuromuscular blockade which can be reversed by calcium and aminopyridines (Booij et al., 1978). Electrophysiological studies showed that both drugs cause the blockade via different modes of action. Lincomycin displayed predominantly nerve-terminal depressant properties, while clindamycin showed stimulatory presynaptic effects (Rubbo et al., 1977). However, real-life data confirming the clinical relevance of these in vitro effects are still lacking.

Polymyxin B and colistin, which are used as a last-resort for resistant Gram-negative bacteria, show neuromuscular toxicity, mainly in patients with renal failure or in combination with other NMJ-blocking drugs, perhaps potentiating their effects (Pittinger and Adamson, 1972). Again, the presumed mechanisms of action are a reduced release of ACh and, to a certain degree, the concomitant postsynaptic blockade of AChR receptors (Wright and Collier, 1976; Viswanath and Jenkins, 1978; Durant and Lambert, 1981).

Aside from antimicrobial drugs, the class Ia antiarrhythmic drug quinidine (and its stereoisomer quinine) have been observed to transiently worsen neuromuscular weakness in patients with MG (Weisman, 1949). Somewhat paradoxically at first sight, while deteriorating MG, quinidine represents an effective therapeutic option in (slow channel) CMS (Lee et al., 2018). In such cases with a pathologically prolonged open state of the AChR channel due to monogenic mutations, an open-channel blocker can be of clinical benefit (Peyer et al., 2013). The adverse effects causing neuromuscular blockade are localized in the presynaptic membrane, impairing ACh release, but also (to a lesser extent) in the postsynaptic membrane with curare-like effects, as demonstrated by microelectrode and patch-clamp investigations (Sieb et al., 1996).

One anti-epileptic drug (AED) that has been associated with myasthenic symptoms a long time ago is phenytoin (PHT), a blocker of voltage-gated sodium channels. In vitro studies demonstrated both presynaptic and postsynaptic effects on neuromuscular transmission (Yaari et al., 1977). Aside from functional data, few reports with an MG-like presentation have been published in the literature, often ameliorating after PHT discontinuation, potentially pointing toward an actual drug-associated effect (Norris et al., 1964; Brumlik and Jacobs, 1974).



IMMUNOLOGICAL MECHANISMS IN DRUG-RELATED MYASTHENIA

As opposed to the delineated NMJ-related drug effects, some medical treatments are known or presumed to set in motion a de novo immunological process, thus initiating new-onset autoimmune phenomena that may clinically resemble acquired conditions such as MG. This pathophysiological concept is in line with new-onset diseases in previously healthy individuals rather than a transient aggravation of a pre-existing disorder. However, also previous autoimmunological conditions may be more likely to flare up as a consequence of immune-modulatory treatments.


D-Penicillamine

Occurring in up to 7% of patients taking D-penicillamine (D-P), myasthenia represents a relatively common adverse event (Andonopoulos et al., 1994). Clinical, electrophysiological and serological features do not seem to differ remarkably from classical MG. Most patients present with mild, predominantly ocular symptoms occurring 2–12 months after D-P initiation and usually responding to pyridostigmine (Drosos et al., 1993). However, marked respiratory symptoms have also been reported (Adelman et al., 1995). In many cases, D-P-related MG remits within 1 year following drug discontinuation (Albers et al., 1981). The prolonged latency of symptom onset and remissions and the gradual decline of Ab levels after withdrawal are in keeping with the mechanism of a drug-induced immunological effect (Vincent et al., 1978).

Basic research also supports that the production of AChR Abs plays an essential role and that D-P-induced MG may arise due to a newly developed immune-mediated response that is directed against the compound itself (Penn et al., 1998). Studies of D-P reacting with purified AChR demonstrated a covalent attachment to two receptor subunits (alpha and gamma). Moreover, D-P appears to impact the equilibrium of ACh binding properties of both purified receptor and receptor-rich membrane fragments (Bever et al., 1982). The detailed characterization of a patient with D-P-induced myasthenia indicated pathophysiological overlaps with idiopathic MG, including the production of anti-AChR Abs, as well as subsequent degradation and quantitative reduction of junctional AChRs (Kuncl et al., 1986). Electrophysiological changes in rats indicated also mild and unspecific presynaptic effects of D-P at high concentrations (Aldrich et al., 1979). Of note, the lower incidence of D-P-induced myasthenia in patients with Wilson’s disease compared to those with rheumatoid arthritis may suggest a general immunogenetic susceptibility to autoimmune disorders as an additional role (Komal Kumar et al., 2004).



Interferon

Similar to D-P, patients under interferon (IFN) treatment may develop autoimmune-mediated disorders for the first time (Conlon et al., 1990). Among others, generalized, partly severe manifestations of MG were either triggered or aggravated by IFN alpha (Borgia et al., 2001; Wolfe et al., 2007; Congeni and Kirkpatrick, 2013; Baik et al., 2016; Saleem, 2016).

Studies in transgenic mice confirmed that the presence of IFN gamma in the NMJ results in generalized flaccid weakness and disrupted neuromuscular transmission that could successfully be reversed by AChE inhibitors (AChEi) such as pyridostigmine. The histological work-up identified mononuclear cells and Ab deposition at motor end plates. Immunoprecipitation found a novel target antigen which was recognized by sera from investigated mice but also from human MG patients. These data associate IFN with a humoral immune response, comparable to that in human MG pathogenesis (Gu et al., 1995).

Clinically, reported cases are often accompanied by the presence of AChR Abs and sometimes by additional myopathic findings on electromyography (Batocchi et al., 1995). MG was found to occur under a treatment with IFN beta for multiple sclerosis in three unrelated cases, in all of which it manifested within the first year after initiation (Blake and Murphy, 1997; Dionisiotis et al., 2004). Despite the lack of systematic data, the pathophysiological rationale as well as the time span from drug initiation to symptom onset support immune-related rather than NMJ-related effects.



Statins

Statins, the most commonly used class of lipid-lowering drugs, also show a variety of immunomodulatory properties such as increasing the serum levels of multiple Th2 interleukins (Youssef et al., 2002). Well-fitting, studies in animals and humans indicate that Th2 cytokines may generally be crucial in the development of MG (Milani et al., 2003). Therefore, these changes may be responsible for inducing de novo MG (Gale and Danesh-Meyer, 2014). Another pathomechanism potentially underlying statin-induced myasthenia is the depletion of coenzyme Q10, which may result in mitochondrial dysfunction (Evans and Rees, 2002; Vaklavas et al., 2009). This is particularly relevant, as presynaptic endings and the postsynaptic junction have a high density of mitochondria.

In contrast to new-onset MG, non-inflammatory myopathy is a well-known side effect of statins, potentially explaining the case reports that suggest an aggravation of pre-existing MG (Parmar et al., 2002; Cartwright et al., 2004; Purvin et al., 2006). A small case series reported worsening of symptoms in 6 patients with MG receiving statins (11% of the small analyzed cohort), predominantly affecting oculo-bulbar muscles with symptom onset between 1 week and 4 months after initiating treatment (Oh et al., 2008). This latency appears too long for a mechanism directly related to NMJ function. Some reported patients had no previous history of myasthenic symptoms, indicating that statins may have the potential to trigger or unmask myasthenia in previously healthy individuals (Purvin et al., 2006; Khalid et al., 2016).



Immune-Checkpoint Inhibitors

Immune checkpoint inhibitors (ICIs) are an emerging type of cancer immunotherapy that target intrinsic down-regulators of immunity, more specifically the checkpoint molecules CTLA-4, PD-1, and PD-L1 (Postow et al., 2018). These proteins may allow the proliferation of malignant cells by evading T-cell-mediated anti-tumor activity, and their blockade in turn enables T-cells to recognize and attack the tumor (Fife and Bluestone, 2008).

The checkpoint molecules, expressed on the surface of T-cells, play a crucial role in the regulation of immunological homeostasis, maintenance of self-tolerance and prevention of autoimmunity (Postow et al., 2015). Interference with immunological homeostasis and a reduction of T-cell tolerance are also postulated as crucial mechanisms in immune-related adverse events (Postow et al., 2018). ICIs may elevate the levels of pre-existing auto-Abs, but can also increase the levels of inflammatory cytokines, which may promote the activation of auto-reactive T cells (Kimbara et al., 2018). Additionally, the similarity between normal tissue antigens and tumor antigens may lead to a cross-reactivity, further favoring a self-directed immune response (Michot et al., 2016). Given these effects, activated T-cells may subsequently attack healthy tissue including structures of the NMJ, resulting in adverse reactions with clinical and serological features reminiscent of autoimmune diseases (Choi and Lee, 2020).

The clinical spectrum of immune-related adverse events includes a wide range of neurological complications affecting both the central and the peripheral nervous system (Bruna et al., 2020; Haugh et al., 2020). Together with peripheral neuropathies and myositis, MG is a characteristic side effect involving the peripheral nervous system, occurring in approximately 0.5% of cases receiving ICI treatment (Johnson et al., 2019). The median time period from drug administration to the clinical onset of MG was 28 days (Sato et al., 2019). ICI-triggered MG is an often severe and progressive complication with potentially life-threatening consequences and a mortality rate of up to 30% (Johnson et al., 2019; Safa et al., 2019). In the vast majority of reported cases with ICI-related MG, the underlying treatment was a pharmacological inhibition of PD-1 or its ligand PD-L1, most commonly with the drug nivolumab. Less commonly, cases under ipilimumab (targeting CTLA-4) have been described, and combination treatments seem to be particularly hazardous (Johnson et al., 2015; Montes et al., 2018).

In the single-center study by Safa et al., most patients (63%) developed moderate to severe disease (MGFA class III to V), with ptosis (75%), dyspnea (62%), generalized weakness (55%), dysphagia (48%), and double vision (42%) being the most commonly reported symptoms. Of note, almost half of the patients in this study rapidly developed respiratory failure requiring mechanical ventilation. Characteristic laboratory features were positive AChR Abs in 66%, anti-striated Abs in 67% and elevated CK levels in 84% (Safa et al., 2019). To the best of our knowledge, auto-Abs against the muscle-specific kinase (MuSK) have so far only been reported in one single case under nivolumab (occurring together with AChR Abs) (Mitsune et al., 2018).

ICI-induced MG may further be complicated by overlap manifestations comprising myositis or myocarditis with potentially fatal consequences (Xing et al., 2020). Overall, when compared to classic acquired MG, the clinical course of ICI-related disease clearly appears to be remarkably more aggressive with a tendency toward fast disease progression and myasthenic crises. Altogether, no significant clinical differences were found between patients with new-onset MG or an acute flare-up of pre-existing disease due to ICI (Safa et al., 2019).

Steroids are often used as first-line treatment approach, followed by immune-modulatory agents in refractory cases (Choi and Lee, 2020). However, the data presented by Safa et al. support the early use of intravenous immunoglobulins (IVIg) and plasma exchange (PLEX), leading to improved outcomes compared to steroids alone (Safa et al., 2019). The response to a symptomatic treatment with cholinesterase inhibitors seems to be variable (Johansen et al., 2019). As it is still not entirely clear whether ICI-induced MG is a monophasic disease, the decision regarding a possible withdrawal of ICIs remains a dilemma and should especially be discussed in life-threatening cases (Shi et al., 2020).



Allogeneic Hematopoietic Stem Cell Transplantation

Allogeneic HSCT is a standard treatment for a variety of hematological malignancies involving the transfer of a donor’s hematopoietic and immune system to a host. Graft-versus-host disease (GVHD) is one of the major complications of the procedure and summarizes host end-organ damage due to alloreactivity of the donor’s immune system. T-cell infiltration and epithelial damage to the skin, gut and liver are the hallmarks of acute GVHD, usually occurring within the first 100 days after HSCT (Zeiser and Blazar, 2018). Chronic GVHD typically develops 3–12 months after HSCT and resembles a spectrum of autoimmune-related diseases through combined pathomechanisms of cellular (T- and B-cells) and humoral alloreactivity (Zeiser and Blazar, 2017).

Myasthenia-like manifestations have been described as rare immune-mediated complications after HSCT in case reports with an estimated incidence under 1%. The time of disease onset ranged between 3 and 100 months after HSCT, and a clear association with a prior diagnosis of chronic GVHD could be noted (Tsutsumi et al., 2019). In this context, MG has also been described during the taper of immunosuppressive medication used for the treatment of GVHD (Bolger et al., 1986). The detection of serum AChR Abs strongly supports the diagnosis of MG in the presence of classic symptoms after HSCT, but these auto-Abs can also be detected in up to 40% of HSCT recipients without apparent neurological symptoms (Lefvert and Björkholm, 1987). In a review of 27 post-HSCT cases with MG, treatment mainly consisted of prednisone in combination with a calcineurin inhibitor, azathioprine, IVIg and the anti-CD20 antibody rituximab. These treatments led to a sustained improvement in the majority of cases and only three deaths have been reported (Maffini et al., 2017).

Importantly, MG has to be distinguished from other causes of muscle weakness related to HSCT, including steroid myopathy, wasting syndrome or other immune-mediated neurological disorders. As such, myositis or Guillain-Barré-like syndromes are more frequently observed as chronic GVHD than MG (Maffini et al., 2017; Balaguer-Rosello et al., 2019).




MISCELLANEOUS AND UNKNOWN MECHANISMS

A certain range of drugs have been associated with myasthenic side effects, but details regarding the underlying mechanisms are lacking in the literature. Hence, it can only be assumed based on pharmacological properties and the time course of neuromuscular manifestations, whether the effects relate to NMJ function or the immune system. Since the present article focuses on the underlying mechanisms of medication-associated myasthenia, such treatments with poorly characterized or unknown mechanisms will only be mentioned briefly, focusing on clinical aspects.


Some Antibiotics

The aminopenicillin antibiotics ampicillin and amoxicillin, have anecdotally been associated with myasthenic weakness. Most recently, a series of six cases indicated symptom onset within few days after drug application, subsequently leading to clinical worsening, followed by symptom recovery after pyridostigmine and IVIg (Vacchiano et al., 2020). Moreover, ampicillin increased the degree of decrement in rabbits with experimental autoimmune myasthenia gravis but had no negative effects in normal rabbits (Argov et al., 1986).

Further, the macrolide antibiotics, which inhibit protein synthesis by binding to ribosomal structures, are broadly available for a wide range of infectious diseases. Occasional anecdotal reports have described a mild to moderate symptom aggravation by some macrolides (e.g., azithromycin, erythromycin) in myasthenic patients (May and Calvert, 1990; Cadisch et al., 1996). Albeit evidence is weak and no clear recommendations exist, patients with MG should be monitored closely under a treatment with these antibiotics.



Corticosteroids

Corticosteroids require specific attention with regard to MG, since they are frequently used as a standard treatment. In experimental models, complex influences on the NMJ due to corticosteroids have been shown, including altered depolarization of nerve terminals, a reduction of ACh release, altered MEPPs, changes in choline transport and depletion of potassium (Wilson et al., 1974; Dengler et al., 1979; Kim et al., 1979). Yet, it is not far to seek that immunological mechanisms may also be involved in this phenomenon. Notably, one study found that an early clinical deterioration under corticosteroids was accompanied by a transient increase in lymphocyte response in vitro, stressing a role of cell-mediated immunological mechanisms (Abramsky et al., 1975).

Almost 50% of MG patients with high-dose steroid treatment experience an initial exacerbation of neuromuscular symptoms, of which 8.6% are severe, requiring mechanical ventilation or intubation (Pascuzzi et al., 1984). This potentially life-threatening complication can be avoided by gradually increasing the dosage, starting with 25 mg every other day (Seybold and Drachman, 1974). Apart from high initial dosages, thymoma, early-onset disease and upper limb weakness have been associated with steroid-induced worsening of myasthenia (Kanai et al., 2019).



Hormonal Disturbances

Autoimmune thyroid disorders such as Grave’s disease and Hashimoto thyroiditis are more prevalent in individuals with MG (Song et al., 2019). A causal relation has been proposed, as symptoms were reported to fluctuate depending on thyroid hormone levels. However, systematic data corroborating this relationship are still lacking (Maclean and Wilson, 1954; Mallikarjuna et al., 2019).

It is also a frequently observed phenomenon that some female patients with autoimmune MG experience fluctuating weakness with the menstrual cycle and pregnancy, suggesting some modifying effects of female sex hormones. There is some evidence that a higher rate of remissions during menstruation may be due to reduced activity of acetylcholinesterase (Vijayan et al., 1977). While robust clinical data are missing to draw any definite conclusions, experimental data show conflicting results regarding the effect of sex hormones. First, one group used a rat model with experimental MG to analyze whether MG aggravation may be induced by changes in female sex hormones in rodents with and without ovariectomy. No electrophysiological and serological (AChR Abs) changes were observed after hormonal replacement, indicating no major influence on the susceptibility and severity of MG (Leker et al., 2000). By contrast, another work using an animal model showed that a temporary exposure to beta-17-estradiol enhances the production of anti-AChR Abs and significantly increases the severity of EAMG in mice, providing evidence that estrogen aggravates experimental MG (Delpy et al., 2005). Clinically, the notion that female sex hormones per se increase the susceptibility to autoimmune MG is supported by case descriptions (Brittain and Lange, 1995).



Lithium

Lithium salts such as lithium carbonate, which are used as mood-stabilizing drugs, have been reported to either aggravate weakness in MG or unmask an autoimmune myasthenic syndrome (Neil et al., 1976; Lipton, 1987; Ronzière et al., 2000). The drugs have been shown to carry an inherent potential to foster T-lymphocytes activity, which is in favor of an immune-mediated mechanism as the main actor (Mizuno et al., 1982). However, lithium also appears to selectively reduce AChR synthesis and its insertion into the cell membrane (Pestronk and Drachman, 1987). It remains open to speculation, if these effects occur secondarily to an immunological mechanism.



Iodinated Contrast Agents

Iodinated contrast agents (ICAs), which are commonly used for computed tomography (CT) scans, have for a long time been regarded as potential triggers of myasthenic symptoms. ICAs are subdivided into high- and low-osmolality compounds, and those with a high degree of osmolality (i.e., >1500 mOsm/L) are not in clinical use any more. Instead, low-osmolality agents (290–860 mOsm/L) are now routinely used due to their better tolerability (Pasternak and Williamson, 2012).

Several case reports and small case series as well as experimental data in rabbits suggested worsening of pre-existing MG related to the use of high-osmolality agents (Chagnac et al., 1985; Anzola et al., 1986; Bonmarchand et al., 1987; Eliashiv et al., 1990; Rocha and Bacheschi, 1994). Aside from anecdotal evidence, there has been one systematic trial in 136 patients retrospectively investigating acute events within 24 h after receiving high-osmolality agents, showing that 7 patients (5.1%) experienced an exacerbation of myasthenic weakness, whereas in the majority of cases, alternative explanations other than ICA were also conceivable (Frank et al., 1987).

With regard to the nowadays more commonly used low-osmolality ICAs, there are only a few publications to date. One study focusing on adverse reactions occurring just after ICA application reported a rate below 1%, hence suggesting no significant immediate risk due to neuromuscular blockade for MG patients (Mehrizi and Pascuzzi, 2014). By contrast, another retrospective work with an extended observation period found significantly more MG-related exacerbations within the first day after the contrast-enhanced scans, mainly respiratory manifestations, while there was no significant difference between the contrast and the non-contrast group thereafter (up to 45 days after the radiological investigation) (Somashekar et al., 2013). Most recently, one study retrospectively investigated acute and delayed aggravations of myasthenic symptoms in 72 patients with MG and found an increased rate (12.3%) of delayed exacerbations of MG after the application of low-osmolality ICAs, again stressing the high likelihood of alternative causes (unrelated to MG) for symptom exacerbation in the majority of cases (Rath et al., 2017).

Based upon the existing evidence, ICA administration should not be considered contraindicated in individuals with MG, as long as the patients are monitored regarding immediate and delayed adverse reactions. However, published results are somewhat contradictory, and large prospective studies are required for clarification.




CONCLUSION

Our comprehensive review of the existing literature underscores that medication-related aggravations of myasthenic syndromes due to various molecular mechanisms represent a clinically relevant problem. The evidence for specific classes of drugs or treatments is often scanty and merely based on single case descriptions. First, one must be extremely cautious not to overinterpret anecdotal observations or suggestive (but unspecific) functional data, and risks and benefits need to be weighed carefully. Likewise, it is extremely important that appropriate treatments are not withheld because of anecdotal evidence only.

Apart from drug-related aggravations, our article also highlights a probably still underappreciated phenomenon, that is the induction of de novo myasthenia due to drugs with immune-modulatory properties. We specifically stress the emerging group of ICIs as a relatively novel etiology of drug-induced MG, which is particularly characterized by a rapidly progressive and potentially lethal clinical course.

Taken all together, it is obvious that more systematic data are required to estimate the associated risks of specific medical treatments more precisely. However, the thorough knowledge of cases already reported in the literature and the underlying molecular mechanisms may relevantly increase awareness of treating clinicians, so that patients can be monitored carefully, if potentially hazardous drugs have to be used.
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