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ABSTRACT
Lambert–Eaton Myasthenic Syndrome (LEMS) is a rare autoimmune neuromuscular disorder characterized by impaired acetylcholine release due to autoantibodies targeting presynaptic P/Q-type voltage-gated calcium channels. Although symptomatic therapies such as amifampridine and immunomodulatory agents provide clinical benefit, their therapeutic efficacy is limited by short half-life, systemic toxicity, fluctuating plasma levels, and dose-dependent adverse effects including seizures. These limitations highlight the urgent need for advanced drug delivery systems. Recent advancements in nanotechnology offer promising strategies to enhance therapeutic precision, bioavailability, and safety in LEMS management. Nanoparticle-based drug delivery platforms, including polymeric nanoparticles, lipid-based nanocarriers, and intranasal nanoformulations, enable controlled release, targeted delivery to the neuromuscular system, reduced systemic exposure, and improved pharmacokinetic profiles. Furthermore, nano-enabled immunomodulation may allow selective suppression of pathogenic autoantibodies while minimizing generalized immunosuppression. This review provides a comprehensive overview of LEMS pathophysiology and current therapeutic strategies, with a special focus on emerging nanotechnology-based approaches that hold potential to transform disease management. Future directions in nano-immunotherapy, targeted delivery, and biomarker-guided treatment strategies are also discussed.
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1. Introduction
Lambert–Eaton Myasthenic Syndrome (LEMS) is a rare autoimmune disorder of the neuromuscular junction characterized by impaired acetylcholine release resulting from autoantibody-mediated disruption of presynaptic voltage-gated calcium channels. The condition was first described in 1953 by Anderson and colleagues, and subsequent investigations by Eaton and Lambert distinguished it from myasthenia gravis based on its distinct electrophysiological features. In 1982, Newsom-Davis formally designated the disorder as LEMS in recognition of Lambert’s contributions to its characterization [1]. LEMS is broadly classified into paraneoplastic and non-paraneoplastic forms. The paraneoplastic variant is most commonly associated with small cell lung carcinoma, in which tumor-expressed neuronal antigens trigger immune cross-reactivity against presynaptic P/Q-type calcium channels. In contrast, the non-paraneoplastic form arises independently of malignancy and is frequently associated with autoimmune predisposition, including specific HLA haplotypes such as HLA-B8, DR3, and DQ2 [2], [3]. Circulating antibodies targeting P/Q-type voltage-gated calcium channels are detected in approximately 85–90% of affected individuals. Binding of these antibodies reduces calcium influx during nerve depolarization, leading to diminished acetylcholine release and compromised neuromuscular transmission [4], [5]. 
Clinically, LEMS typically presents with progressive proximal muscle weakness, initially affecting the lower limbs and later involving the shoulder girdle and distal musculature. Bulbar symptoms such as dysarthria and dysphagia may develop in advanced stages, and ocular muscle involvement can occur. Autonomic manifestations, including dry mouth and orthostatic symptoms, are also common. Symptom progression generally unfolds over weeks to months, reflecting cumulative impairment of synaptic transmission. Major risk factors for paraneoplastic LEMS include long-term tobacco exposure, advancing age, and environmental carcinogens such as radon.The recognition of pathogenic voltage-gated calcium channel antibodies during the 1980s and 1990s significantly improved diagnostic accuracy and deepened understanding of disease mechanisms [6]. Subsequent investigations confirmed that antibodies directed against P/Q-type calcium channels represent the principal immunological determinant in LEMS pathogenesis [7].
[bookmark: _Hlk164714449]Diagnosis is established through electrophysiological studies, particularly repetitive nerve stimulation, in combination with serological detection of VGCC antibodies. Given its rarity and frequent association with early-stage malignancy, especially small cell lung carcinoma, heightened clinical vigilance is essential for timely identification and oncological screening.Epidemiological analyses indicate that LEMS remains an uncommon disorder. A large study within the United States Veterans Affairs healthcare system reported a prevalence of approximately 2.6 cases per million and an annual incidence of 0.6 cases per million, consistent with data from European populations [8]. Despite advances in diagnostic and therapeutic strategies, current treatment remains largely symptomatic and is constrained by pharmacokinetic variability, systemic toxicity, and limited targeting specificity.
The present review aims to critically examine the pathophysiological mechanisms and existing therapeutic strategies for Lambert–Eaton Myasthenic Syndrome, with particular emphasis on the emerging role of nanomedicine-based drug delivery systems in addressing current pharmacological constraints. Conventional treatments primarily focus on enhancing synaptic acetylcholine availability or suppressing autoimmune activity; although these interventions provide symptomatic benefit, they do not directly correct the underlying pathogenic processes and are frequently limited by fluctuating pharmacokinetics, systemic toxicity, and safety concerns. Recent advances in nanotechnology have enabled the development of controlled-release platforms, improved bioavailability profiles, and targeted delivery systems capable of modulating tissue-specific drug distribution. In neurological and immune-mediated disorders, nanoparticle-based formulations have demonstrated the ability to stabilize plasma drug concentrations and reduce adverse effects associated with variable exposure levels. By integrating principles from neurology, immunology, and nanotechnology, this review highlights the translational potential of polymeric and lipid nanocarriers, intranasal nanoformulations, and nano-enabled immunomodulatory approaches as precision-oriented strategies for improving therapeutic outcomes in LEMS.
2. LEMS criteria for diagnosis
LEMS is suspected based on characteristic clinical features, including proximally distributed muscle weakness, reduced or absent deep tendon reflexes, and manifestations of autonomic dysfunction. Definitive diagnosis requires an integrated approach combining clinical evaluation, electrophysiological assessment, and serological investigations. Confirmation is typically achieved through electromyography and repetitive nerve stimulation studies, supported by detection of antibodies against presynaptic voltage-gated calcium channels. LEMS is characterized by progressive muscle weakness, fatigue, autonomic dysfunction, and, in some cases, diplopia or other ocular manifestations. A substantial proportion of cases are associated with small cell lung carcinoma (SCLC), in which neurological symptoms may precede or coincide with tumor detection, sometimes at an early or clinically occult stage. Proximal lower limb weakness frequently represents the initial manifestation and may lead to difficulty in ambulation. Epidemiological data indicate that approximately 50–70% of patients with LEMS have an underlying malignancy, most commonly SCLC.
Laboratory evaluation plays a supportive role in the diagnosis of Lambert–Eaton Myasthenic Syndrome, with particular emphasis on serological detection of antibodies directed against voltage-gated calcium channels (VGCCs). Circulating P/Q-type VGCC antibodies are identified in the majority of affected individuals and provide strong diagnostic specificity. Although routine investigations such as complete blood count and renal or hepatic function testing may be performed to assess overall clinical status or exclude alternative causes, confirmation of LEMS relies primarily on targeted serological assays. These autoantibodies bind to presynaptic calcium channels at the neuromuscular junction, reducing calcium influx and impairing acetylcholine release, thereby underlying the characteristic transmission defect observed in the disorder [9], [10], [11], [12], [13].
Imaging studies are not used to diagnose LEMS directly, as the disorder primarily affects the neuromuscular junction rather than the central nervous system. Instead, radiological investigations such as computed tomography (CT), magnetic resonance imaging (MRI), or positron emission tomography (PET) are performed to screen for underlying malignancies, particularly small cell lung carcinoma in suspected paraneoplastic cases.Electrophysiological testing remains fundamental to diagnostic confirmation. Nerve conduction studies typically demonstrate reduced resting compound muscle action potential (CMAP) amplitudes, reflecting impaired presynaptic acetylcholine release. Repetitive nerve stimulation reveals a characteristic incremental response following high-frequency stimulation or brief voluntary contraction, distinguishing LEMS from myasthenia gravis, which more commonly exhibits a predominant decremental pattern. Single-fiber electromyography may demonstrate increased jitter and transmission instability, further supporting a presynaptic defect. Electrodiagnostic abnormalities are often detectable early in the disease course, particularly in proximal limb muscles, and are commonly assessed in the ulnar or median nerves. The integration of electrophysiological findings with serological detection of P/Q-type voltage-gated calcium channel antibodies establishes the diagnosis with high specificity [14], [15], [16], [17].

The diagnostic algorithm and principal investigative modalities applied in suspected cases of LEMS are summarized in Fig. 1a and 1b, illustrating the coordinated integration of clinical evaluation, electrophysiological testing, and serological analysis. Among these, electrodiagnostic assessment remains the primary confirmatory approach. A characteristic and diagnostically significant finding is a marked incremental increase in compound muscle action potential amplitude following high-frequency repetitive nerve stimulation or brief voluntary contraction. This facilitation response reflects impaired presynaptic calcium-dependent neurotransmitter release. In patients with clinical suspicion of LEMS, repetitive nerve stimulation and post-exercise testing should be performed by an experienced neurologist or neurophysiologist to confirm the presence of a presynaptic transmission defect.[18], [19], [20], [21], [22], [23], [24]. 
Repetitive nerve stimulation (RNS) constitutes a key electrophysiological tool in the evaluation of LEMS. At baseline, motor nerve conduction studies typically demonstrate a reduced compound muscle action potential (CMAP) amplitude, often measuring less than 50% of the expected normal value, reflecting impaired presynaptic acetylcholine release. Low-frequency stimulation may show a modest decremental response; however, the defining feature of LEMS is a marked incremental increase in CMAP amplitude following high-frequency stimulation or brief voluntary contraction. This post-activation facilitation results from transient accumulation of calcium within the presynaptic terminal, partially restoring neurotransmitter release. A resting CMAP reduction of greater than 10% from expected values is considered abnormal, and a significant proportion of affected individuals demonstrate this finding, supporting the diagnosis of a presynaptic neuromuscular transmission defect [3], [25], [26], [27], [28], [29]. 
The post-exercise test represents an important electrophysiological adjunct in the evaluation of Lambert–Eaton Myasthenic Syndrome. Following brief maximal voluntary contraction, a substantial incremental increase in compound muscle action potential (CMAP) amplitude is typically observed, occurring in approximately 80–95% of affected individuals. This facilitation reflects transient enhancement of presynaptic calcium availability, temporarily improving acetylcholine release. It is essential to distinguish true post-exercise facilitation from pseudo-facilitation, which may arise from technical factors such as inadvertent voluntary contraction or electrode displacement during repetitive nerve stimulation. Careful technique and interpretation are therefore required. In addition, routine nerve conduction studies frequently demonstrate reduced resting CMAP amplitudes, consistent with impaired presynaptic neurotransmission in LEMS [10], [30], [31], [32], [33].
In summary, the diagnosis of LEMS requires a comprehensive and integrated approach combining clinical assessment, electrophysiological evaluation, serological confirmation, and appropriate malignancy screening. The characteristic findings of reduced resting CMAP amplitudes with post-activation facilitation, together with the detection of P/Q-type voltage-gated calcium channel antibodies, establish the diagnosis with high specificity. Early recognition is particularly important given the strong association with small cell lung carcinoma, as timely oncological investigation may significantly influence prognosis and management. Accurate diagnostic stratification not only guides therapeutic decision-making but also provides a foundation for emerging precision-based strategies, including nanomedicine-oriented interventions aimed at improving targeted treatment outcomes.
[bookmark: _Hlk145872253]3. Neuropathology of LEMS
Normal neuromuscular transmission depends on the regulated release of acetylcholine from the presynaptic motor nerve terminal. Upon arrival of an action potential, voltage-gated calcium channels open, allowing calcium influx into the nerve terminal. The resulting increase in intracellular calcium triggers synaptic vesicle fusion and acetylcholine release into the synaptic cleft. Acetylcholine then binds to nicotinic acetylcholine receptors (AChRs) on the postsynaptic motor endplate, leading to depolarization of the muscle membrane and subsequent muscle contraction through calcium mobilization from the sarcoplasmic reticulum [10]. In LEMS, circulating IgG autoantibodies target presynaptic P/Q-type voltage-gated calcium channels (VGCCs). Antibody binding reduces functional channel density and impairs calcium entry during depolarization. This diminished calcium influx leads to reduced acetylcholine release, thereby weakening neuromuscular transmission. The consequent decrease in endplate potential amplitude compromises skeletal muscle contraction and accounts for the characteristic proximal muscle weakness observed in affected individuals. Figure 2 schematically illustrates the neuromuscular junction and highlights the disruption of presynaptic calcium channel function underlying the pathophysiology of LEMS.
[bookmark: _Hlk164761790]3.1 Non-Paraneoplastic Phenomenon (A-LEMS) & Paraneoplastic Phenomenon (P-LEMS)
LEMS is broadly categorized into non-paraneoplastic (autoimmune) and paraneoplastic forms based on the presence or absence of an underlying malignancy. In non-paraneoplastic LEMS (A-LEMS), the disorder arises from primary autoimmune dysregulation. The immune system produces IgG autoantibodies directed against presynaptic P/Q-type voltage-gated calcium channels (VGCCs) located at the motor nerve terminal. The binding of these antibodies reduces functional calcium channel availability, impairing calcium influx during depolarization and consequently diminishing acetylcholine release into the synaptic cleft. The resulting reduction in endplate potential amplitude leads to compromised neuromuscular transmission and progressive muscle weakness.In contrast, paraneoplastic LEMS (P-LEMS) is most commonly associated with small-cell lung carcinoma. In this form, tumor cells aberrantly express neuronal antigens, including VGCC-related proteins, which trigger an immune response that cross-reacts with presynaptic calcium channels at the neuromuscular junction. Although both A-LEMS and P-LEMS share a common antibody-mediated mechanism, their immunological triggers differ, with P-LEMS driven by tumor-associated antigenic stimulation and A-LEMS linked to intrinsic autoimmune susceptibility [34], [35].
The clinical pathway of neuropathogenesis of A-LEMS involves antibody-mediated channel block and dysfunction, with most VGCC antibodies targeting the Alpha 1 subunit. This down-regulation inhibits calcium ion influx, reducing the release of acetylcholine and causing autonomic insufficiency and symptoms. T-cell immune regulation may either facilitate or counteract the progression of LEMS. Genetic susceptibility plays an important role in many autoimmune disorders, often mediated through specific human leukocyte antigen (HLA) haplotypes that influence immune regulation. In non-paraneoplastic LEMS, associations with HLA-B8, HLA-DR3, and related alleles support the contribution of inherited immune predisposition. In contrast, paraneoplastic LEMS does not demonstrate a consistent HLA pattern, and affected individuals do not show increased prevalence of genotypes typically associated with primary autoimmune disease. Instead, immune activation in P-LEMS is driven predominantly by tumor-associated antigen expression rather than intrinsic genetic susceptibility. Notably, tumor specimens from patients with small cell lung carcinoma and concurrent LEMS have been reported to exhibit altered or reduced HLA class I antigen expression compared with tumors from patients without neurological involvement, suggesting differences in tumor–immune interaction that may influence antibody generation.[36], [37], [38].
In approximately half of patients with paraneoplastic LEMS, small cell lung carcinoma cells aberrantly express voltage-gated calcium channel–related antigens on their surface. This ectopic expression functions as a tumor-associated antigenic stimulus, promoting the generation of autoantibodies that cross-react with presynaptic P/Q-type calcium channels at the neuromuscular junction. Antibody-mediated reduction in functional channel density limits calcium entry during depolarization, thereby impairing synaptic vesicle fusion and diminishing acetylcholine release with each action potential. In contrast, individuals with non-paraneoplastic LEMS do not exhibit an underlying malignancy, and their autoimmune response arises independently of tumor-associated antigen expression [7], [39]. The distinct immunopathogenic pathways underlying A-LEMS and P-LEMS are schematically depicted in Fig. 3a and 3b, illustrating differences in antibody induction and subsequent effects on calcium-channel function.
3.2 Antibodies
Autoantibodies directed against P/Q-type voltage-gated calcium channels represent the principal serological hallmark of Lambert–Eaton Myasthenic Syndrome and are detected in the majority of affected individuals. These antibodies directly contribute to disease pathophysiology by reducing presynaptic calcium influx and impairing acetylcholine release. In paraneoplastic cases, particularly those associated with small cell lung carcinoma, additional tumor-related antibodies may be identified. Among these, SOX1 antibodies serve as a useful serological marker for SCLC and are reported more frequently in patients with paraneoplastic LEMS compared with non-paraneoplastic forms.Beyond P/Q-type VGCC antibodies, immune reactivity against other presynaptic proteins has been described. Targets may include synaptotagmin and muscarinic acetylcholine receptors, which can further influence neurotransmitter release and autonomic function[13], [40]. A subset of patients remains seronegative using conventional assays; in such cases, symptoms may arise from low-titer VGCC antibodies below diagnostic detection thresholds or from antibodies directed against alternative presynaptic antigens. These findings underscore the immunological heterogeneity of LEMS and the need for comprehensive serological evaluation in clinically suspected cases.
4. Clinical Course of LEMS
Lambert–Eaton Myasthenic Syndrome does not progress through well-defined clinical stages in the manner observed in certain degenerative disorders. Instead, disease severity varies among individuals and may fluctuate over time. The typical pattern of weakness begins proximally, most commonly affecting the muscles of the lower limbs, particularly the hip girdle, resulting in difficulty with ambulation or rising from a seated position. As the condition advances, involvement of the shoulder girdle and distal musculature of the hands and feet may occur. Bulbar manifestations, including dysarthria and dysphagia, can develop in more advanced cases, and ocular muscle involvement may also be observed. Symptom progression generally occurs over weeks to months. In paraneoplastic LEMS, particularly when associated with small cell lung carcinoma, neurological symptoms may develop more rapidly and can precede or coincide with the diagnosis of malignancy. The rate of progression therefore varies depending on the underlying etiology and degree of immune activation [41]. 
5. Etiology of LEMS
LEMS arises from an antibody-mediated disruption of presynaptic voltage-gated calcium channels, resulting in impaired acetylcholine release at the neuromuscular junction. Although the underlying effector mechanism is shared across cases, the initiating triggers differ depending on whether the condition is paraneoplastic or non-paraneoplastic in origin. The paraneoplastic variant most frequently occurs in older adults, particularly those with a history of prolonged tobacco exposure, and is strongly associated with small cell lung carcinoma. Neurological symptoms may precede the clinical detection of malignancy, sometimes by several months, underscoring the importance of thorough oncological evaluation in newly diagnosed patients. In this setting, tumor-associated antigen expression provokes an immune response that cross-reacts with presynaptic calcium channels, leading to neuromuscular dysfunction. Clinical improvement may follow successful cancer treatment, reflecting reduction of the antigenic stimulus. In contrast, the non-paraneoplastic form develops independently of malignancy and is linked to autoimmune susceptibility rather than a direct hereditary cause. Associations with specific HLA haplotypes suggest a genetic contribution to immune dysregulation in affected individuals. This variant may present earlier in adulthood, with an incidence peak around the fourth decade and, in some populations, a secondary peak later in life. Although both forms converge on a common antibody-mediated mechanism, their upstream immunological triggers differ, reflecting either tumor-driven immune activation or intrinsic autoimmune predisposition [41]. 	
6. Risk factor of LEMS
LEMS is an uncommon autoimmune disorder of the neuromuscular junction. Although its immediate pathogenic mechanism involves antibody-mediated disruption of presynaptic calcium channels, several demographic, environmental, and immunological factors are associated with increased disease risk. These risk factors vary depending on whether the condition is paraneoplastic or non-paraneoplastic in origin. The most significant risk factor for LEMS is the presence of small-cell lung carcinoma, which accounts for approximately half of all cases. When associated with malignancy, LEMS is classified as a paraneoplastic syndrome, arising from an immune response directed against tumor-associated antigens that cross-react with neuronal calcium channels. Cigarette smoking represents a major contributory factor in paraneoplastic LEMS due to its strong link with small-cell lung carcinoma. Accordingly, individuals with cancer-associated LEMS are frequently current or former smokers. Age distribution differs between disease forms. 
Paraneoplastic LEMS most commonly presents in individuals over 50 years of age, with a peak incidence in the sixth decade of life. Historically, a higher prevalence has been observed in males, likely reflecting smoking patterns and the epidemiology of lung cancer. In contrast, non-paraneoplastic LEMS may occur at a younger age and demonstrates a more balanced sex distribution. Genetic susceptibility also contributes to disease risk, particularly in non-paraneoplastic cases. Associations with specific HLA haplotypes suggest a predisposition to autoimmune dysregulation. A family history of autoimmune disease may therefore increase vulnerability. Rarely, infectious triggers such as human immunodeficiency virus infection have been reported in association with LEMS; however, these relationships remain uncommon and not fully established. The major genetic, environmental, and lifestyle factors implicated in LEMS are summarized in Fig. 4.
[bookmark: _Hlk143115326]7. Clinical Manifestations of LEMS
LEMS is a rare autoimmune disorder of the neuromuscular junction characterized predominantly by progressive muscle weakness and fatigability. The weakness typically involves the proximal musculature of the lower limbs, leading to difficulty rising from a seated position, climbing stairs, or maintaining prolonged ambulation. Although muscular weakness represents the hallmark feature, the clinical spectrum of LEMS extends beyond motor impairment and includes autonomic and, in some cases, ocular or bulbar involvement.Proximal muscle weakness represents the most prominent clinical feature of Lambert–Eaton Myasthenic Syndrome and frequently interferes with activities such as standing from a seated position, climbing stairs, or walking for extended periods. Approximately 70–80% of patients exhibit weakness predominantly affecting the hip and shoulder girdle musculature. Although ocular and bulbar involvement may occur, these manifestations are generally less pronounced than in myasthenia gravis. This distinction is clinically important, as LEMS primarily presents with proximal lower limb weakness, whereas myasthenia gravis more commonly demonstrates prominent ocular and bulbar muscle involvement at disease onset.
Autonomic dysfunction is a characteristic component of LEMS and may include xerostomia, reduced sweating, erectile dysfunction, constipation, and orthostatic hypotension. Cranial nerve involvement can contribute to dysarthria, dysphagia, and occasionally diplopia or mild ptosis. Deep tendon reflexes are typically diminished or absent but may transiently improve following brief voluntary contraction, reflecting facilitation of neurotransmitter release. Fatigability is another hallmark feature. Muscle strength may initially improve after short periods of exertion, a phenomenon often described as the “post-activation facilitation” or “warm-up” effect, which distinguishes LEMS from other neuromuscular disorders. In more advanced cases, respiratory muscle involvement may occur, leading to dyspnea or ventilatory compromise, particularly in individuals with severe disease or coexisting pulmonary pathology. Importantly, LEMS is frequently associated with an underlying malignancy, most commonly small-cell lung carcinoma. In paraneoplastic cases, neurological manifestations may precede the diagnosis of cancer, underscoring the need for vigilant oncological evaluation in newly diagnosed patients. [39], [42], [43].
8. Therapeutic Approaches of LEMS
LEMS is a rare autoimmune disorder with an estimated incidence of approximately 0.5 cases per million individuals annually. Management strategies are directed toward symptomatic improvement, modulation of the underlying immune response, and treatment of associated malignancy when present. Although a definitive cure is not currently available, several pharmacological and immunotherapeutic interventions can significantly improve neuromuscular function and quality of life. Common disease-modifying medications include 3,4-diaminopyridine (3,4-DAP), Pyridostigmine, Guanidine, Steroids, Intravenous Immune Globulin (IVIg), Plasmapheresis, and Rituximab [39], [44], [45], [46], [47].
Symptomatic management of LEMS centres on agents that enhance presynaptic acetylcholine release at the neuromuscular junction. Amifampridine (3,4-diaminopyridine) is considered the first-line therapy and functions by blocking presynaptic voltage-gated potassium channels. This action prolongs neuronal depolarization, increases calcium influx, and thereby facilitates acetylcholine release from motor nerve terminals. The drug is administered orally, with dosing initiated at low levels and titrated gradually based on clinical response and tolerability. In 2019, regulatory approval in the United States expanded access to amifampridine formulations for pediatric and adult populations. Amifampridine phosphate is approved for the treatment of LEMS in adults, while pediatric approval has been granted for specific age groups under defined clinical indications. These developments have improved therapeutic accessibility and standardized management of symptomatic LEMS. [1], [48], [49]. The structural differences and pharmacological formulations of amifampridine and its phosphate derivative are shown in Fig. 5a and 5b.
8.1 Immunomodulatory therapy 
Immunomodulatory treatment in LEMS aims to reduce autoantibody production and attenuate the underlying immune-mediated attack on presynaptic calcium channels. Such interventions are particularly indicated in patients with significant functional impairment or progressive disease. Commonly employed therapies include intravenous immunoglobulin (IVIg), corticosteroids, steroid-sparing immunosuppressants such as azathioprine and cyclosporine, plasma exchange (PLEX), and monoclonal antibody therapy with rituximab. Intravenous immunoglobulin exerts immunoregulatory effects through multiple mechanisms, including modulation of Fc receptor activity, neutralization of pathogenic antibodies, and alteration of cytokine signaling. In LEMS, IVIg may transiently reduce circulating autoantibody activity and improve neuromuscular transmission, leading to short-term gains in muscle strength. Although generally well tolerated, adverse effects such as headache, fever, and infusion-related reactions may occur [37], [44], [45], [46].
Corticosteroids, including prednisone, suppress immune activation and decrease autoantibody production, thereby improving neuromuscular function in selected patients. Given the potential for long-term adverse effects, steroid-sparing agents are often introduced for sustained immunosuppression.[45], [47], [48].Azathioprine interferes with lymphocyte proliferation, while cyclosporine inhibits T-cell activation through calcineurin blockade. These agents are typically used in carefully monitored regimens tailored to disease severity and individual tolerance. Azathioprine interferes with lymphocyte proliferation, while cyclosporine inhibits T-cell activation through calcineurin blockade. These agents are typically used in carefully monitored regimens tailored to disease severity and individual tolerance. [41], [50], [51].A summary of the principal pharmacologic agents, their mechanisms, dosage regimens, and clinical applications used in the management of LEMS is provided in Table 1.
Table 1 Pharmacologic and Immunomodulatory Agents Used in the Management of Lambert–Eaton Myasthenic Syndrome (LEMS).
	Disease-Modifying Agents
	Mechanism of action
	Dosage regimen
	Applications
	Ref.

	Symptomatic Treatment
	

	Amifampridine
	It blocks the potassium channel, prolonging presynaptic nerve terminal membrane depolarizatios and boosting calcium ion and Ach release from nerve endings
	15 mg to 30 mg/d (given in 3-4 divided doses); not exceeding 80mg
	· Shown to be efficacious in randomized controlled trials
· Recommended as initial symptomatic treatment
	[45], [47], [48]

	Pyridostigmine
	An acetylcholinesterase inhibitor that improves muscle function by increasing the amount of acetylcholine in the neuromuscular junction
	30 mg three times a day
	· Used as an alternative agent if 3,4-DAP is unavailable
· Minimal benefit as monotherapy or as an adjunct to 3,4-DAP
· Can be used in conjunction with guanidine
	[1]

	Guanidine
	Voltage-gated potassium channel inhibitor
	Less than 1000mg/day, when combined with Pyridostigmine.
	· Only reported use in case reports
	[49]


	Immunomodulatory Therapy
	

	Intravenous Immunoglobin Therapy -IVIg
	Nonspecific immunomodulating
Therapy
	1 g/kg/d for 2 days
	Indicated rapidly progressing symptoms
· Treatment effect lasting 8 weeks
	[41], [50]

	Prednisolone
	Suppressing the immune system and reducing inflammation. It can help to decrease the production of autoantibodies and modulate the immune response, leading to improved neuromuscular function
	Prednisone
1 mg/kg/d or 1.5 mg/kg every other day with Azathioprine 2.5 mg/kg/d/ cyclosporine 3-4 mg/kg
	A prolonged course is recommended when symptomatic treatment is ineffective
• Prednisone tapered off once clinical improvement is maintained
•Azathioprine used as glucocorticoid sparing agent
	[51]

	Azathioprine / cyclosporine
	By reducing the activity of immune cells, azathioprine can help to suppress the autoimmune response and alleviate LEMS symptoms
	
	
	[45], [49], [51], [52]

	Plasmapheresis
	PLEX- Plasma Exchange Therapy
	Varies; removal of 3-4 L/exchange and 5-15 exchanges over 5-19 days
	· Indicated for severe symptoms/ LEMS crisis
· Treatment effect lasting 6 weeks
	


[44], [49]

	Rituximab
	Anti-CD20monoclonal antibody.
	375 mg/m2 Every week to 4 weeks, then every month
	· Can be considered in patients failing immunosuppressive therapy or in those unable to tolerate IVIg or PLEX
	[39], [53]


Summary of key symptomatic and immunomodulatory agents used in LEMS, including mechanisms of action, dosing regimens, and therapeutic applications.
8.2. Oncological Management in Paraneoplastic LEMS
In cases where LEMS is associated with an underlying malignancy, particularly small-cell lung carcinoma, management of the primary tumor is a critical component of therapy. Oncological treatment may include chemotherapy, radiotherapy, surgical intervention when appropriate, or combined multimodal approaches depending on tumor stage and clinical status. Reduction of tumor burden can decrease antigenic stimulation, thereby lower autoantibody production and potentially improving neuromuscular function. In many patients with paraneoplastic LEMS, neurological symptoms stabilize or partially improve following effective cancer treatment. Early detection of malignancy is therefore essential, as prompt oncological intervention may influence both survival outcomes and the severity of neuromuscular manifestations. A coordinated approach involving oncology and neurology specialists is recommended to optimize overall management.
8.3. Supportive and Physical Rehabilitation Strategies
Physical therapy represents an important adjunctive component in the comprehensive management of LEMS. Although pharmacological treatment addresses the underlying immune-mediated neuromuscular defect, structured rehabilitation programs aim to optimize functional capacity, preserve mobility, and enhance overall quality of life. Targeted strengthening exercises are designed to improve endurance and muscle performance, particularly in proximal muscle groups most commonly affected by LEMS. Resistance-based interventions using body weight, elastic bands, or light weights may be incorporated according to individual tolerance. Range-of-motion exercises help maintain joint flexibility and reduce the risk of stiffness or contractures secondary to prolonged weakness and reduced activity [54].
Balance and coordination training are particularly valuable, as impaired neuromuscular transmission may predispose patients to instability and increased fall risk. Gait disturbances are frequently observed, and rehabilitation strategies may include gait retraining, postural correction, and, when necessary, the use of assistive devices such as canes, walkers, or orthotic supports to promote safe ambulation. Fatigue management is another critical component of supportive care. Energy conservation techniques including structured activity pacing, scheduled rest periods, and ergonomic optimization can help mitigate exertional fatigue. Broader lifestyle modifications, including regular moderate exercise within tolerance limits, adequate rest, stress reduction, and nutritional support, further contribute to symptom control and functional independence.
9.Limitations of Conventional Pharmacotherapy in LEMS
Amifampridine remains the principal symptomatic therapy for LEMS acting through inhibition of presynaptic voltage-gated potassium channels to prolong depolarization and facilitate calcium-dependent acetylcholine release. While clinically effective, its relatively short elimination half-life necessitates repeated daily administration to sustain therapeutic concentrations. This dosing pattern often leads to plasma level variability, and elevated peak concentrations may increase the likelihood of dose-dependent adverse effects, including seizures and paresthesia. Pyridostigmine, an acetylcholinesterase inhibitor, provides modest symptomatic support but demonstrates limited efficacy as monotherapy and lacks specificity for targeted neuromuscular delivery [55]. Immunomodulatory interventions such as corticosteroids, azathioprine, intravenous immunoglobulin, and rituximab may benefit selected patients; however, these agents exert broad systemic effects and carry risks of infection, long-term toxicity, and generalized immune suppression. Moreover, current therapies do not selectively modulate autoreactive immune populations at the primary site of disease pathology. Collectively, these pharmacological constraints underscore the need for innovative delivery strategies capable of maintaining stable drug exposure, minimizing systemic toxicity, and enabling more precise immune modulation.
10. Nanotechnology-Based Drug Delivery Strategies in LEMS
Nanotechnology provides a versatile platform for improving therapeutic delivery through nanoscale carriers typically ranging from 10 to 200 nano meters in size. These systems enhance drug stability, protect bioactive compounds from premature degradation, and allow modulation of release kinetics described in Table 2. In the context of LEMS, nanoparticle-based formulations may stabilize plasma drug concentrations, reduce peak-related toxicity, and enable tissue-specific targeting to presynaptic nerve terminals or immune cells responsible for autoantibody production [56]. Polymeric nanoparticles composed of biodegradable materials such as poly (lactic-co-glycolic acid), chitosan, and polyethylene glycol derivatives have demonstrated significant potential in controlled drug delivery [57]. Encapsulation of amifampridine within polymeric matrices may reduce rapid systemic peaks while sustaining therapeutic concentrations over extended periods. Surface modification of such nanoparticles with targeting ligands may further enhance selective delivery to neuromuscular junctions or B-cell populations producing pathogenic antibodies, thereby improving therapeutic precision and reducing systemic exposure. Lipid-based nanocarriers, including liposomes and solid lipid nanoparticles, offer high biocompatibility and efficient encapsulation of both hydrophilic and lipophilic agents. These systems improve pharmacokinetic stability and reduce toxicity through sustained release mechanisms. Incorporation of symptomatic or immunomodulatory agents into lipid nanoparticles may minimize plasma fluctuations and decrease the incidence of adverse neurological events associated with conventional dosing regimens.
Intranasal nano-delivery represents an additional innovative strategy with significant translational potential. Nano formulations administered via the intranasal route bypass hepatic first-pass metabolism and facilitate rapid systemic absorption. Mucoadhesive nanoparticles, particularly those based on chitosan, enhance nasal residence time and improve drug permeation. Such an approach may reduce required dosing frequency, improve patient compliance, and enable more consistent therapeutic outcomes. Nano-enabled immunomodulatory therapy offers further potential for disease modification. Nanocarrier systems conjugated with antibodies or ligands targeting CD20-positive B-cells may enhance the precision of rituximab delivery while minimizing systemic immunosuppression. Controlled nano-immunotherapy platforms may selectively modulate pathogenic autoantibody production without broadly suppressing immune function, representing a promising direction for future therapeutic innovation.
 Table 2. Nanoparticle-based drug delivery platforms explored for targeted therapy and neuromuscular modulation in Lambert–Eaton Myasthenic Syndrome.
	Nanoparticle System
	Drug Delivery Strategy
	Potential Application in LEMS
	Key Advantages
	References

	Polymeric Nanoparticles (PLGA, Chitosan)
	Enable sustained and controlled release of encapsulated therapeutic agents through surface-modified carriers
	Long-acting delivery of symptomatic drugs, such as potassium channel modulators, is used in LEMS management
	Improved pharmacokinetic stability and reduced frequency of drug administration
	[58], [59], [60], [61], [62]
	Lipid Nanoparticles
	Encapsulate therapeutic molecules within lipid structures that facilitate efficient cellular uptake
	Delivery of immunomodulatory drugs to regulate autoimmune activity associated with LEMS
	Excellent biocompatibility and enhanced bioavailability of therapeutic compounds
	[63], [64], [65], [66], [67]
	Solid Lipid Nanoparticles (SLNs)
	Lipid-based matrix systems protect drugs and permit gradual drug release into systemic circulation
	Sustained delivery of neuroactive agents affecting neuromuscular transmission
	Improved stability of encapsulated drugs and prolonged therapeutic activity
	[68], [69], [70], [71]
	Dendrimers
	Highly branched nanocarriers capable of transporting multiple drug molecules to targeted sites
	Targeted modulation of immune cells involved in autoantibody production
	High drug-loading capacity and potential for site-specific targeting
	  [72]

	Magnetic Nanoparticles
	Drug-loaded nanocarriers guided by external magnetic fields toward target tissues
	Precise delivery of therapeutic agents to neuromuscular regions
	Potential for combined imaging and therapeutic delivery (theragnostic)
	[73], [74]
	Gold Nanoparticles
	Surface-functionalized nanoparticles enabling targeted drug delivery and diagnostic imaging
	Potential theragnostic applications for monitoring neuromuscular disease progression
	High surface area allowing attachment of ligands or therapeutic molecules
	[75]
	Intranasal Nanoparticle Systems
	Facilitate direct transport of therapeutic agents through the nasal route toward neural tissues
	Rapid delivery of neuroactive drugs influencing neuromuscular signalling pathways
	Non-invasive administration and enhanced drug availability in neural tissues
	[76], [77]


11. Prevention of LEMS
It's not entirely clear how to prevent LEMS because the specific cause of the condition remains unknown. Avoiding smoking is the best method to lower your risk of lung cancer, which is frequently linked to LEMS. Avoiding cigarette smoke exposure, increased intake of fruits and vegetables, and having your house radon tested are some additional measures that may reduce your risk of developing lung cancer. Balanced dietary patterns such as the Mediterranean or DASH diet may support systemic health and reduce inflammatory burden in individuals with chronic neurological disorders. keep a healthy weight. Exercise per your doctor's recommendations. Get enough rest, typically between seven and nine hours. Reduce your level of tension. Your symptoms could get worse under stress. Do not take hot baths or showers. Heat may exacerbate LEMS symptoms. Visit your healthcare practitioner frequently and whenever possible.
12. Future Perspectives and Conclusion
Despite advances in clinical recognition and immunological understanding, Lambert–Eaton Myasthenic Syndrome remains a rare and diagnostically challenging disorder. Continued efforts are required to refine diagnostic strategies, including the development of more sensitive and standardized serological assays that reduce reliance on radioisotope-based techniques. Although radioimmunoassays for voltage-gated calcium channel antibodies demonstrate high specificity, variability in sensitivity and technical limitations highlight the need for improved, nonradioactive diagnostic platforms. Earlier and more accurate detection would facilitate timely intervention, particularly in paraneoplastic cases where prompt malignancy screening significantly influences prognosis. Therapeutically, current management remains constrained by dose-dependent adverse effects and limited pharmacological durability. Amifampridine, while effective, has a narrow therapeutic window, and seizure risk restricts dose escalation. Exploration of sustained-release formulations or optimized combination strategies may improve tolerability; however, larger controlled studies are needed to determine whether specific patient subgroups derive additional benefit. Beyond symptomatic modulation, advances in immunotherapy aim to achieve more selective immune regulation while minimizing generalized immunosuppression and associated complications. The identification of predictive biomarkers represents another important research priority. Reliable markers capable of forecasting disease progression, malignancy risk, or therapeutic responsiveness would support personalized treatment strategies tailored to individual clinical profiles. Greater understanding of genetic susceptibility and environmental influences may further clarify disease mechanisms and inform preventive approaches.
In this evolving landscape, nanomedicine offers a particularly promising avenue for innovation. Nanoparticle-based drug delivery systems provide opportunities for controlled release, improved pharmacokinetic stability, enhanced tissue targeting, and reduced systemic toxicity. For LEMS, such platforms may help mitigate peak-related adverse effects associated with conventional therapies while enabling more precise immunomodulatory intervention. Although these approaches remain largely investigational, their mechanistic alignment with the presynaptic pathophysiology of LEMS underscores meaningful translational potential. Progress in this field will depend on sustained interdisciplinary collaboration among neurologists, oncologists, immunologists, and nanotechnology researchers. Given the rarity of LEMS, multicenter cooperation and shared clinical data are essential to accelerate therapeutic innovation. Through continued integration of diagnostic refinement, targeted immunotherapy, and nanomedicine-driven delivery strategies, future advances may shift management beyond symptomatic control toward precision-oriented, disease-modifying interventions, ultimately improving long-term outcomes and quality of life for affected individuals.
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