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ABSTRACT

Acquired myasthenia gravis (MG) is an autoimmune disease targeting the specific proteins in the postsynaptic
muscle membrane. 50% of ocular and 80% of generalized MG have acetylcholine receptor antibodies (AChR
Abs). 1-10% of MG patients have antibodies against muscle-specific kinase (MuSK), and 2-50 % of seronegative
MG cases have antibodies against lipoprotein-receptor-related protein4 antibodies (LRP4 Abs). Serological
testing is crucial for diagnosing and determining the appropriate therapeutic approach for MG patients. The
radioimmunoprecipitation assay (RIPA) method is a historical standard test for detecting the AChR Abs and
MuSK Abs. While it has nearly 100% specificity in the AChR Abs detection, its sensitivity is between 50—92%.
The sensitivity and specificity of RIPA for detecting MuSK Abs is much lower. The fixed and live Cell-Based assays
(f-CBA and L- CBA) have higher sensitivity than RIPA. With advancements in the serological diagnosis and
management of MG, we now recommend a complete reflex testing algorithm on the first pretreatment sample of
a suspected MG patient, starting with the binding and blocking assays for AChR Abs by RIPA and/ or f-CBA. If
AChR Ab is negative, then reflex to MuSK Abs by RIPA and/ or CBAs. If AChR and MuSK Abs are negative, then
use clustered L-CBA by request.

1. Introduction

Acquired myasthenia gravis (MG) is a chronic autoimmune disease of
the neuromuscular junction of skeletal muscles characterized clinically
by fatigable weakness [1]. Despite MG being a rare disease and its
mortality has reduced during the last two decades, it still has a
remarkable burden including increased hospitalization and social and
economic costs. The incidence of MG varies with ethnicity, gender, and
age, and its worldwide annual rate is 0.41 to 3 per 100,000. The prev-
alence of MG has been increasing due to improvements in its manage-
ment, so it has more than doubled in the last twenty years [2-5]. While
different types of MG are recognized according to the clinical pheno-
type, the age at onset, the accompanying thymic abnormalities, and
autoantibodies, it is clinically classified as an ocular MG (OMG), bulbar,
and generalized (gMG). The OMG is defined as impairment of the
movements of extraocular muscles and rapidly progressive asymmet-
rical bilateral ptosis and/or diplopia that usually intensifies in the eve-
ning and improves with rest and naps. In approximately 15 % of MG
patients, the symptoms remain ocular, but in the majority, the disease
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progresses to limb and bulbar and respiratory muscles within the first
two years, resulting in generalized gMG [1,6,7]. Another clinical pre-
sentation of MG is the bulbar phenotype with weakness and fatiguability
in the jaw and oropharyngeal muscles that can also occur early in MG.
This bulbar weakness presents with dysarthria, dysphagia, difficulty in
handling secretions, and nasal regurgitation. This form of MG is more
frequently seen in young female and elderly male patients with positive
muscle-specific kinase antibodies (MuSK Ab). gMG is another phenotype
of MG that usually starts with ocular symptoms and over a few weeks to
months affects the proximal limb muscle [1,8]. However, in 20 to 30 %
of cases of gMG, the initial presentation is the involvement of extremities
and the trunk, and it leads to difficulties with daily living activities [1,8].
Moreover, any skeletal muscle group particularly palatal, oropharyn-
geal, upper esophageal muscles, and neck flexors may be affected in
gMG [1,8]. Involvement of respiratory muscles, including intercostal
muscles and the diaphragm with concomitant bulbar muscle involve-
ment may cause the myasthenic crisis [1,8,9]. Other types of MG with
distinct pathophysiology are neonatal MG, due to the transferring of
antibodies from an affected mother, pediatric MG, a rare autoimmune
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Fig. 1. The fetal AChR glycoprotein is made up of 2a, 1p, 15, and1y subunits. In adult AChR, the y-subunit is replaced by the e-subunit. Each AChR subunit has an

extracellular domain, four transmembrane domains, and an intracellular domain.

disease and difficult to diagnose and congenital MG. Congenital MG is a
very uncommon and heterogeneous form of MG and is typically
inherited as an autosomal recessive disease and may even occur in
adulthood. [11] It should be noted that since congenital MG is not an
autoimmune disease and it may even present in adulthood, it is the most
important differential diagnosis of seronegative MG [1,10]. MG was
originally recognized as a disease in young women, but its incidence has
increased in both elderly females and males in the last decades [11-13].
Therefore, according to the age at onset, MG cases are classified into
early-onset and late-onset when the onset is under or above the age of 50
[5,14]. Early-onset cases are more frequent among young females with
higher levels of acetylcholine receptor (AChR) Abs and thymic hyper-
plasia. In comparison, late-onset MG is more common in elderly males
with the presence of thymoma, AChR Abs, and more often ocular and
bulbar phenotypes [15,16]. Acquired MG is a prototype of autoimmune
disorders and is caused by antibodies against the AChR, MuSK,

lipoprotein-receptor-related protein 4 antibodies (LRP4 Abs), or other
AChR-related proteins in the postsynaptic muscle membrane [17-19]
MG can be classified based on its autoantibody status which is useful in
defining the clinical subsets as well as guiding its therapeutic strategies
[7,17,18,20]. In this regard, MG with AChR antibodies (Abs) is the most
common type of MG, followed by MG associated with MuSK and anti-
LRP4 Abs. AChR Abs are detected in approximately 50 % of ocular
and 80 % of generalized MG. Moreover, 1-10 % of MG cases have an-
tibodies against MuSK and 2-50 % of seronegative MG cases have an-
tibodies against LRP4 [21-24]. However, the remaining cases that do
not have both anti-AChR and anti-MuSK Abs are double seronegative
(dSN) MG [1,17,25-28]. Moreover, with the use of newer techniques
such as the fixed and live cell-based assay (f-CBA and L-CBA) to detect
antibodies against novel muscle antigens or low-affinity anti-AChR Abs
(See Immunopathogenesis of MG, below), the true frequency of “sero-
negative MG” has gone down [1,16,29].
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Fig. 2. AChR Ab Clustering. Schematic of the NMJ and molecules involved in AChR clustering by MuSK phosphorylation (p). Agrin binds to LRP4 to phosphorylate
MuSK. Connective tissue growth factor (Ctgf) also binds to Lrp4 to enhance MuSK phosphorylation.

2. Immunopathology of autoimmune MG

The synaptic connection between the motor nerve terminal and
skeletal muscle membrane (neuromuscular junction) is responsible for
conducting action potentials from nerve to muscle fibers. The autoan-
tibodies targeted proteins in MG are located throughout the post-
connecting area of the neuromuscular junction (NMJ) and can be clas-
sified into transmembrane or extracellular antigens, and cytoplasmic or
intracellular antigens (Fig. 1A) [1,29-31]. The nicotinic muscle AChR
with its transmembrane pentameric structure is the most common target
for Abs attack in MG patients. While the fetal AChR glycoprotein is made
up of 2a, 1B, 18, andly subunits, in the developed adult AChR, the
y-subunit is replaced by the e-subunit [1,29,30,32]. Each AChR subunit
has an extracellular domain, four transmembrane domains, and an
intracellular domain (Fig. 1A, B) [1,29,31,32]. The autoantibodies can
target extracellular domains of all subunits of AChR including the y
subunit, but the a-subunit is its main immunogenic region (MIR), and
Abs targeting it are more pathogenic [1,29,32]. AChR Abs primarily
belong to IgG1 and IgG3 subclasses and can be detected in up to 80 % of
gMG patients and 50 % of OMG [32,33]. The anti-AChR Abs possibly can
affect neuromuscular function by the complement cascade activation,
cross-linking of AChR, and directly blocking the acetylcholine binding to
the AChR site (Fig. 1B) [31,34,35]. The deposition of C3, C9, and the
membrane attack complex (MAC) at the muscle endplate and its con-
sequences including postsynaptic folds destruction and impairment of
NMJ, have been observed in MG patients [36,37]. The MAC is also
responsible for other pathological changes such as simplification of
muscle endplates, widening of the synaptic cleft, and perhaps the per-
manent AChR loss [36,37]. Antigenic modulation (the ability of an Ab to
cross-link two antigen molecules) is another possible mechanism of
AChR damage and impairment of neuromuscular transmission. F(ab)2

fragments of anti-AChR antibodies can mediate this process and lead to
endocytosis and degradation of junctional and extra-junctional re-
ceptors [42]. Anti- AChR blocking Abs were found in a variable number
of MG sera, but their importance in the pathophysiology of MG is un-
clear [39]. Even though this is an uncommon pathogenic mechanism in
MG, it may be clinically important due to enhancing complement-
mediated damage and/or accelerating receptor degradation. Indeed,
the AChR blocking process can cause acute clinical deterioration in MG
patients, and it explains the rapid clinical improvement after plasma-
pheresis [39,40]. The second most common antigenic target for Ab
attack in MG patients is the MuSK protein. It is an anchoring protein
with three extracellular, transmembrane, and intracellular (with tyro-
sine kinase activity) domains [1,29, 38, 41]. The extracellular domain
has three immunoglobulin-like regions (Igl, Ig2, and Ig3) and a
cysteine-rich frizzled-like region. MuSK protein is necessary for main-
taining the NMJ structure and plays a crucial role in the AChR clustering
process [1,29,30]. MuSK Ab primarily belongs to the IgG4 subclass,
which is unable to activate the complement cascade, incapable of
binding to Fc receptors, and ultimately unable to activate the feedback
loop controlling IgG synthesis. It directly blocks the MuSK protein
interaction with the LRP4-agrin complex and interferes with AChR
clustering at NMJ (Fig. 2) [22,29,43]. Anti-MuSK Abs of the IgG1-3
subclasses, in a lower amount, exist in MG patients, and they might
activate the complement cascade. They also block the LRP4-agrin
signaling that leads to the inactivation of MuSK and inhibition of
AChR clustering at the NMJ [44-46].

Another complexity of the immunopathology of MG is its thymic
pathological features. Abnormality of the thymus gland exists in 80 to
90 % of MG patients. The majority of MG patients who are young and
particularly AChR Ab positive have follicular hyperplasia with germinal
center formation. They have a natural thymus architecture that is more
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Fig. 3. The main proteins involved in the complement activation cascades (Adapted from Nat Rev Neurol). A schematic of complement cascades activation: Anti-
AChR Abs essentially belongs to complement-fixing IgG 1 and IgG 3 subclass. The main immune mechanism in MG patients is the activation of the classical com-
plement pathway via the binding of C1q to the Fc domain of the anti-AChR Ab. The critical steps in this cascade are the cleavage of C3 into C3a and C3b, and of C5

into C5a and C5b while the latter cause MAC (C5b-9) formation.

like a lymph node with maturing B and T cells with the ability of AChR
Abs secretion [1,47]. However, thymomas are found in 10 % and up to
30 % of MG patients, and it is more frequent in elderly males [48-50].
The thymus of MG patients, particularly with follicular hyperplasia,
contains all the essential elements for the build-out of the AChR Abs and
thymus cells can express various subunits of AChR. Additionally, im-
mune response-inducing factors such as chemokines with the attraction
of immigrant CD4 + T and B cells, AChR-reactive B and CD4 + T cells,
anti-AChR Ab secreting plasma cells, depression of CD4 + CD25 +
regulatory T cell function have been recognized in the hyperplastic
thymus [29,30,51]. Moreover, the expression of MuSK on the human
thymic cell suggests that they may play a role in the development of
MuSK MG [1,51,52]. As there is still ambiguity about whether or how
the thymus acts in the production of anti-AChR Abs, understanding its
mysterious role may lead to the determination of MG immunopatho-
genesis [29,51-53].

3. Complement activation profile in MG

MG is a classic form of a type II hypersensitivity reaction that means

IgG class autoantibodies target synaptic proteins at the cell surface or
extracellular region and cause NM damage. Interestingly, different
subclasses of IgG are involved in the immunopathogenesis of MG. For
example, AChR was targeted by IgG1 and IgG3 antibodies, LRP4 protein
was targeted by IgG 1 and IgG 2, and MuSK protein was targeted by IgG4
[20]. Anti-AChR Abs essentially belongs to complement-fixing IgG 1 and
IgG 3 subclass and their pathogenicity is by activation of the comple-
ment system and formation of membrane attack complex (MAC) [54].
Indeed, the main immune mechanism in MG patients is the activation of
the classical complement pathway via the binding of Clq to the Fc
domain of the anti-AChR Ab. The critical steps in this cascade are the
cleavage of C3 into C3a and C3b, and of C5 into C5a and C5b while the
latter cause MAC (C5b-9) formation. Fig. 3 [55,56]. Since the process of
complement activation is a multiphasic cascade of events, multiple
possible targets for immunotherapeutic intervention are available in MG
patients.

4. Diagnosis of autoimmune MG

The diagnosis of acquired MG in highly clinical suspicion (the
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presence of fluctuating weakness and fatigability that appears on exer-
cise and relief with rest) is confirmed by bedside tests, pharmacologic
testing, electromyography (EMG) studies, and serum Ab assay.

Rest test, sustained upgaze test, heat, and ice-pack tests are the
bedside tests that assess muscle fatigability in MG patients [57,58]. The
heat or ice-pack tests are helpful in the diagnosis of ocular MG in pa-
tients who present with ptosis. A latex party balloon filled with ice or hot
water (up to 45 °C) and applied on the eyelid for 2 min. After taking
pictures, the palpebral aperture before and immediately after each test
will be measured by a ruler. The mean improvements in ptosis are 2.3
(£1.5) and 0.33 (+1.4) mm. The sensitivity and specificity of the ice-
pack test for diagnosing MG are 28 % and 100 %, and they increase to
73 % and 97 % when combined with sustained upgaze [58,59]. The
rationale behind the use of pharmacological agents as a diagnostic probe
in MG, relates to the inhibition of acetylcholinesterase (AChE) which is
responsible for the breakdown of the ACh, resulting in increased
amounts of ACh to bind and activate AChR. In patients with MG, inhi-
bition of AChE results in improvement in strength, which can then be
demonstrated on the neurological examination or, electrophysiological
testing [60,61].

The specific electromyographic tests for MG are repetitive nerve
stimulation (RNS) and single fiber electromyography (SFEMG). In MG,
muscle fibers cannot consistently respond to supramaximal ACh release
that is recognized as the blocking. This phenomenon presents as reduced
CMAP amplitudes during slow-rate RNS and is determined as a decre-
mental response. A 10 % or more decrease between the first and fourth
CMAP waveforms is abnormal [62,63].

The SFEMG uses a specifically constructed single-fiber needle or
facial concentric needle electrode to study the action potentials of
adjacent muscle fibers from the same motor unit. In MG, the jitter (the
variation of the inter potential interval of consecutive discharges of two
single muscle fibers related to a similar motor unit) increase [63-65].
SFEMG can also detect blocking, which reflects the intermittent loss of
action potential within a muscle fiber of a motor unit [66,67]. The re-
ported sensitivity and specificity of RNS and SFEMG alter widely among
different studies. The sensitivity of RNS is between 14 and 94 %, and its
specificity varies between 73 and 100 %, the sensitivity of SFEMG is
between 64 and 100 %, and its specificity ranges from 22 to 100 %
[58,63,68-70]. The main purpose of diagnosing autoimmune MG is to
identify its subtypes, which certainly rely on autoantibodies detection.
Therefore, serological testing is the pivotal step in the MG patients’
assessment, and it plays a crucial role in its diagnostic confirmation and
therapeutic direction [1,30,71]. With the introduction of new, highly
effective, antigen-specific treatment options (see below), detecting the
specific antibody responsible for pathogenesis in individual patients is
important [29,30,72]. The AChR Abs are specific for the MG diagnosis if
measured by radioimmunoprecipitation assay (RIPA) or Cell-Based as-
says (CBA) [1,3,30]. RIPA is the historical gold standard method of
detection of AChR Abs, with nearly 100 % specificity. In RIPA, AChR
usually is obtained from human muscles or AChR-expressing cell lines,
such as the TE671 cell line (express fetal AChR) or CN21 cell line (ex-
press both fetal and adult AChR) [20,29,73]. RIPA technique is mainly
based on the labeling of human AChR antigens with 125I-a-bungar-
otoxin(a-BT) and then precipitating the labeled complex of labeled
AChR-with patient’s AChR binding Abs using a secondary anti-human
IgG antibody. The precipitated is counted and compared with the
healthy control serum. When the test result is positive blocking with cold
a-BT (unlabeled) is performed as control [1,20,29,71,74,75]. While the
RIPA can detect binding Ab in up to 80 % of generalized MG, detection
of modulating and blocking AChR-Ab using commercially available
RIPA has limited diagnostic value, though their significance has been
reported in a recent publication [71,76-78]. In addition, by using a
mixture of the adult and fetal forms of the receptors the accuracy of RIPA
improves. On the other hand, in the high-volume service laboratories,
approximately 0.05 % false positivity of AChR Ab by RIPA has been
reported that can be attributed to an immunoprecipitation artifact of the
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radioligand or the valid immunobiological seropositivity of other
neurological diseases [79,80]. Hence, to eliminate the technical causes
of invalid results, the positive RIPA with high radiation values (CPM;
count per minute) should be repeated. Moreover, if patients have
received immunomodulators such as intravenous immunoglobulin
(IVIG) or plasma exchange (PLEX) within six weeks of their test or
monoclonal antibodies (mAbs; Rituximab, Eculizumab) within 24 weeks
of their test, confounded test results and false negatives are possible
[1,29]. Therefore, any unexpected RIPA findings or negative results in
the highly clinical suspicion should always be confirmed with inde-
pendent confirmatory methods, for example, a highly- specific Live Cell-
Based assay (L-CBA), to provide a definitive diagnosis. In addition, all
clinically relevant antibodies do not bind well to 125I-a-bungarotoxin
labeled AChR antigens in standard RIPA. In contrast, the AChR Abs with
lower affinity, in standard RIPA, bind better to clustered AChR in its
native form in the L-CBA [1,29,30,81-83]. Indeed, in L-CBA, HEK293
cells are transfected with fetal or adult AChR subunits at a density
similar to its expression in the NMJ and co-transfected with rapsyn as
well to promote AChR clustering on the cell surface, (clustered AChR).
Ultimately, the binding of the patient’s serum is detected with a fluo-
rescently labeled secondary antibody on a fluorescent microscope.
Commercial (Fixed) CBAs with the synthetic expression of different
AChR subunits (adult and fetal type) and rapsyn, the same as L-CBA are
also available. However, anti-AChR Abs can be detected by other tech-
niques such as enzyme-linked immunosorbent assay (ELISA), fluores-
cence immunoprecipitation assay (FIPA), and dot-blot methods. But
they have lower sensitivity and specificity than the RIPA or the CBAs,
making it difficult to rely on them for clinical diagnosis [1,29,30].

The power of CBA in improving the detection of AChR Abs compared
to RIPA has been reported in several studies [29,30]. In routine diag-
nostic settings, clustered AChR Abs are detected in around 20 % of
SNMG patients [1,20,29,30,81]. In a recent study comparing the per-
formance of a commercial CBA with RIA, the f-CBA showed a 4 % in-
crease in sensitivity with 99.6 % specificity [84]. Recently, the
performance of fixed and live CBA for AChR Ab detection were
compared, showing L-CBA was more sensitive than the fixed CBA in
detecting AChR Ab [85]. In another prospective multicenter double
blind study, Li and colleagues enrolled 2043 clinically diagnosed MG
cases and 229 non-MG and healthy controls from 9 centers across China
to compare fixed CBA, RIPA, and ELISA performance in AChR Ab
detection [86]. The sensitivity of fixed CBA was 72.3 % compared to
64.1 % (RIPA) and 62.7 % (ELISA), and specificity of fixed CBA and
RIPA were similarly high at 97.8 % while ELISA had lower specificity
(94.8 %) [86]. Although this study in continuity with two previous
studies, [84,85] indicated high sensitivity of fixed CBA, it also confirmed
that RIPA had reasonable sensitivity and high specificity for MG, as a
traditional gold standard test, for AChR Ab detection [86]. In addition, 6
% of those who were negative for AChR Ab by fixed CBA were positive
by RIPA, and by combining the two methods, sensitivity increased,
suggesting the benefit of a testing algorithm in suspected MG. Moreover,
in this study live CBA, which has higher accuracy than fixed CBA and
RIPA was not compared with two other methodologies. Moreover, in
MG, the affinity maturation of autoantibodies could potentially
contribute to intensified tissue destruction, heightened clinical severity
and paradoxically reduction in antibody titers [87-89]. This is partic-
ularly true in children and pediatric MG, patients who do not have
detectable AChR Ab or muscle-specific tyrosine kinase antibodies by
radioimmunoprecipitation (RIPA) [90]. As CBAs are a semiquantitative
method, AChR Ab detection by quantitative flow cytometry can offer a
viable alternative to current CBAs, but its clinical application needs
further evaluation [91].

The MuSK Abs can be detected by RIPA, which is a highly specific
assay [1,16,20,29,92]. False-positive results of MuSK Abs are uncom-
mon among healthy individuals; therefore, the MuSK Abs detection in
patient serum with highly clinical suspicions supports the MG diagnosis
[1,29]. MuSK cell-based assay (MuSK-CBAs) with transfecting of
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HEK293 cells with MuSK recombinant antigen has been developed with
increased sensitivity by 6-10 % due to additional detection of MuSK Abs
[1,29,30,93-95]. The commercial test kits for MuSK CBA are also
available [86,96]. The detection of MuSK Abs by quantitative flow
cytometry is also being further evaluated for clinical application
[97,98]. ELISA and FIPA methods can also detect MuSK Abs, but precise
evaluations are required before their usage in routine practice
[1,17,29,30]. In a study the diagnostic accuracy of ELISA for detection of
MuSK Ab compared with MuSK CBA and RIPA in 89 patients with a
clinical suspicion of AChR Ab-negative gMG. MuSK Ab was positive in
22 (24.7 %), 25 (28.1 %), and 14 of 51 patients (27.5 %) by ELISA, CBA,
and RIPA respectively [96]. In another study comparing fixed and Live
CBA for MuSK Ab detection, among 86 RIA-dSN patients, f-CBA detected
MuSK Abs in 1 case and L-CBA in 11 cases [85]. In this study the
sensitivity and specificity of f-CBA and L-CBA was calculated by detec-
tion of MuSK Ab in 40 samples of RIA positive and 40 samples of healthy
control that for both assays, the sensitivity and specificity for MuSK Ab
was 100 % [85]. In a recent prospective multicenter double blind study
MuSK Ab were found in 59, 50, and 54 out of 2043 MG patients’ serum
by CBA, RIPA and ELISA, respectively. The f- CBA increased the detec-
tion of MuSK antibody in MG patients by 0.3 %-0.5 % compared to the
RIPA and ELISA with the same specificity as RIPA (100 %) and higher
specificity than ELISA (99.1 %) [86].

Among various methods for the detection of MuSK Abs, each tech-
nique had a particular advantage and drawback, but RIPA is still a
common method, for MuSK Ab measurement. As in MuSK associated MG
intraindividual alterations in antibody titers has a strong correlation
with variations in disease severity, RIPA is helpful to follow antibody
titer and evaluate treatment response [99,100].

LRP4 has been recognized as a third autoimmune target in MG pa-
tients. The data about the clinical findings and response to therapy of
MG patients with LRP4 is more limited [101]. However, the detection of
these antibodies may lead to prospective, randomized therapeutic trials
and future therapeutic choices. Moreover, LRP4 Abs are also present in
around 8 % of AChR Abs positive patients, 15-20 % of MuSK positive
patients, and 3.6 % of patients with other neurological conditions
[102-104]. The LRP4 Abs in SNMG patient sera can be detected by CBAs
(HEK293 cells transfected with LRP4 recombinant protein) or ELISA
[105]. Although the expression of the LRP4 transmembrane protein in
CBA is difficult, co-expression with the chaperone Mesdc2 enhances its
transport to the cell surface with limited efficacy. Alternatively, trans-
fected cells can be fixed and permeabilized, but this procedure should be
initially optimized [106]. Despite raising some questions about the
LRP4-1gG service line testing, [54] the detection techniques, including
quantitative methods or mixed techniques, as well as patient de-
mographics, may influence the results of LRP4 Ab testing [107,108].
Therefore, future clinical validation and research studies must focus on
establishing a consensus testing platform with optimal accuracy and its
application in diagnosing MG cases with LRP-4 IgG positive. However,
we recommend LRP4 testing in seronegative MG cases as research-use-
only (RUO) testing at this time.

5. Therapeutic strategies in MG patients

The current conventional treatments in MG are symptomatic therapy
and immunotherapy including immunomodulators and immunosup-
pressive. The clinical pattern, autoantibody detection, and disease
severity guide the therapeutic approach in MG. The first line of treat-
ment in AChR Ab seropositive MG is the cholinesterase inhibitors
(ChEIs). With blocking of ACh hydrolysis, ChEIs increase ACh quanta at
the postsynaptic membrane and cause more activation of postsynaptic
AChRs and consequently increased NM transmission. They are the best
option for maintenance therapy to minimize fatigue and improve muscle
power. However, ChEIs have restricted or no effect on controlling the
symptoms in patients with MuSK Ab-associated MG. Moreover, the
ChEIs cannot modify the underlying immune process in MG patients
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Table 1
Targets of novel therapeutic agents in myasthenia gravis.
Therapeutic Class Drug Name
B Cell Depletion Rituximab
Target CD20 Inebilizumab
Target CD19
Complement inhibition Eculizumab
C5 inhibitors Ravulizumab
C5 and C5b inhibitor Pozelimab
Zilucoplan
FcRn blockers Efgartigimod, Rozanolixizumab, Nipocalimab,
Batoclimab
Plasma cell targeting Bortezomib

Cytokine and Chemokine
pathways targeting

Iscalimab, Belimumab, Telitacicept,
Tocilizumab, Satralizumab

[1,109]. While ChEIs can improve symptoms in mild cases and are
usually used as the initial symptomatic therapy, most MG patients need
immunotherapy to suppress autoantibody production. Oral corticoste-
roids are used as a first-line immunosuppressant to induce remission,
and they are continued with a low dose alongside or without non-
steroidal immunosuppressants for maintenance therapy. Corticosteroid
side effects include increased appetite and weight gain, diabetes, acne,
rapid mood changes, muscle weakness, and delayed wound healing,
leading to its intolerability and discontinuation. Azathioprine, myco-
phenolate mofetil, cyclosporine, tacrolimus, and methotrexate have
been used as non-steroidal agents for the first or second line of immu-
nosuppressive therapy in the management and long-term treatment of
MG patients. Cyclophosphamide is also used in MG management, but it
is usually reserved for patients with poor responsiveness to other
immunosuppressant agents [2,102,110]. Plasmapheresis (PLEX) and
Intravenous immune globulin (IVIG) are two immunomodulators with
rapid and short-lasting effects that are used for controlling acute attacks,
crises, or refractory cases. IVIG may also be used for maintenance
therapy in refractory cases or when there are contraindications to
immunosuppressive treatment [111]. While, thymectomy is beneficial
in cases with thymoma-associated MG and a subset of early onset non-
thymomatous AChR Ab seropositive gMG patients, its usefulness in
older cases and seronegative MG has not been determined [112]. Pa-
tients with MuSK-MG have limited response to IVIg. Thymectomy is also
not beneficial in MUSK-MG, because there are no consistent thymic
abnormalities in these patients. In addition, as MuSK Abs does not
activate the complement pathway, the complement-blocking agents are
ineffective in MuSK-MG. Several biological drugs have been developed
and utilized in MG patients to control their symptoms, particularly in
refractory cases. These drugs influence the underlying immunopatho-
genesis of the disease. Rituximab was the first biological drug used in
MuSK and AChR Abs seropositive MG. It is a monoclonal antibody with
fragmented antigen-binding (Fab) region domains. It targets CD20-
expressing B cells which cause the depletion of circulating B lympho-
cytes and, subsequently, the autoantibodies. However, it does not target
B cells in the bone marrow and lymph nodes, as well as stem cells, pro-B
cells, long-lived plasma cells, and plasma blasts [26,111]. During the last
few years, some novel biological drugs for preventing disease progres-
sion via complement inhibition, such as Eculizumab and Ravulizumab,
or Fc receptor (FcRn) antagonists, such as Efgartigimod alfa and Roza-
nolixizumab have got FDA approval. Table 1[113,114]. Eculizumab, a
humanized monoclonal antibody, inhibits the cleavage of the terminal
complement protein C5 into C5a and C5b and prevents MAC formation.
Fig. 3 Its intravenous induction therapy with 900 mg weekly for 4 weeks
followed by 1200 mg maintenance every 2 weeks for AChR Ab positive
generalized MG has been approved by the FDA. It carries a risk of
meningococcal infection and the vaccination against Neisseria menin-
gitidis is mandatory at least 2 weeks before the first infusion [115].
Ravulizumab is another complement inhibitor agent with an action
mechanism similar to eculizumab but with long-acting C5 inhibition. It
needs fewer injections for maintenance due to its long half-life [2,113].
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AChR Ab testing

By RIPA (Qualitative & Quantitative) and / or f-CBA

L-CBA By request

Negative

Negative

MuSK Ab Testing

By RIPA and/or CBA

Fig. 4. MG Serological Testing Algorithm. A complete reflex testing algorithm on the first pretreatment sample of clinically suspected MG, starting with the binding
and blocking assays for AChR Abs by RIPA and/or f- CBA. If AChR Ab is negative, then reflex to MuSK Abs by RIPA and/or CBA. If AChR Ab negative by RIPA and/or
f-CBA and MuSK negative by RIPA and/or CBA, then AChR Ab by L-CBA (in high index of suspicion for MG) by request.

Zilucoplan is another novel biological agent that prevents the terminal
activation of the complement cascades:1) by binding to the C5 compo-
nent and preventing its cleavage and 2) by binding to the C5b and
avoiding its attachment to C6. It has a small molecule, and it is not an
antibody, therefore it can be administrated subcutaneously and
concomitant with IVIg therapy [2,113]. Pozelimab with Cemdisiran is
another complement inhibitor agent including a human monoclonal Ab
against C5 complement (Pozelimab) and a small synthetic interfering
ribonucleic acid (Cemdisiran) with the ability to suppress the hepatic
production of C. Both of them are safe and well tolerated when injected
subcutaneously. A highly effective approach for the selective removal of
IgG antibodies in MG patients is the use of therapeutic agents targeting
the FcRn [116,117]. Each immunoglobulin molecule has a variable
antigen-binding region (Fab fragments) and a constant crystallizable
complement binding region (Fc fragments). The bond of the Fc frag-
ments to Fc receptors is essential for their interaction with the cellular
immune process and enhancement of the IgG levels in the serum. This
latter action is regulated by FcRn, which are in endothelial and myeloid
cells. The binding of FcRn occurs only in an acidic Ph. When the IgG is
transported to the acidic environment of the cell endosomes, FcRn binds
to IgG and protects it from degradation and transports it back to the
surface and releases it in the neutral physiological Ph [113,118]. As all
the antibodies of seropositive MG belong to the IgG subclasses, FcRn
blocking can interfere with their degradation process and reduce their
concentrations [119]. This technique may be considered the same as a
plasma exchange leading to the rapid reduction in IgG levels. Interest-
ingly, while FcRn blocking agents reduce the pathological autoanti-
bodies, they preserve the concentrations of the other antibody subtypes
(IgM and IgA) [120]. Another advantage of FcRn blocking agents is their
potential to allow the production of an effective immune response
during therapy, accompanied by a reduced risk of infection. In addition,
by decreasing the pathogenic autoantibodies, these agents prevent all
the pathological effects of the autoantibodies, including complement
activation, apoptosis by internalization, and blocking in MG patients.
Their various products are engineered Fc fragments (Efgartigimod),
monoclonal antibodies against FcRn (Rozanolixizumab, Nipocalimab,
Batoclimab, and Orilanolimab), and peptide fragments. While the
Efgartigimod has been approved for the therapy of gMG, the others are
in different phases of development. A mild to moderate reduction of
serum albumin levels has been reported as a side effect of these agents in
healthy volunteers and patients, and it can affect the blood levels of
highly albumin-bound medications. Autologous hematopoietic stem cell
transplantation (HSCT) as a technique to weaken or even completely
halt disease activity in many autoimmune neurological diseases
including MG has been developing during the last few years [121]. The
processes in HSCT include the stimulation of hematopoietic cell

production, collection of cells from circulation, immune system ablation
and restoration, and re-infusion of treated cells into patients. The evi-
dence for HSCT in MG is very limited to a few patients. The early and late
severe side effects including infections, secondary autoimmune diseases,
and neoplasms have brought HSCT to a lower rank among the treatment
options.

6. Conclusion

The crucial diagnostic evaluation of clinical MG is performed by
serologic testing. RIPA has been used for the last four decades as a gold
standard assay for the detection of AChR and MuSK Abs. Cell-Based
assays (CBA) are an improved technique for detecting AChR Abs,
MuSk, and LRP4 Abs. Other techniques such as ELISA, FIPA, and dot-blot
methods, have lower sensitivity and specificity and it is difficult to rely
on them for the diagnosis of MG. Moreover, while the presence of AChR
Abs has a very high positive predictive value (PPV), its presence does not
predict the course of the disease, and the titer of AChR Ab does not
correlate with clinical severity on a group level. However, on an indi-
vidual level, deterioration or improvement in clinical activity often ac-
companies an increase or decrease in AChR Abs. The poor correlation of
Abs titer with disease severity may be related to the current assays used
for AChR Abs detection, which primarily measure the binding circu-
lating antibodies. Further, despite MG is one of the best-known immune
diseases, there are still essential needs in its therapeutic planning. While
conventional therapies can induce remission in 70 — 80 % of MG pa-
tients, very few of them attain permanent stable remission [122]. The
inconsistency in therapeutic response and the risk of long-term exposure
to immunosuppressive agents imposes adverse effects on patients’
quality including corticosteroid side effects, opportunistic infections,
malignancies, and systemic organ dysfunction. The main reason for such
toxicities is the non-selective targets of the immune system among the
current MG standard medications. In addition, the necessity of long-term
corticosteroids to delay the need for non-steroidal agents complicates
the management of MG patients with their multiple metabolic and
immunological side effects. Moreover, patients with severe co-
morbidities are intolerable to steroids and other immunotherapeutic
agents. In addition, approximately 10-15 % of MG patients may be re-
fractory to standard therapies that cause recurrent exacerbations with
the need for hospitalizations and respiratory support and susceptibility
to end-organ dysfunction and failures [123,124]. Indeed, measurement
of a combination of Abs, including those that bind to complement or
modulate the AChR is essential for obtaining more accurate Abs titers for
having a better correlation with disease severity. Considering the het-
erogeneity of MG, the live Cell-Based assay helps to detect the clustered
antibodies that contribute to the increased circulation of the AChR. With
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advancements in the diagnosis and management of MG, there has been a
recently proposed change to MG testing algorithms. Because immuno-
therapeutic and biological drugs confound the test results (e.g., false-
negative in patients who have received IVIG, plasma exchange, ritux-
imab or eculizumab) and the necessity of early immune-targeted ther-
apy, we now recommend a complete reflex testing algorithm on the first
pretreatment sample from a patient with suspected MG, starting with the
binding and blocking assays for AChR Abs by RIPA and/ or f-CBA
(Fig. 4). If AChR Ab is negative, then reflex to MuSK Abs by RIPA and /or
CBAs. If AChR and anti- Abs are negative, then use AChR Abs L-CBA (in
high index of suspicion for MG) by request.
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