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Myasthenia gravis is an autoimmune disorder of the neuromuscular junction. A number of
molecules, including ion channels and other proteins at the neuromuscular junction, may be
targeted by autoantibodies leading to abnormal neuromuscular transmission. In approximately
85% of patients, autoantibodies, directed against the postsynaptic nicotinic acetylcholine
receptor can be detected in the serum and confirm the diagnosis, but in general, do not precisely
predict the degree of weakness or response to therapy. Antibodies to the muscle-specific
tyrosine kinase are detected in approximately 50% of generalized myasthenia gravis patients
who are seronegative for anti-acetylcholine receptor antibodies, and levels of anti-muscle-
specific tyrosine kinase antibodies do appear to correlate with disease severity and treatment
response. Antibodies to other muscle antigens may be found in the subsets of myasthenia gravis
patients, potentially providing clinically useful diagnostic information, but their utility as relevant

biomarkers (measures of disease state or response to treatment) is currently unclear.
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Autoimmune myasthenia gravis (MG) is a rela-
tively rare disease affecting approximately 20 per
100,000 people [1]. Patients with MG exhibit
characteristic fatigable weakness of voluntary
muscles including ocular, facial, oropharyn-
geal, limb and respiratory muscles 2. MG is a
well-established organ-specific, autoantibody-
mediated disease caused by circulating antibod-
ies directed against skeletal muscle receptors and
proteins at the neuromuscular junction (NM])
(2-4]. These antibodies bind to components of
the NMJ, disturbing their normal function and
impairing neuromuscular transmission.

In approximately 85% of MG patients, cir-
culating antibodies against the acetylcholine
receptor (AChR) bungarotoxin-binding site are
not only the pathogenic effector immune mol-
ecules but also provide a sensitive and specific
diagnostic test [2]. Up to 50% of the remaining
15% of MG patients harbor antibodies against
muscle-specific tyrosine kinase (MuSK), an
enzyme critical for NM]J formation and agrin-
induced AChR clustering (5,6]. In the remaining
cases, antibodies against AChR and MuSK are
not detectable by conventional assays, perhaps
indicating a distinct autoantigenic target or pos-
sibly a lack of assay sensitivity. Some of these

patients have been found to have circulating
antibodies that can only be detected by bind-
ing of clustered AChRs in a cell-based assay
(7]. In general, detecting circulating anti-AChR
and anti-MuSK antibodies in MG provides an
important means to confirm the clinical diagno-
sis in patients with suspected disease, allowing
specific treatment.

MG is also associated with other antibodies
that recognize skeletal muscle proteins (other
than AChR or MuSK), which may be useful in
identifying the subtypes of MG (8, although
their role in disease pathogenesis is unclear. The
molecules that have been identified as immune
targets on the postsynaptic membrane and mus-
cle cell are depicted in Ficurs 1. The identification
of the antibodies that bind to these proteins aids
in the classification of MG clinical subtypes, as
shown in Tasie 1. However, there is a variable
relationship between the levels of serum anti-
AChR, anti-MuSK or other MG-related muscle
autoantibodies to disease severity and response
to treatment in MG. In this paper, the authors
will review the muscle autoantibodies that have
been associated with MG and discuss their role
in MG pathology, diagnosis and their potential
utility as therapeutic biomarkers.
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Figure 1. Muscle autoantigens in myasthenia gravis. The major pathologic antibodies in myasthenia gravis target AChR and MuSK
on the postsynaptic membrane. Autoantibodies may also target other end-plate proteins (LRP4, rapsyn) and proteins involved in
muscle contraction and excitation—contraction coupling (titin, myofibrillar proteins and RyR).

ACh: Acetylcholine; AChR: Acetylcholine receptor; ColQ: Collagen Q; LRP4: Lipoprotein-related protein receptor 4; MuSK: Muscle-specific

tyrosine kinase; RyR: Ryanodine receptor.

Anti-AChR antibodies

In most patients with MG, the disease arises from a humoral auto-
immune response directed against the muscle nicotinic AChR
(2-4]. Evidence from classical experiments indicates that anti-AChR
antibodies are pathogenic (the main cause of weakness in MG),
leading to end-plate AChR loss, simplification of the postsynaptic
membrane and derangement of neuromuscular transmission [9].
AChR antibodies from MG patients bind to the NM] and cause
weakness when injected into experimental animals [10]. In addition,
the removal of circulating antibodies by thoracic duct drainage [11]
or plasma exchange [12] results in improvement in MG symptoms.
Anti-AChR antibodies in human MG are comprised of the IgG
subclass 1 or 3 and mainly target the main immunogenic region
of the AChR, which is located at the extracellular region of the
AChR-0o subunit [13,14]. Antibody binding reduces the number
and/or function of muscle AChRs by three main mechanisms [9,15]:
complement activation resulting in destruction and focal lysis of
the postsynaptic folds at the NM]J leading to the destruction of
AChR and AChR-related proteins at the end-plate (i.e., rapsyn and

voltage-gated sodium channels); cross-linking of adjacent AChRs
resulting in their accelerated internalization and degradation; and
blocking of the acetylcholine (ACh)-binding site. Anti-AChR anti-
bodies are highly specific for MG because they are not detected
in healthy individuals and are only rarely present in patients with
other autoimmune or neuromuscular disorders (see below).

Role of the thymus gland

The thymus gland plays an incompletely understood but critical
role in the pathogenesis of MG with AChR autoantibodies. Most
MG patients have thymic abnormalities, with more than 50%
having thymic hyperplasia, and 10-15% having a thymic tumor
(16]. The hyperplastic thymus glands of MG patients contain all the
functional components (T cells, B cells and plasma cells, as well
as muscle-like myoid cells that express AChR) necessary for the
development of an immune response to AChR, and thymocytes in
culture spontaneously produce anti-AChR antibodies [17]. These
findings support the concept of an intrathymic source for the
initiation of the anti-AChR immune response and the production
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of AChR antibodies in MG patients with
thymic hyperplasia.

Thymoma is a relatively rare neoplasm
of thymic epithelial cells that is often asso-
ciated with autoimmunity, probably due  Early onset
to the presentation of altered self-antigens | Jta onset
expressed by neoplastic cells. Thymomas
may express numerous self-like antigens,
including AChR-, titin- and ryanodine
receptor-like epitopes [18]. Unlike the case
in thymic hyperplasia, there is no signifi- Thymomatous
cant autoantibody production within thy-
momas. However, sensitized autoreactive
T lymphocytes may proliferate, leave the
tumor and stimulate B cells to produce
autoantibodies. Virtually 100% of patients
with thymomatous MG have detectable
serum AChR antibodies [19]. The anti-
bodies and their epitopes differ in their
fine specificities from those in MG patients
without thymoma [20,21]. A number of other
muscle autoantibodies are also associated
with thymoma and will be discussed below.

While the precise mechanism of auto-
sensitization to the AChR is not clear,

MuSK

Ocular

abnormalities of the thymus gland (hyperplasia and neoplasia)
almost certainly play a role in the majority of MG patients. As a
primary site for the establishment of immune regulation, derange-
ments in the thymus gland may lead to a defect in the immune
system’s suppression of autoreactive lymphocytes, allowing for the
development of anti-AChR immune responses. AChR-specific
CD4' T cells are present in the blood of MG patients with these
antibodies [22] and are particularly abundant in the thymus, sup-
porting the idea that the thymus is the site where T-cell autosen-
sitization takes place in MG [2324]. Interestingly, healthy subjects
also have circulating T cells that can be activated in the presence of
various autoantigens, including AChR, indicating that autoreactive
T cells may normally gain access to the peripheral immune system
but are held in check by peripheral tolerance mechanisms [2s).

In thymoma, frequent concurrent autoimmunity against
seemingly unrelated autoantigens suggests that potentially cross-
reacting proteins expressed by the tumor play a role in disease
production [26]. Thymomas from MG patients are rich in auto-
reactive T cells, consistent with this postulate [27]. It may also be
hypothesized that these autoreactive T cells are positively selected
(selected for survival) and exported to the periphery, where they
are activated and provide help for autoantibody-producing B cells.
Negative selection and regulation of potentially self-reactive
T cells may also play a role in abnormal thymus tissue due to a
deficiency in the expression of the autoimmune regulator gene and
possibly the selective loss of regulatory T cells [28.29].

Diagnostic testing
AChR-related antibodies in MG can be classified into three types
(based on the effects of the antibodies on AChRs and AChR

autoantibodies.

Double-seronegative Variable

Table 1. Clinical myasthenia gravis subtypes and associated

<50 years Hyperplasia e AChRs
>50 years Normal e AChRs
e Titin
e Ryanodine
e VGKC (Kv1.4)
Any age; peak at Neoplasia e AChR
40-60 years o T
e Ryanodine
e VGKC (Kv1.4)
- Minimal e MuSK
Variable Unknown e AChRs (50%)
e ? Low-affinity AChRs
Unknown e Low-affinity AChRs

® | RP4 antibodies
e ? Others

AChR: Acetylcholine receptor; LRP4: Lipoprotein-related protein receptor 4; MG: Myasthenia gravis;
MuSK: Muscle-specific tyrosine kinase; VGKC: Voltage-gated potassium channel.

turnover): binding, blocking and modulating (30]. The most
commonly utilized and clinically useful AChR-antibody assay
(anti-AChR binding assay) measures IgG binding to '*I-o.-
bungarotoxin-labeled AChR by a radioimmunoprecipitation assay
(31]. As noted, autoantibodies against AChRs can be detected in
approximately 80-85% of patients with generalized MG and
50-75% of patients with ocular MG [31-34]. In general, an elevated
level of anti-AChR-binding antibodies in a patient with compatible
clinical features confirms the diagnosis of MG. Patients with early-
onset MG (prior to age 40 years) and generalized weakness and
patients with thymoma tend to have the highest concentrations
of serum AChR-binding antibody levels compared with other
subgroups, and anti-AChR antibodies are less frequently detected
in MG patients with mild disease or restricted muscle weakness
(35.36). Anti-AChR-binding antibodies are relatively specific for
MG, although they may also rarely be found in patients with
autoimmune liver disease, systemic lupus, rheumatoid arthritis
patients receiving penicillamine, in allogeneic bone marrow
transplantation patients who develop graft-versus-host disease
(37], and in patients with thymoma without MG [38], as well as
in neuromyelitis optica [39]. Patients may be ‘falsely seronegative’
due to immunosuppression or if the test is performed early in the
disease course [40].

Blocking AChR antibodies interfere with the interaction of
ACh with AChR by occupying the ACh-binding site and are
measured by determining the inhibition of '*I-o-bungarotoxin
labeling of AChR by patient serum (30]. AChR-blocking antibod-
ies are reported as a percentage of inhibition of a.-bungarotoxin-
binding sites on solubilized AChR and have been suggested to be
important pathologically in acute exacerbations of MG, although
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studies is complicated by the use of alternative
methods in different patient populations. In
addition, it is likely that different patients
have different AChR antibody subtypes with
varying degrees of pathogenicity. In general,
however, binding AChR antibodies are the
most useful diagnostic test, with modulating,
and particularly blocking AChR assays,
adding relatively little to the diagnostic
sensitivity.
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Anti-AChR antibodies as measures of
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correlation exists between anti-AChR anti-
body serum titers and MG disease severity.
However, patients with ocular MG tend to
have lower antibody titers compared with

patients with generalized MG [34-36], and
in individual patients, serial antibody titers
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Figure 2. Maximum acetylcholine receptor antibody levels in 865 patients with

seropositive myasthenia gravis versus maximum class.
ACh-Ab: Acetylcholine antibody; SE: Standard error.

Reproduced with permission from [SANDERS DB £74L., UNpuBLIsHED DaTa] © DB Sanders (2012).

they appear to represent a minority of AChR antibodies. These
antibodies usually occur in association with AChR-binding anti-
bodies and have a higher prevalence in generalized MG compared
with disease restricted to the ocular muscles (ocular MG). A sig-
nificant correlation between the degree of AChR blockade and
the severity of generalized muscle weakness has been observed
(30]. As a diagnostic test, however, AChR blocking antibodies are
of limited value since they are very rarely present in the absence
of AChR-binding antibodies.

Modulating AChR antibodies accelerate the rate of AChR inter-
nalization by cross-linking adjacent receptors and are detected
by measuring the amount of internalized, processed *I-o-
bungarotoxin-labeled AChR released from cultured cells [30]. A
positive result is most useful when the AChR-binding assay is
negative, which occurs in approximately 3-4% of patients (36].
High levels of AChR-modulating antibodies have been reported in
association with thymoma [41). It should be noted that this assay
cannot separate blocking antibody-released radioactivity from
modulating antibody-released radioactivity and, therefore, cannot
distinguish these two types of AChR antibodies [30].

Binding, blocking and modulating AChR antibody assays were
designed to quantitate the three main pathologic mechanisms for
loss of functional AChR mediated by circulating AChR antibodies
(see above). Various AChR-testing algorithms have been proposed in
an effort to optimize the relative sensitivity of each AChR antibody
subtype with respect to diagnosis, but a comparison of the various

5 tend to correlate with disease status. Tindall
reported serum AChR antibody titers in
MG patients according to disease severity
as measured by the Osserman MG classi-
fication and found a correlation between
antibody titers and disease severity [42]. In
a population of 865 MG patients from a
single academic center, there was a cor-
relation between anti-AChR antibody levels and maximum dis-
ease severity per the Myasthenia Gravis Foundation of America
(MGFA) disease classification (Fieure 2) [43], but with many outliers
and exceptions [SANDERS DB E7 4L., UNPUBLISHED DATA]. This lack of a
precise correlation is likely explained by multiple factors, includ-
ing differences in the specificities of AChR antibodies, the immu-
noglobulin subclass of the antibodies and their ability to activate
complement, as well as differences in serum and tissue antibody
concentrations.

The usefulness of serial measurements of anti-AChR antibody
levels to monitor treatment response in individual MG patients
is also unclear. A number of studies have reported reductions in
AChR antibody titers correlating with clinical improvement in
response to immunomodulation and thymectomy [42,44-48]. In
one of the larger cohorts, there was a strong correlation between
change in AChR antibody titer and clinical status after treatment
with prednisone or immunotherapy, as well as post-thymectomy
in 75 patients [45.46]. In a prospective study of 60 MG patients,
changes in AChR-binding antibody levels correlated with changes
in the quantitative clinical score in most patients, and correlations
with clinical state were stronger for binding compared with
blocking AChR antibodies [44].

In a population of 120 patients in whom response to treatment
was graded by the MGFA postintervention status score, a reduc-
tion in antibodies generally accompanied clinical improvement,
but again, there were numerous exceptions and outliers (Ficure 3)
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[SANDERS DB E74L., UNPUBLISHED DATA]. A compar-

ison of AChR-binding antibody level with

1600
change in disease severity determined by o Mean
MGFA postintervention status or masked 1400~ | MM +SE o
physician assessment in 153 patients showed _[95%Cl
that antibody levels decreased in almost all 1200 | © Outliers ©
. . * Extremes

patients who improved after treatment and o
also in many who did not [SANDERS DB ET 4L., é 1000—
UNPUBLISHED DATA]. In that Study, a fall in Qo *
binding antibody level had a positive predic- ;:F 800
tive value of 78% for clinical improvement S
and a negative predictive value of only 60%. § 600 -

The published studies and the authors’ .é,
observations in a large patient cohort sug- S 4004
gest that clinical manifestations may, at least 5 *
in part, be a function of the serum anti- 200 o
AChHR antibody concentrations. However, ::
neither the presence nor the absolute con- 0 - é
centration of antibodies precisely predicts )
disease class in all MG patients, nor does it -200 : : :
accurately predict clinical disease course or 1 2 3
therapeutic response in individual patients. IMP UNC WORSE

Anti-MuSK antibodies

MuSK is an NM] protein that is specifi-
cally expressed at the postsynaptic mem-
brane, where it colocalizes with AChR, and
plays a critical role in the maintenance of
the normal functional integrity of the NM]
by mediating clustering of AChRs [49). The
role of MuSK in mature adult muscle is less
clear, but inhibition of MuSK synthesis has
been found to cause AChR dispersion and end-plate disruption [s0).
MuSK and the NM]J protein and low-density lipoprotein receptor-
related protein 4 (LRP4; see below) together function as a receptor
for neural agrin (Fieure 1), a nerve-derived extracellular protein [49].
As noted, approximately half of generalized MG patients without
anti-AChR antibodies have anti-MuSK antibodies (MuSK MG)
[5.6]. MuSK antibodies bind to the N-terminal half of the extra-
cellular domain of MuSK, functionally inhibiting agrin-induced
AChR clustering iz vitro [5).

The pathophysiology underlying anti-MuSK-positive MG
has not been entirely defined. Studies comparing AChR loss
and complement deposition in muscle from MuSK MG patients
have shown relatively little change in AChR density and less
frequent complement deposition compared with patients with
anti-AChR-positive MG [51]. However, IgG from anti-MuSK-

positive patients has been shown to cause myasthenic weakness

n=120.

in mice associated with a progressive reduction in the density
of postsynaptic AChR combined with changes in the nerve
terminal and its relationship to the postsynaptic membrane
(52]. Furthermore, myasthenic weakness has been produced
in experimental animals by immunization with recombinant
MuSK protein, accompanied by reduced AChR clustering at
the postsynaptic membrane (53,54]. Passive transfer of human

Data from 120 AChR-Ab* MG patients

Figure 3. Anti-acetylcholine receptor antibody levels in 120 myasthenia gravis
patients grouped according to treatment response as assessed by the Myasthenia
Gravis Foundation of America postintervention status scale. All AChR-Ab values;

AChR-Ab: Acetylcholine receptor antibody; IMP: Improved; MG: Myasthenia gravis;
SE: Standard error; UNC: Unchanged; WORSE: Patient worsened.
Reproduced with permission from [Saxpers DB £r4z., UnpusLisaep Dara] © DB Sanders (2012).

anti-MuSK antibodies also influences the activity of MuSK in
regenerating end-plates, diminishing their size without reducing
MuSK levels [52,55].

The anti-MuSK antibodies in human MG belong predominantly
to the IgG4 subclass and thus do not activate complement [56].
Active immunization of animals with MuSK protein, conversely,
results in the production of antibodies that do activate complement
[5354]. Recent studies, however, demonstrate that complement
activation may not be necessary for the onset of MuSK MG in
mice and that both divalent and monovalent antibodies may induce
MuSK dysfunction without the activation of complement [5758].
It has also recently been shown that purified human anti-MuSK
IgG4, passively transferred into experimental mice, binds to mouse
NM]Js and causes severe reduction of postsynaptic ACh sensitivity
and depression of presynaptic ACh release during high-rate activity,
culminating in fatigable muscle weakness [s9]. This suggests that
MuSK antibodies may have a presynaptic as well as postsynaptic effect
on neuromuscular transmission and that activation of complement
is not necessary for these effects [57). Finally, it has been shown that
anti-MuSK IgG interferes with the binding of MuSK to the collagen
tail (collagen Q or [ColQ)]) of end-plate acetylcholinesterase [¢o],
suggesting that at least in some patients, the main target of anti-
MuSK antibodies is the MuSK-ColQ interaction, and perhaps
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Figure 4. Distribution of diagnostic autoantibody results in
myasthenia gravis.

AChR: Acetylcholine receptor; LRP4: Lipoprotein-related protein
receptor 4; MuSK: Muscle-specific tyrosine kinase.

providing an explanation for the experimental observation of
hypersensitivity to acetylcholinesterase inhibitors in the murine
model [57], and the clinical observation that acetylcholinesterase
inhibitors are ineffective in many MuSK MG patients [61]. Since
dimerization, endocytosis and autophosphorylation of MuSK
is required for its function (2], it is conceivable that antibodies
binding to MuSK may also block these processes.

Diagnosis

Anti-MuSK antibodies have been reported in up to 50% of
patients with generalized MG who lack anti-AChR antibodies
(6.63.64]. The identification of anti-MuSK antibodies effectively
confirms the diagnosis of MuSK MG, as false-positive results
have not been reported and anti-MuSK antibodies are very seldom
found in patients with anti-AChR antibodies [¢5]. The incidence
of MuSK MG varies among geographic regions, the highest being
closer to the equator and the lowest closer to the poles [¢6]. The
frequency of anti-MuSK MG is also much lower in Asian popula-
tions [67], and it is likely that genetic or environmental factors or
both play a role in these differences.

While MG patients with anti-MuSK antibodies may have pres-
entations similar to anti-AChR-positive MG, they frequently have
atypical clinical features, such as selective facial, bulbar, neck and
respiratory muscle weakness and marked muscle atrophy, occa-
sionally with relative sparing of ocular muscles [64.66]. Weakness
may involve muscles that are not usually symptomatic in MG,
such as paraspinal and upper esophageal muscles [¢8]. The prefer-
ential involvement of certain muscles in MuSK MG may reflect
a different composition of the end-plates in these muscles. As

noted, enhanced sensitivity, nonresponsiveness or even clinical
worsening in response to anticholinesterase agents have also been
reported [61]. Disease onset in MuSK MG patients tends to be
earlier, and patients are predominantly female [66]. Thymus histol-
ogy in these patients typically shows age-related atrophy without
hyperplasia or neoplasia [69].

Anti-MuSK antibodies as measures of disease severity or
treatment response

Anti-MuSK antibody serum levels have been shown to corre-
late with clinical symptoms and response to immunotherapy.
In one report, the distribution of antibody levels in 83 serum
samples from 40 patients correlated with both disease classifi-
cation and clinical score, and in individual patients, immuno-
suppressive therapy led to a marked decrease in MuSK IgG
(70]. Interestingly, no change in anti-MuSK antibody levels was
observed after thymectomy, consistent with the reported lack of
thymic pathology and response to thymectomy in these patients
(64.66,69]. Niks ez al. reported that levels of IgG4 (and not IgG1)
correlated significantly with disease severity in a linear effect
model (71]. While these studies strongly suggest that anti-MuSK
IgG4 levels may serve as valuable biologic markers of disease,
long-term longitudinal studies in larger patient populations are
needed for confirmation.

Double-seronegative MG

According to available published studies, approximately 7-8% of
patients with MG have neither anti-AChR or anti-MuSK antibod-
ies (Ficure 4). Autoantibodies to AChR and MuSK detected in the
serum of MG patients as described above are ‘high-affinity’ anti-
bodies, meaning that they bind avidly to extracted AChR. ‘Low-
affinity’ anti-AChR antibodies binding to AChRs clustered on the
surface of a nonmuscle cell line (presenting antigenic epitopes in
a more native conformation) have been found in 66% of general-
ized MG patients who were antibody negative on conventional
AChR and MuSK assays [7]. Like anti-AChR antibodies detected
by the conventional assay, these antibodies have also been shown
to activate complement. It remains to be determined whether
low-affinity anti-AChR antibodies are present in ocular MG, but
this cell-based assay may eventually provide a more sensitive diag-
nostic test in this subgroup as well. A similar cell-based assay may
enhance the detection of anti-MuSK antibodies.

The percentage of double seronegative MG patients in a given
population also very likely varies based on genetics, geography and
other characteristics of the cohort of interest (academic practice vs
community based). For example, in a large tertiary referral aca-
demic practice, only 69% of 734 MG patients without thymoma
were seropositive for AChR or MuSK antibodies (Tasie 2) [Sanpers
DB E7 4L., UNPUBLISHED DATA]. This relatively low Sel‘OpOSitiVC rate
may be explained by the exclusion of thymoma patients (who are
essentially 100% positive for AChR antibodies), by the fact that
seronegative patients are more likely to be referred to a tertiary
center and by the availability of sensitive electrophysiologic tests
for confirmation of the diagnosis of MG in seronegative patients.
Finally, other antigenic targets at the NM] may be responsible
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for disease in the remaining percentage of MG patients who are
anti-AChR and anti-MuSK negative and do not have low-affinity

anti-AChR antibodies. These are discussed below. < %\ 3 o @
bodics di . s s E B
Autoantibodies directed against non-AChR skeletal £ N~ oS N o= =
muscle proteins = —
Antibodies against striated muscle (striational antibodies) b &) (LQ, m = i
While the evidence for the pathogenicity of anti-AChR antibod- 3 s 2 8 & &
ies in MG is quite strong [2], non-AChR autoantibodies that react §
with striated muscle antigens may also be found in up to 95% 3 - 3 -
of MG patients with a thymoma and in 50% of late-onset MG g N i
patients without thymoma [8]. Striated muscle (striational) anti- o o] & =
bodies recognize muscle intracellular proteins (titin, myosin, actin :
and ryanodine receptors) and are therefore not directly accessible 'g = g © H oo
to autoantibodies. Presumably, this would suggest that these anti- < Q5 5 8%
bodies are not pathogenic, but, as will be discussed below, some of s
them are correlated with MG disease severity and therefore may ? a5
contribute to weakness by unknown mechanisms. Striational anti- o = B Ry O [P
bodies are not specific for MG and may occur in patients with S == m R A g
other autoimmune diseases and in patients with thymoma without E . g
MG [72]. In the setting of MG, these antibodies only rarely occur 'S 22 ol é
in the absence of anti-AChR antibodies and thus are not generally 5 Mmoo - g
useful (in isolation) for the diagnosis of MG. However, striational g B = S é
antibodies may be helpful in the diagnosis of thymomatous MG "é . a
and can reflect thymic pathology [73]. As a marker of thymoma, " s B Sl Q9
they are most useful in patients with anti-AChR-positive MG with g T o wog D §
onset before the age of 40 years. They are more frequent in older = 8
MG patients and in those with more severe disease, with or without a ) f'Q\ é
thymoma, suggesting that disease severity may be related to a more = % © B2 o 8
heterogeneous immune attack against multiple muscle antigens [74]. ’; 2= 2B . £
One of the major antigenic targets of striational antibodies is - §
titin, an intracellular protein with a molecular mass of 3000 kDa t 5 3 s g
stretching throughout the sarcomere, with a length of more than g @ | ua S s T ub
1 pm, making it the largest known protein [75]. Anti-titin anti- o S =S g % =
bodies are present in 70-90% of thymoma MG patients, and in - | § CZ
approximately 50% of late-onset AChR-MG patients without o o8 o B . % Eg
thymoma [76-78]. In general, anti-titin antibodies correlate with i 33 o S % Q0 § z
disease severity [77.78] and may identify patients more likely to be S S g 2
refractory to therapy, including thymectomy. The coexistence of Q i § g%
myopathy (see below) and disturbed neuromuscular transmis- = " o T8 g = S<
sion in titin antibody-positive MG patients may explain the more N N &8 A £ L
severe muscle weakness frequently observed in these patients. -og_ 54 %%
Anti-titin antibodies are rarely present in early-onset, anti-AChR- o = ’g\ 22 P §
positive MG patients a.nd have not been reported in MuSK MG o | = 2 g_éivuj
or in double-seronegative MG. o =5 SlEE LE =0
The mechanisms underlying the production of anti-titin anti- S 223
bodies and mediating potential pathogenicity in MG patients S T oF §§
are poorly characterized, but titin is known to be important for > = }; 852 g
myofibrillogenesis and sarcomere structure and elasticity (75]. S g = E’; 23
Anti-titin antibodies belong mainly to the IgG1 subclass and .g ‘§ g é"i §é
can activate complement 7z vitro [79]. Peripheral blood mono- <=( g § gg g;o)
nuclear cells from patients with anti-titin antibody-positive MG ~ S % e ¢ é g 2z
proliferate when cultured with the main immunogenic region of o g =5 - g 222<
titin, indicative of a titin-specific T-cell response [80]. Since titin Q = = g 4 X ZERE
= z < BRI

antibodies are not usually found in early-onset MG patients, it
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is unlikely that their production is triggered by focal end-plate
lysis caused by anti-AChR antibodies. Titin is expressed in both
hyperplastic thymus and thymoma tissue, potentially providing
a thymic site for primary autosensitization against titin antigens
(81.82]. However, this does not explain the presence of anti-titin
antibodies in late-onset MG patients without thymoma or their
absence in patients with early-onset MG and thymic hyperplasia.

The ryanodine receptor (RyR) is the calcium channel of the
sarcoplasmic reticulum. Upon opening, the RyR releases Ca**
into the sarcoplasm resulting in muscle contraction, and therefore
plays a crucial role in excitation—contraction coupling [83]. RyR
antibodies are closely associated with thymomatous MG, and
patients typically have prominent bulbar and respiratory mus-
cle weakness [84,.85]. RyR antibodies are mainly of the IgG1 and
IgG3 subclass (86, with the ability to activate complement, and
in vitro can inhibit Ca** release from the sarcoplasmic reticulum
(87). Interestingly, RyR antibodies from MG patients bind to both
the skeletal and cardiac muscle forms of the RyR (s8], perhaps
underlying the association with cardiac disease and sudden death.
Some reports also suggest excitation—contraction coupling defects
in thymomatous MG with RyR antibodies [89].

Striational antibodies may also target several other myofibrillar
proteins that play a role in muscle contraction. Antibodies against
myosin, actin, tropomyosin and troponin have been demonstrated
in the serum of MG patients [90,91], but their clinical significance
is unclear.

Striational antibodies: diagnosis & disease monitoring

The titin antibody assay is clinically useful since 95% of thy-
momatous MG patients have anti-titin antibodies, a sensitivity
that is essentially equivalent to CT scanning of the chest [77.7892].
Unfortunately, the specificity of titin antibodies for thymoma
is low as approximately 50% of all late-onset MG patients may
harbor these antibodies, with or without thymoma [877,78]. RyR
antibodies are more specific for thymoma but are found in only
approximately 75% of thymomatous MG patients [8]. The combi-
nation of titin and RyR antibody positivity is approximately 95%
sensitive and 70% specific for thymoma in MG [892]. RyR anti-
bodies are positively associated with invasive/malignant thymoma
(77), so that their presence in an MG patient undergoing thymec-
tomy should alert the surgeon to choose a technique that assures
complete exploration and removal. Titin and RyR antibodies may
also be associated with the presence of myositis and myocarditis,
suggesting that these antibodies may target skeletal and cardiac mus-
cle antigens [93]. As the presence of titin and RyR antibodies corre-
lates with MG severity, the antibody status has been proposed to be
potentially useful when assessing disease prognosis, treatment and
follow-up [77). However, there are no published studies examining
the use of these antibodies as biomarkers for therapeutic response.

Antibodies to non-AChR ion channels

Anti-Kv1.4 antibodies that target o-subunits (Kv1.4) of the
voltage-gated potassium channel (VGKC) have been reported in
12-28% of Japanese MG patients [9495]. The presence of these
antibodies is correlated with bulbar symptoms, myasthenic crisis,

thymoma, myocarditis and prolonged QT time on electrocardi-
ography and may identify a subgroup of patients with a favor-
able response to calcineurin inhibitors (94]. Interestingly, while
anti-Kv1.4 antibodies were present in severe disease with bulbar
weakness in Japanese patients, they have recently been found in
mild or predominantly ocular MG in a Caucasian cohort [96].
These antibodies are present in MG without clinical or electrical

neuromyotonia, suggesting that the targeted antigen may not be
the neuronal VGKC, but perhaps the VGKC on muscle fibers.

Anti-muscle antibodies: summary

A number of skeletal muscle proteins with functional relevance
to the AChR may be targeted by autoantibodies in MG patients.
Their intracellular location suggests that they are not pathogenic,
but their presence is associated with distinctive clinical features
(thymoma, myositis and myocarditis) and more severe disease
with prominent oropharyngeal and respiratory involvement.
While the presence of titin and ryanodine antibodies correlates
with MG severity, the practical usefulness of striational mus-
cle antibody levels in prognosis and predicting treatment effect
remains to be investigated.

Antibodies to non-AChR NMJ proteins

Rapsyn is an intracellular end-plate protein that is necessary for
the clustering of AChRs at the postsynaptic folds of the NM]
[97]. Anti-rapsyn antibodies have been found in almost 15% of
MG patients, most commonly in thymomatous MG [92], but
have also been found in patients with other autoimmune dis-
eases [98]. Antibodies to end-plate acetylcholinesterase have also
been reported in MG patients [99], but the pathogenic role of
these antibodies is questionable since they are present in other
autoimmune diseases and healthy controls [100].

As noted above, low-density LRP4 is an end-plate protein that,
along with MuSK, serves as an agrin receptor and is required for
AChR clustering and normal NM] formation [49). Antibodies to
LRP4 have been detected in the serum of double-seronegative MG
patients by three groups to date [101-103]. Most recently, these anti-
bodies were found in 9.2% of patients with double-seronegative
MG, but not in anti-AChR or anti-MuSK positive patients [103].
These antibodies appeared to be specific for MG, as they were not
found in patients with other neurologic or psychiatric diseases.
Most LRP4 antibodies appeared to be IgG1, which would indicate
that they would be able to activate complement. LRP4 autoanti-
bodies may alter the agrin-signaling pathway and have an adverse
effect on AChR clustering and the agrin—-LRP4 interaction [49,103],
but the mechanism(s) responsible for the potential pathogenicity
of LRP4 antibodies remains to be studied.

Expert commentary & five-year view

Currently, two well-characterized autoantibodies are known to
be specific for, and to play a causative role in MG; namely, the
anti-AChR and the anti-MuSK autoantibodies. While very useful
for diagnostic purposes, these autoantibodies have questionable
utility for disease monitoring, with the possible exception of anti-
MuSK antibodies. It is important to realize that the status of current
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knowledge of the autoantibody repertoire of MG patients is limited
to studies that utilized varied techniques to detect autoantibodies,
and in many cases were performed before the identification of anti-
MuSK antibodies. Furthermore, it is becoming apparent that MG
is not a single disease, but is probably comprised of a number of
clinical subtypes that may be distinguished not only by their auto-
antibody profile, but also by thymic pathology and clinical disease
presentation [2]. Future studies examining autoantibody profiles in
MG patients will need to take this into consideration by subdividing
patients into relevant clinical MG subtypes to specifically determine
the usefulness of various muscle autoantibody measurements in
their diagnosis and monitoring. Further investigations will also
need to determine IgG subclass, as a switch in subclass may be an
important sign of disease state and/or response to treatment.
AChR and MuSK autoantibodies in MG are currently detected
using radioimmunopreciptation assays, with the associated con-
cerns related to the use of radioactive materials. The develop-
ment of cell-based and fluorescence immunoprecipitation assays
will likely provide nonradioactive alternatives in the future, with
equal or enhanced sensitivity [104]. In addition, techniques for
measuring muscle autoantibodies have been limited by the small
number of purified proteins (i.e., extracted AChRs) available as

sources of self-antigens. The development of new assays that allow
for large-scale and high-throughput autoantibody analysis could
enhance our understanding of the autoantibody repertoire in
MG, and how it may change during the course of disease and in
response to therapy. Antigen arrays allow the study of antibody
reactivity against a large number of antigens using small volumes
of fluid with greater sensitivity than ELISA [105]. The parallel
detection of antibodies with different specificities in human
serum, a procedure also called antibody profiling, would greatly
enhance our ability to characterize MG disease subtypes on the
basis of autoantigen reactivity and could potentially provide a
much-needed immunologic biomarker for MG.
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Key issues

¢ Two well-characterized autoantibodies playing a role in disease pathogenesis are found in the serum of most patients with myasthenia
gravis (MG) — anti-acetylcholine receptor (AChR) and anti-muscle-specific tyrosine kinase (MuSK) antibodies.

e While anti-AChR antibody levels generally correlate with disease severity and response to treatment, the absolute concentration of
antibodies does not precisely predict disease severity in all MG patients or therapeutic response in individual patients.

Antibodies to striated muscle proteins generally occur in anti-AChR positive MG and aid in identifying patients with thymoma, myositis

or cardiomyopathy.

Anti-MuSK and anti-striational antibodies (titin and ryanodine receptor) are correlated with disease severity and may predict treatment
response but have not been studied in large enough patient numbers to recommend their use as disease biomarkers.

Autoantibodies to other end-plate proteins may play a role in patients with anti-AChR- and anti-MuSK negative MG. Recent studies have
identified anti-lipoprotein receptor-related protein 4 antibodies in approximately 9% of double-seronegative generalized MG patients.
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