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Objectives: To determine whether patients with my-
asthenia gravis (MG) have serum antibodies to lipopro-
tein-related protein 4 (LRP4), a newly identified recep-
tor for agrin that is essential for neuromuscular junction
formation, and to establish whether such antibodies con-
tribute to MG pathogenesis.

Design: Serum samples from patients with MG with known
status of serum antibodies to the acetylcholine receptor
(AChR) and muscle-specific kinase (MuSK) and serum
samples from control subjects (healthy individuals and in-
dividuals with other diseases) were tested for antibodies
to LRP4. Serum samples with such antibodies were tested
to determine whether they had the ability to inhibit 2 dif-
ferent functions of LRP4 at the neuromuscular junction.

Setting: Serum samples were collected at the Hellenic
Pasteur Institute and Wayne State University. Samples
were tested for LRP4 autoantibodies at Georgia Health
Sciences University. Other immunoreactivities of the
samples were tested at the Hellenic Pasteur Institute, Ath-
ens, Greece, or processed through University Laborato-
ries of the Detroit Medical Center, Michigan.

Patients: The study included 217 patients with MG, 76
patients with other neurologic or psychiatric diseases, and
45 healthy control subjects.

Results: Anti-LRP4 antibodies were detected in 11 of
120 patients with MG without detectable anti-AChR or
anti-MuSK antibodies (double seronegative) and in 1 of
36 patients without anti-AChR antibodies but with
anti-MuSK antibodies, but they were not detected in
any of the 61 patients with anti-AChR antibodies. No
healthy control subjects and only 2 of the 76 control pa-
tients with neurologic disease had anti-LRP4 antibod-
ies. Serum samples from patients with MG with anti-
LRP4 antibodies were able to inhibit the LRP4-agrin
interaction and/or alter AChR clustering in muscle
cells.

Conclusions: Anti-LRP4 antibodies were detected in
the serum of approximately 9.2% of patients with
double-seronegative MG. This frequency is intermedi-
ate compared with 2 recent studies showing anti-LRP4
antibodies in 2% and 50% of patients with double-sero-
negative MG from different geographic locations. To-
gether, these observations indicate that LRP4 is another
autoantigen in patients with MG, and anti-LRP4 auto-
antibodies may be pathogenic through different immu-
nopathogenic processes.
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(MG) affects about 20
per 100 000 people.1

Pat ients with MG
show characteristic fa-

tiguable weakness of voluntary muscles in-
cluding ocular, oral-facial, bulbar, and limb

muscles and, in more severe cases, respi-
ratory difficulty. In most patients with
MG, the disease appears to stem from an
autoimmune response against the muscle
nicotinic acetylcholine receptor (AChR).

Autoantibodies against AChRs can be de-
tected in approximately 85% of patients
with generalized MG.2 Evidence from clas-
sic experiments indicates that anti-AChR
antibodies are pathogenic.3-5 About 40% of
patients who are anti-AChR seronegative
have antibodies against muscle-specific ki-
nase (MuSK),6,7 a muscle tyrosine kinase
critical for neuromuscular junction (NMJ)

formation and agrin-induced AChR clus-
tering.8 Also, MuSK antibodies have been
shown to be pathogenic. They inhibit AChR
clustering.6 Immunization with the extra-
cellular domain of MuSK causes experi-

For editorial comment
see page 434

CME available online at
www.jamaarchivescme.com
and questions on page 429

Author Affil
Department
Institute of M
and Genetics
Sciences Uni
(Drs Zhang,
Department
Hellenic Pas
Athens, Gree
(Drs J. S. Tza
S. J. Tzartos)
of Neurology
University, D
(Drs Ragheb
and Ms Bealm

Author Affiliations:
Department of Neurology,
Institute of Molecular Medicine
and Genetics, Georgia Health
Sciences University, Augusta
(Drs Zhang, Xiong, and Mei);
Department of Biochemistry,
Hellenic Pasteur Institute,
Athens, Greece
(Drs J. S. Tzartos, Belimezi, and
S. J. Tzartos); and Department
of Neurology, Wayne State
University, Detroit, Michigan
(Drs Ragheb, Lewis, and Lisak,
and Ms Bealmear).

ARCH NEUROL / VOL 69 (NO. 4), APR 2012 WWW.ARCHNEUROL.COM
445

©2012 American Medical Association. All rights reserved.Downloaded from jamanetwork.com by Capital Medical University user on 12/24/2024



mental autoimmune MG in rodents.9-11 Moreover, pas-
sive transfer of IgG from patients with anti-MuSK
antibody–positive MG causes experimental autoim-
mune MG.12,13 The nature of the target antigen or anti-
gens in double-seronegative MG (ie, without anti-
AChR or anti-MuSK antibodies) is unclear, although the
NMJ impairment appears to be involved. Recently, it has
been reported that some of these individuals have anti-
AChR antibodies of low avidity, which can be demon-
strated in vitro by binding to AChR clusters.14

Lipoprotein-related protein 4 is a member of the low-
density lipoprotein receptor family and contains a large
extracellular N-terminal region that possesses multiple
epidermal growth factor and low-density lipoprotein re-
ceptor repeats, a transmembrane domain, and a short C-
terminal region without an identifiable catalytic mo-
tif.15,16 Recent studies indicate that LRP4 serves as a
receptor of agrin17,18 and is required for agrin-induced ac-
tivation of MuSK and AChR clustering and NMJ forma-
tion.19 Moreover, heterologous expression of LRP4 in non-
muscle cells enables agrin-binding activity and
reconstitutes agrin signaling including MuSK activation
and Abelson murine leukemia viral oncogene homo-
logue 1 phosphorylation.17,18 Evidence indicates that LRP4
interacts directly with agrin and MuSK.17,18 In a working
model, agrin binds to LRP4 and increases its interaction
with MuSK to activate the kinase and initiate down-
stream signaling cascades for AChR clustering.17

Considering the critical role of LRP4 in NMJ forma-
tion and the fact that many agrin-signaling components
have been implicated in muscular dystrophies, we hy-
pothesized that LRP4 may be an autoantigen in patients
with MG without antibodies to previously identified com-
ponents of the NMJ. While our work was in progress, Hi-
guchi et al20 reported that 2% of Japanese patients with
double-seronegative MG have anti-LRP4 antibodies and
Pevzner et al21 reported that 6 of 13 patients with double
seronegative MG tested positive for anti-LRP4 vs 0 of 4
healthy control subjects. We found that LRP4 autoanti-
bodies were detected in 9.2% of patients with double-
seronegative MG but not in those with anti-AChR or anti-
MuSK autoantibodies. Furthermore, we found high
specificity of anti-LRP4 autoantibodies for MG, explor-
ing serum samples of patients with many neurologic and
psychiatric diseases. We explored mechanisms by which
LRP4 autoantibodies may alter the agrin-signaling path-
way. Our results suggest pathophysiologic effects of LRP4
autoantibodies on AChR clustering and the agrin-LRP4
interaction. These results may provide insight into patho-
logical mechanisms of double-seronegative MG.

METHODS

PATIENT SERUM SAMPLES

Serum samples from the Hellenic Pasteur Institute and Wayne
State University were collected for diagnostic purposes or as
part of approved research studies and had previously been tested
for anti-AChR and anti-MuSK autoantibodies. Patients with MG
and healthy volunteers gave their written informed consent. Anti-
AChR and anti-MuSK antibody titers at the Hellenic Pasteur
Institute were determined by anti-AChR and anti-MuSK anti-

body radioimmunoprecipitation assay kits (RSR Ltd) accord-
ing to the manufacturer’s instructions with slight modifica-
tions as previously described.22,23 Anti-AChR titers below
0.2nM/L and above 0.5nM/L are considered negative and posi-
tive, respectively, whereas values between 0.2nM/L and 0.5nM/L
are considered ambiguous. Similarly, anti-MuSK titers below
0.02nM/L and above 0.05nM/L are considered negative and posi-
tive, respectively, whereas values between 0.02nM/L and
0.05nM/L are considered ambiguous. Serum samples from
Wayne State University were assayed for anti-AChR binding
antibodies at ARUP Laboratories (positive, �5nM/L) or at the
Mayo Clinic (positive, �0.02nM/L). Anti-MuSK testing was done
by Athena Laboratories (MuSK antibody test or quantitative
MuSK antibody titers) or by Angela Vincent, MD (Nuffield De-
partment of Clinical Neurosciences, John Radcliffe Hospital,
University of Oxford, UK) as part of a multi-institutional study
of serum from patients with MG (positives were as defined by
Hoch et al6). Seropositive MG was defined as being anti-AChR
or anti-MuSK positive. Only definitely positive or definitely nega-
tive serum samples were examined for anti-LRP4 antibodies.
Double-seronegative MG was defined by the documented MG
symptoms, findings from neurologic examinations, pharma-
cologic response to anticholinesterase agents and/or clinical neu-
rophysiological testing, and the concurrent absence of both types
of antibodies. Normal control serum samples were obtained from
age-matched volunteers serving as control subjects for other
studies on MG. In addition, serum samples from patients with
other diseases were examined (Table). Overall, we tested se-
rum samples from 120 patients with double-seronegative MG
(ie, without detectable anti-AChR and anti-MuSK antibodies)
together with serum samples from 61 patients with anti-
AChR antibodies, 36 patients without anti-AChR antibodies but
with anti-MuSK antibodies, 45 healthy control subjects, and
76 control patients with other diseases.

RECOMBINANT PROTEIN PRODUCTION
AND PURIFICATION

Constructs encoding full-length rat LRP4 and ecto-LRP4 in
pcDNA3.1-Myc/His and alkaline phosphatase/Myc/His-
tagged agrin in pAP5 were described previously.17

Table. Non-Myasthenia Gravis Diseases in Patients

Disease
Patients,

No.

Amyotrophic lateral sclerosis 9
NMO 16
Schizophrenia 10
Other neurologic disorders

Acute motor axonal neuropathy 1
Chronic inflammatory demyelinating polyneuropathy 3
CNS Lyme disease 1
CNS primary Sjögren syndrome 2
GBS with concomitant Isaac syndrome 1
GBS, acute inflammatory demyelinating polyneuropathy 6
Inflammatory myelopathies, not transverse myelitis

or NMO
3

Multiple sclerosis 18
Neurosarcoidosis 1
Paraneoplastic neuropathies 2
Peripheral neuropathy of unknown etiology 1
Polychondritis with CNS vasculitis 1
Polymyositis with primary Sjögren syndrome 1

Abbreviations: CNS, central nervous system; GBS, Guillain-Barré
syndrome; NMO, neuromyelitis optica.
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DETECTION OF ANTIBODIES TO LRP4

MaxiSorp Immuno 96-well plates (Nunc) were coated with 50
µL of 1-µg/mL ecto-LRP4 in the coating buffer containing 50mM
carbonate (pH 9.6) at 4°C overnight, washed 6 times with TRIS-
buffered saline with Tween 20 (TBST; 0.1% Tween 20 in 50mM
TRIS buffer, 150mM sodium chloride, pH 7.6), and incubated
with the blocking buffer containing 5% nonfat milk in TBST
to block nonspecific binding. Serum samples were diluted 1:10
in the blocking buffer (100 µL per well) and incubated for 1
hour at 37°C. After being washed with TBST, the wells were
incubated with alkaline phosphatase–goat antihuman
IgG�IgM�IgA secondary antibody (Abcam) diluted 1:30 000
in TBST at 37°C for 1 hour. Activity of immobilized alkaline
phosphatase was measured using an optical density assay (at
405 nm) following incubation in the substrate buffer contain-
ing 0.5mM magnesium chloride, 3-mg/mL p-nitrophenyl phos-
phate, and 1M diethanolamine at room temperature for 30 min-
utes. Each sample was assayed in duplicate and repeated more
than 3 times. Nonspecific signal was determined by optical den-
sity reading of wells coated with the coating buffer alone fol-
lowed by incubation of secondary antibody and substrate. Intra-
assay and interassay coefficients of variability were 8.3% and
12.4%, respectively. All samples were examined blindly with-
out previous information of the patients’ condition or diagno-
sis. The cutoff value was set as mean±4 (SD) of control nor-
mal human serum samples, representing confidence of 99.99%.24

IMMUNOPRECIPITATION OF LRP4
BY AUTOANTIBODIES

HEK293 cells were transfected by polyethylenimine with Myc-
tagged full-length LRP4 as previously described.17,25 Lysates (500
µL, 1 mg/mL protein, in radioimmunoprecipitation assay buf-
fer) were incubated with 10 µL of the serum sample (serum
samples 21321, 22212, 23437, and 23473) at 4°C overnight with
agitation followed by 2-hour incubation with 50 µL of protein
G beads at 4°C. Bead-immobilized proteins underwent so-
dium dodecyl sulfate – polyacrylamide gel electrophoresis and
Western blotting with anti-Myc antibody.

EFFECTS OF LRP4 POSITIVE SERUM
ON AGRIN/LRP4 INTERACTION

MaxiSorp Immuno plates were coated with ecto-LRP4 and in-
cubated with 100 µL of 0.5µM alkaline phosphatase–agrin, a
fusion protein of alkaline phosphatase and agrin,17 together with
10 µL of LRP4-positive serum (serum samples 21321, 22212,
23437, and 23473) or control normal human serum at 37°C
for 1 hour. After being washed, activity of immobilized alka-
line phosphatase was measured as previously described with
p-nitrophenyl phosphate as the substrate.

EFFECTS OF LRP4 POSITIVE SERUM
ON ACHR CLUSTERING

Clustering of AChR was assayed as previously described with
minor modifications.17,25,26 The C2C12 myotubes were treated
with neural agrin (10 ng/mL)17 together with LRP4-positive se-
rum (1:150 dilution; serum samples 21321, 22212, 23437, and
23473) for 16 hours, fixed in 4% paraformaldehyde, and in-
cubated with 50nM rhodamine-conjugated bungarotoxin (In-
vitrogen) to label AChR clusters. Myotubes were viewed un-
der a Zeiss epifluoresence microscope and AChR clusters with
diameters or an axis of 4µm or greater were scored. At least 10
views per dish and at least 2 dishes were scored in each of the
3 independent experiments.

RESULTS

DETECTION OF ANTI-LRP4 AUTOANTIBODIES
IN SERUM SAMPLES OF PATIENTS WITH MG

To determine whether patients with seronegative MG pro-
duce anti-LRP4 autoantibodies, we generated Myc/His-
tagged rat ecto-LRP4.17 The purified protein resolved around
200 kDa on sodium dodecyl sulfate – polyacrylamide gel
electrophoresis in agreement with the predicted molecu-
lar weight (190 kDa). Moreover, it could be detected by a
commercial antibody against the Myc epitope that is lo-
cated at the C-terminus (Figure1B), indicating that ecto-
LRP4 contained the entire extracellular region of LRP4. The
ecto-LRP4 protein was used in enzyme-linked immuno-
sorbent assays for autoantibodies in serum samples from
patients with double-seronegative MG as well as various
groups of individuals. With the mean±4 SD of normal se-
rum samples as the cutoff, none of the normal serum
samples tested positive for LRP4 autoantibodies. No posi-
tive was detected in serum samples from patients with psy-
chiatric disorders or non-MG neurologic disorders as de-
fined in “Methods,” with the exception of 2 of 16 serum
samples of patients with neuromyelitis optica (NMO) (see
“Comment”) (Figure 2). Of 217 patients with MG, 12
tested positive for LRP4 antibodies (Figure 2), 11 of whom
were among 120 patients who were double seronegative
and 1 of whom was among 36 patients without anti-
AChR antibodies but with anti-MuSK antibodies. No pa-
tients with anti-AChR antibodies generated detectable LRP4
antibodies (Figure 3).

To confirm that the target antigen of these serum
samples was full-length LRP4 rather than any contami-
nant in the ecto-LRP4 preparation, 4 LRP4-positive se-
rum samples (3 from the group without anti-AChR an-
tibodies and anti-MuSK antibodies [21321, 22212, and
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IB: Myc
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Ligand binding repeat
YWTD β-propeller
NPxY motif

Epidermal growth factor repeat
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LRP4

Ecto-LRP4–Myc/His

Figure 1. Preparation of ecto–lipoprotein-related protein 4 (LRP4). A, Structures
of LRP4 and C-terminus–tagged ecto-LRP4. B, Preparation of ecto-LRP4
(arrow). Ecto-LRP4 was purified from transfected HEK293 cells by affinity
chromatography and subjected to Western blotting by anti-Myc antibody.
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23437] and 1 from the group without AChR but with anti-
MuSK antibodies [23473]) were incubated with lysates
of HEK293 cells expressing Myc-tagged full-length LRP4.
The immunocomplex was purified by protein G immo-
bilized on beads, was resolved by sodium dodecyl sul-
fate – polyacrylamide gel electrophoresis, and under-
went Western blot analysis with anti-Myc antibody. As
expected, full-length LRP4 was not detectable in the im-
munocomplex by normal human serum. However, Myc-
tagged LRP4 was detected in the precipitates by 4 LRP4-
positive serum samples, indicating that LRP4
autoantibodies were able to recognize full-length LRP4
expressed in transfected cells (Figure 4).

LRP4 AUTOANTIBODY-MEDIATED DISRUPTION
OF THE AGRIN-LRP4 INTERACTION

Lipoprotein-related protein 4 interacts directly via its ex-
tracellular domain with agrin. Knowing that LRP4 au-
toantibodies interact with full-length LRP4, we won-
dered whether they interfere with the agrin-LRP4
interaction. The interaction was tested using enzyme-
linked immunosorbent assays by coating plates with ecto-
LRP4 followed by incubation with alkaline phosphatase
–agrin in the presence of normal or LRP4-positive se-
rum samples (1:10 dilution). As shown in Figure 5, the
optical density readings in the enzyme-linked immuno-
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Figure 2. Enzyme-linked immunosorbent assays of anti–lipoprotein-related
protein 4 autoantibodies. Mean (SD) optical density readings of normal human
serum (control) were 0.31(0.22) (n=45). The dotted line indicates the cutoff.

4

2

3

1

0

Op
tic

al
 D

en
si

ty
, 4

05
 n

m
 

AChR
 –/

MuS
K –

AChR
 –/

MuS
K +

AChR
 +

Norm
al 

Hum
an

 Seru
m

Figure 3. Distribution of anti–lipoprotein-related protein 4 autoantibodies
among patients with myasthenia gravis. Of 217 myasthenia gravis samples,
61 had anti–acetylcholine recepted (AChR) antibodies (AChR�), 36 had no
anti-AChR antibodies (AChR−) but did have anti–muscle-specific kinase
(MuSK) antibodies (MuSK�), and 120 were AChR− and had no anti-MuSK
antibodies (MuSK−). The cutoff (the dotted line) was set as mean±4 SD.
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Figure 4. Recognition of full-length lipoprotein-related protein 4 (LRP4) by
serum samples with anti-LRP4 antibodies. Lysates of LRP4-transfected
HEK293 cells were incubated with serum samples with anti-LRP4 antibodies
or normal human serum samples. Resulting immunocomplex and lysates (to
indicate equal amounts of input) underwent Western blotting with anti-Myc
antibody.
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Figure 5. Inhibition of agrin–lipoprotein-related protein 4 (LRP4) interaction
by serum samples with anti-LRP4 antibodies. The interaction was tested by
enzyme-linked immunosorbent assay in the presence of control serum
samples or serum samples with anti-LRP4 antibodies. Data are shown as
mean ± SD (n=3). *P� .05 compared with normal human serum samples.
MuSK indicates muscle-specific kinase.
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sorbent assays were reduced at least in the presence of
serum samples 21321 and 22212, compared with read-
ings in the presence of normal human serum, suggest-
ing that LRP4 autoantibodies may inhibit the agrin-
LRP4 interaction.

ALTERATION OF BASAL
AND AGRIN-INDUCED ACHR CLUSTERING

BY PATIENT LRP4 AUTOANTIBODIES

Lipoprotein-related protein 4 is a component of the agrin
receptor complex and is critical for NMJ formation and
agrin-induced AChR clustering. With the ability to rec-
ognize full-length LRP4 (Figure 4) and interfere with
agrin-LRP4 interaction (Figure 5), the autoantibodies may
change agrin-induced AChR clustering. To test this hy-
pothesis, C2C12 myotubes were treated with neural agrin
alone or together with control or LRP4-positive serum
samples and examined for AChR clusters. As shown in
Figure 6, induced AChR clusters were not altered by
normal human serum samples, but they were inhibited
by serum samples 21321, 22212, and 23437. Serum
sample 23473 had no significant effect on agrin-
induced AChR clustering. These results suggest that LRP4

autoantibodies may have a differential effect on AChR
clustering induced by agrin.

Antibodies interacting with a transmembrane pro-
tein may cause its dimerization or oligomerization, which
may result in its activation.27 Antibodies against the ex-
tracellular domain of MuSK were shown to activate MuSK,
leading to AChR clustering in cultured myotubes in the
absence of agrin.28 Moreover, MuSK autoantibodies from
patients with MG also induced AChR clustering.6 We pre-
viously showed that overexpressed LRP4 enhances MuSK
activity in the absence of agrin.17 Thus, we wondered
whether LRP4 autoantibodies were able to induce AChR
clustering in the absence of agrin because aggregated LRP4
may promote MuSK dimerization and/or activation. To
test this hypothesis, C2C12 myotubes were treated with-
out LRP4-positive serum samples (control) or with LRP4-
positive serum samples and assayed for spontaneous AChR
clusters. No apparent effect was observed with serum
samples 21321, 22212, and 23437 or the normal human
serum sample NHS2. However, the serum sample 23473
with anti-MuSK antibodies and anti-LRP4 antibodies,
which did not inhibit agrin-induced AChR clustering
(Figure 6B), was able to increase the number of sponta-
neous AChR clusters.
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MuSK indicates muscle-specific kinase.
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COMMENT

About 85% of patients with MG have detectable serum an-
tibodies against AChRs, with 20% to 40% of the remain-
ing patients being positive for anti-MuSK antibodies.6,29 This
would leave about 10% of patients with double-
seronegative MG (ie, without detectable antibodies against
any known autoantigen). This study presents evidence that
anti-LRP4 autoantibodies exist in serum samples of pa-
tients with double-seronegative MG. In our cohort of 120
patients without anti-AChR and anti-MuSK antibodies, 11
were found to be positive for anti-LRP4 antibodies, ac-
counting for 9.2%. While our work was in progress, 2 stud-
ies identified LRP4 autoantibodies in patients with double-
seronegative MG.20,21 Together with our work, the research
suggests that LRP4 may be a novel antigen in many pa-
tients with double-seronegative MG. It is worth noting that
in agreement with the study by Higuchi et al,20 we failed
to detect LRP4 autoantibodies in the cohort of 61 patients
with AChR antibodies. We found 1 LRP4-positive serum
sample in the cohort of 36 patients with MuSK antibod-
ies, whereas 3 of 28 patients with MuSK antibodies in the
cohort from the study by Higuchi et al were positive for
LRP4. In the rare patients with MG who test positive for
both anti-LRP4 and anti-MuSK antibodies, the relative role
of these 2 different antibodies in disease pathogenesis is un-
known. Interestingly, Higuchi et al found that of a cohort
of 272 patients with double-seronegative MG, only 6 pa-
tients were positive for LRP4 antibodies; this accounted for
about 2% of the double-seronegative serum samples dif-
fering with the 9.2% reported in our study. Pevzner et al21

reported that about 50% of the tested patients with double-
negative MG (6 of 13) had anti-LRP4 antibodies. The rea-
son for the difference among the 3 studies is unclear. It may
result from the difference of patient ethnicity and coun-
tries of origin. Indeed, a similar geographic difference was
also observed in patients with MG with MuSK autoanti-
bodies; the reported percentage of patients with anti-
MuSK antibodies among all patients without anti-AChR an-
tibodies varies from 0% to 50%.30 Intriguingly, LRP4
autoantibodies were detected in 2 of 16 patients with NMO.
It is known that several patients have both anti-AChR and
NMO antibodies (anti–aquaporin–4),31 while many pa-
tients with NMO often have other autoantibodies such as
antinuclear antibodies and anti–extractable nuclear anti-
gen antibodies without having systemic lupus erythema-
tosus or Sjögren syndrome.32,33 In addition, NMO and/or
transverse myelitis have been reported in the same indi-
viduals, and the onset of the 2 diseases may occur years
apart (Gotkine et al34 and personal observation by R.P.L.).

Pathogenic mechanisms of anti-AChR antibodies have
been well studied. In rabbit, mouse, and rat models of ex-
perimental autoimmune MG, anti-AChR antibodies blocked
the activity of the AChR,35-37 accelerated the internaliza-
tion and degradation of AChRs,38-40 and fixed comple-
ment, which could mediate NMJ destruction and AChR
loss.37,41,42 The AChR deficiency decreases the amplitude
of miniature end plate potentials and hence that of end plate
potentials, which consequently reduces the safety margin
of neuromuscular transmission.43,44 On the other hand, anti-
MuSK antibodies seem to inhibit the activity of MuSK, lead-

ing to attenuation of agrin-induced AChR clustering and
thus reducing AChR levels at the junctional folds.10,11,13,45,46

In addition, NMJs and AChR scaffolds are disrupted in anti-
MuSK–induced experimental autoimmune MG. How-
ever, anti-MuSK antibodies in patients with MG are pre-
dominantly of the IgG4 subclass,47,48 which do not bind and
activate complement. Thus, it seems that anti-MuSK anti-
body–associated MG may have different etiologic and patho-
logic mechanisms from those of the anti-AChR–
associated MG. In addition, patients with anti-MuSK do not
appear to have thymic hyperplasia or thymoma.49-53

Whether and how LRP4 autoantibodies are patho-
genic requires further study. We have demonstrated that
some serum samples with anti-LRP4 antibodies but with-
out anti-AChR antibodies and anti-MuSK antibodies were
able to disrupt the agrin-LRP4 interaction and inhibit agrin-
induced AChR clustering. Serum sample 23473, which also
had anti-MuSK antibodies, had no effect on the agrin-
LRP4 interaction, nor did it inhibit agrin-induced AChR
clustering. It increased basal AChR clusters, which may be
due to anti-MuSK antibodies instead of those directed
against LRP4. Considering the large size of the extracellu-
lar domain of LRP4, it is likely that the pathogenic mecha-
nisms of LRP4 antibodies could be complex. For ex-
ample, LRP4 also interacts with MuSK in addition to
agrin.17,18 Therefore, the anti-LRP4 antibodies might pre-
vent LRP4 frominteracting with MuSK. They may alsocause
its internalization and subsequent degradation. Finally, most
LRP4 autoantibodies appeared to be IgG1,20 similar to those
against AChR, which are able to activate complement.54

Therefore, it is possible that complement may be involved
in the pathogenesis of MG in some patients with LRP4 au-
toantibodies. If so, this would differ from the presumed
mechanism of action of anti-MuSK autoantibodies.
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