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Abstract [ MOREONLINE

Objectives O videos

Rippling muscle disease (RMD) is characterized by muscle stiffness, muscle hypertrophy, and
rippling muscle induced by stretching or percussion. Hereditary RMD is due to sequence variants
in the CAV3 and PTRF/CAVINI genes encoding Caveolin-3 or Cavin-1, respectively; a few series of
patients with acquired autoimmune forms of RMD (iRMD) associated with AChR antibody—
positive myasthenia gravis and/or thymoma have also been described. Recently, MURC/caveolae-
associated protein 4 (Cavin-4) autoantibody was identified in 8 of 10 patients without thymoma,
highlighting its potential both as a biomarker and as a triggering agent of this pathology. Here, we
report the case of a patient with iRMD-AchR antibody negative associated with thymoma.

Methods

We suspected a paraneoplastic origin and investigated the presence of specific autoantibodies
targeting muscle antigens through a combination of Western blotting and affinity purification
coupled with mass spectrometry-based proteomic approaches.

Results

We identified circulating MURC/Cavin-4 autoantibodies and found strong similarities between
histologic features of the patient’s muscle and those commonly reported in caveolinopathies. Strik-
ingly, MURC/Cavin-4 autoantibody titer strongly decreased after tumor resection and immuno-
therapy correlating with complete disappearance of the rippling phenotype and full patient remission.

Discussion
MURC/Cavin-4 autoantibodies may play a pathogenic role in paraneoplastic iRMD associated
with thymoma.
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Hereditary rippling muscle disease (hRMD) is due to sequence
variations in the CAV3 and PTRF/CAVINI genes encoding
Caveolin-3 and Cavin-1 proteins, respectively.”” A few series of
patients with acquired autoimmune forms of RMD (iRMD) as-
sociated with AChR antibody—positive myasthenia gravis (MG)
and/or thymoma have also been described>* Until 2022, the
precise target for autoimmunity in iRMD was still unknown.*”
More recently, MURC/Cavin-4 autoantibodies were identified in
8 of 10 patients with iRMD without thymoma, thus suggesting
that it could be considered potential biomarkers and triggering
agents of this pathology.® Of interest, MURC/Cavin-4 was found
to play a major role in early T-tubule remodeling by recycling
caveolar components from the T-tubule to the sarcolemma’ and
then participates to the stabilization of this key macromolecular
complex involved in the muscle excitation-contraction coupling
system.9 Here, we report the presence of MURC/Cavin-4 anti-
bodies in a patient presenting iRMD associated with thymoma.

Case Report

A 40-year-old man presented in February 2018 with myalgias
and rippling waves of muscle contraction in the pectoralis

major and deltoid muscles (Figure 1A; Videos 1 and 2). Surface
EMG (EMG) showed electrical silence during muscle rippling.
Needle EMG studies revealed fibrillation potentials and pseu-
domyotonic discharges in deltoid muscles. The serum creatine
kinase (CK) level was increased at 1,890 TU/L (normal value
<200 IU/L). Anti-Titin antibodies were positive without anti-
Lgil, anti-Caspr2, anti-AChR, anti-MuSK, and anti-myositis-
specific or -associated antibodies. Molecular investigations
revealed no mutation in the CAV3 and PTRF/CAVINI genes.
Whole-body fluorodeoxyglucose-PET showed a hypermeta-
bolic mediastinal left paracardiac tumor in contact with the

lower part of the thymus (Figure 1A.c).

Hematoxylin-phloxine-saffron staining performed on the patient’s
deltoid muscle biopsy revealed rare perifascicular and endomysial
necrotic fibers associated with few pericapillary perimysial and
endomysial inflammatory infiltrates (Figure 1B.a). The in-
flammatory infiltrates were composed mostly of CD20-positive
B cells, few T cells (more CD4 than CD8-positive cells), and
CD68-positive macrophages. Immunohistochemistry (IHC) in-
vestigations identified peri- and intrafascicular HLA-I and
HLA-DR upregulated expression associated with positive CDS56-
regenerating fibers (Figure 1B.b-B.d). Complementary IHC on

Figure 1 Rippling Patient (RIP) Clinical, Radiologic Features and Deltoid Muscle Biopsy vs Control (CT)
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Rippling (A.a) Voluntary contraction and active stretching induced rippling phenomenon, which traversed the pectoralis major and deltoid muscles in a wave-like
manner. (A.b) Quick and firm percussion of biceps muscle induced muscle mounding (see black arrow). (A.c) Whole-body fluorodeoxyglucose-PET showed a
hypermetabolic mediastinal left paracardiac tumor (white arrow) in contact with the lower part of the thymus. (B) Hematoxylin-phloxine-saffron (HPS) staining and
immunohistochemistry analyses. (B.a) HPS analysis revealed peri- and endomysial inflammatory infiltrates in the Rippling (RIP) muscle patient. (B.b) Increased
expression of peri- and intrafascicular HLA-l in the RIP muscle patient. (B.c) Upregulated expression of peri- and intrafascicular HLA-DR in the RIP muscle patient. (B.d)
Increased expression of peri- and intrafascicular CD56 in the RIP muscle patient. (B.e) Caveolin-3 expression in control (CT) muscle. (B.f) Caveolin-3 expression in the
RIP muscle patient. Note the strong decrease of Caveolin-3 staining in RIP patient muscle. (B.g) Dysferlin expression in control (CT) muscle. (B.h) Dysferlin expression in
RIP patient muscle. Note the strong decrease of staining and distribution perturbation of dysferlin in RIP patient muscle. Magnification x100.
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Figure 2 Electron Microscopy Analyses of Control (CT) and
Rippling Patient Skeletal Muscles

CT individual and RIP-thymoma associated rippling patient. Note the pres-
ence of caveolae structures in CT (white arrows), which are mainly absent
from the RIP patient at the expense of vesicular and tubular structures that
accumulate beneath the sarcolemma (white arrowheads and black arrows,
respectively). Scale bars 100 and 200 nm, respectively.

frozen muscle sections did not reveal any positive signal for C3,
Clq, IgG, -A, and -M, and free light chain kappa and lambda. The
terminal membrane attack complex C5b-9 was observed as rare
endomysial punctiform deposits without endomysial capillaries
stainings (data not shown). Overall, this set of data appeared
evocative of an overlap myositis pa.ttern.lo Of interest, a signifi-
cative decreased sarcolemmal expression of Caveolin-3 was ob-
served in a mosaic-like pattern associated with disturbed
localization of its interacting partner dysferlin (Figure 1B.e-B.h).

Electron microscopy (EM) approaches revealed as well a re-
duction of caveolae formation at the sarcolemma level at the
expense of an accumulation of vesicular and tubular structures
beneath the sarcolemma (Figure 2) as commonly found in
inherited caveolinopathies.' The patient underwent surgical re-
section of an encapsulated type B2 thymoma of the World Health
Organization (WHO) classification and received steroids during
4 months with only partial improvement of his symptoms and
persistently elevated CK level (593 IU/L). Azathioprine was then
added with progressive disappearance of rippling phenomenon
within few months. The serum CK level decreased at 291 IU/L.

Neurology.org/NN
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We next investigated the presence in the patient serum (PS) of
specific antibodies targeting skeletal muscle antigens by Western
blotting on human myoblasts (MBs) and myotubes (MTs). A
major 55-kDa immunoreactive band was detected with PS in
MT extract (Figure 3A). Conversely, when probed with the
posttreatment patient serum, a drastic signal decrease of the 55-
kDa band was observed (Figure 3A), thus suggesting strong
autoantibody titer reduction after tumor resection and immu-
notherapy. No signal was observed with healthy control serum
(Figure 3, A and B). These data were confirmed by immuno-
fluorescence microscopy (Figure 3B).

Immunoprecipitation-MS-based proteomic approaches on
MTs using PS revealed that MURC/Cavin-4 and Cavin-1 were
the most specifically enriched proteins (data not shown). We
validated PS specificity for MURC/Cavin-4 by WB on
HEK293T cells expressing Flag-tagged Cavin-1-4 (Figure 3C)
and immunofluorescence colabeling in human MT using PS and
commercial anti- MURC/Cavin-4 (Figure 3D). Isotype antibody
determination was performed by WB using anti-IgG1, 2, 3, or
4 secondary antibodies. Anti-MURC/cavin-4 autoantibodies
were recognized by anti-IgGl, 2, and 3 but not by anti-IgG4
(data not shown). IHC experiments performed on patient
muscle biopsy using commercial anti-MURC/Cavin-4 antibody
revealed a decrease of subsarcolemmal MURC/Cavin-4 staining
in a mosaic-like pattern (Figure 3E), thus suggesting that
MURC/Cavin-4 autoantibodies may induce antibody-mediated
protein depletion.

To determine whether the thymoma itself could express
MURC/Cavin-4 autoantigen that could lead to the in-
duction of MURC/Cavin-4 autoantibodies by resident im-
mune cells, the patient thymoma section was analyzed by
IHC using a commercial anti-MURC/Cavin-4. We failed to
detect MURC/Cavin-4 signal in the section through this
approach, whereas a strong sarcolemmal signal was con-
comitantly observed in control healthy individual muscle
tissue (eFigure 1A, links.lww.com/NXI/A786). Western
blotting investigations performed on the non-iRMD B2
thymoma sample compared with the iRMD B2 thymoma
and using the commercial anti-MURC/Cavin-4 confirmed
the absence of the 55-kDa MURC/Cavin-4 band in both
thymomas (eFigure 1, links.lww.com/NXI/A786). How-
ever, a faint MURC/Cavin-4 immunoreactive band around
43 kDa (see red arrow) was specifically detected in both
iRMD thymoma and MT extracts but absent from the non-
iRMD thymoma sample (eFigure 1B, links.Iww.com/NXI/
A786). This may suggest a possible weak expression of a
MURC/Cavin-4 distinct isoform in the iRMD patient thy-
moma (see Discussion).

Discussion

We identified circulating MURC/Cavin-4 autoantibody in a
patient with iRMD associated with thymoma. This set of data
complements the concomitant recent finding by Dubey et al.*

| Volume 10, Number 1 | January 2023
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Figure 3 iRMD Associated With Thymoma and MURC/Cavin-4 Autoantibodies
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(A) Representative WB of myoblast (MB; lane 1) and myotube (MT; lane 2) protein extracts from the immortalized Y711i myoblast cell line or HEK293T cells (lane 3)
and probed with anti-Myosin Heavy Chain (MHC) (marker of differentiated MT), patient serum (PS), healthy control serum (HCS) as negative control, patient serum
after tumor ablation and immunotherapy (TPS for treated patient serum) and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody as loading
control. (B) Representative immunofluorescence of Y711i MT probed with HCS, PS, or TPS (red signal). Note the presence of a strong signal distributed near the
sarcolemma when PS was used as a primary antibody (see white arrows). A drastic signal decrease was observed when MT extracts were probed with TPS. No
specific signal was observed in MT when probed with HCS. The scale bar is 20 pm. (C) WB validation of the 55 kDa as MURC/cavin-4 immunoreactive band. WB on
untransfected HEK293T cells (NT) or transfected with human Flag-tagged Cavin-1, -2, -3, or -4 expressing constructs and probed with the anti-Flag antibody, PS,
commercial anti-MURC/Cavin-4 and anti-Cavin-1 antibodies, or GAPDH antibodies as loading control. Note the specific detection of MURC/Cavin-4 by PS. (D)
Representative immunofluorescence images of MT probed with the commercial anti-MURC/Cavin-4 antibody. Note the presence of a perfect yellow merge
colocalization signal between commercial anti-MURC/Cavin-4 and PS. The scale bar is 10 pm. (E) IHC of control individual (CT) and rippling patient (RIP) skeletal
muscle sections probed with the commercial anti-MURC/Cavin-4. Note the decrease of MURC/Cavin-4 expression in a mosaic-like pattern in the thymoma rippling

affected patient (see black arrows; x20 magnification).

(2022) who isolated MURC/Cavin-4 autoantibodies in 8 of
10 patients with iRMD without thymoma. One prior MURC/
Cavin-4 IgG+ case was reported with breast cancer a few
months after symptom onset, with subsequent resolution of
symptoms following cancer management and immunomod-
ulatory therapies, supporting a potential paraneoplastic
basis.®>!* Of interest, MURC/Cavin-4 autoantibody titer of our
patient strongly decreased after treatment correlating with com-
plete remission. iRMD has also been reported as paraneoplastic
syndrome related to thymoma (4 patients), mostly of B2 cortical
type®* and then presents similarities with AChR antibody—
positive MG associated with thymoma.'> In the latter, fully
functional AChRs were not expressed in thymomas, but isolated

Neurology: Neuroimmunology & Neuroinflammation
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subunits were detected by immunolabeling or molecular meth-
ods."” At the present time, we could not eliminate ongoing
autosensitization against MURC/Cavin-4 epitopes inside the
thymoma primed by a non-posttranslationally modified isoform
of MURC/Cavin-4 or eventually by an unrelated protein sharing
epitope similarities.

Our study confirmed the isotype IgG1-3 subclass predominance
in iRMD-Cavin-4 IgG+ patients. Additional evidence is needed
to determine whether there is a role for antibody-dependent
complement-mediated injury’® in iRMD because a variable
number of fibers in iRMD muscle biopsied exhibited upregula-
tion of sarcolemmal HLA-I and CSb-9 deposition in non-

January 2023 Neurology.org/NN
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necrotic fibers.® Importantly, no C3 signals (required for the
assembly phase in the classical or alternative pathway) or IgG
deposits on muscle fibers were observed in our patient.

Of interest, anti-Titin antibodies were detected, similarly to 5
of 10 iRMD anti-MURC/Cavin-4—positive patients in the
Dubey’s study.8 We cannot exclude, at this step, that both
anti-MURC/Cavin-4 and anti-Titin association could act in a
cumulative manner to disturb the normal muscle excitation-

. . 5,6
contraction coupling process.™

The mechanisms involved in these uncontrolled propagating
wave-like muscle contractions are still nonelucidated. MURC/
Cavin-4 plays a crucial role in the remodeling and the de-
velopment of T-tubule membranes.” Loss of MURC/Cavin-4
caused aberrant accumulation of interconnected Caveolin-3—
positive caveolae within the T-tubules and impaired Ca2+ re-
sponse on mechanical stimulation. Thus, the presence of
MURC/Cavin-4 autoantibodies could potentially alter the
T-tubule formation/maintenance by altering the Caveolin-3 ex-
pression and distribution. Accordingly, our EM analyses revealed
alterations of caveolae formation beneath the sarcolemma as
commonly visualized in inherited caveolinopathies." To con-
clude, MURC/Cavin-4 autoantibodies may play a pathogenic
role in paraneoplastic iIRMD associated with thymoma.

Standard Protocol Approvals, Registrations,
and Patient Consents

The patient gave his written and informed consent for comple-
mentary research on his pre/posttreatment serum, muscle, and
thymoma biopsies, associated with consent to disclose regarding
pictures and videos. Human biological samples and associated
data were obtained from Tissu-Tumorothéque Est and Centre
de Biologie Cellulaire (CBC) Biotec Biobank (Centre de
Ressources Biologiques Hospices Civils de Lyon NF S 96900
certification BB-0033-0046), a center for biological resources
authorized by the French Ministry of Research (AC-2019-3465).

Data Availability

Anonymized data not published within this article will be made
available by request from any qualified investigator. The Methods
section can be downloaded as supplemental eMethods, links.Iww.
com/NXI/A786.
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CORRECTION & REPLACEMENT

Immune-Mediated Rippling Muscle Disease Associated With
Thymoma and Anti-MURC/Cavin-4 Autoantibodies

Neurol Neuroimmunol Neuroinflamm 2023;10:e200101. doi:10.1212/NX1.0000000000200101

In the Clinical/Scientific Note “Immune-Mediated Rippling Muscle Disease Associated With
Thymoma and Anti-MURC/Cavin-4 Autoantibodies” by Svahn et al.', the designators for
Figure 1 were incorrectly labeled. The article has been replaced by a corrected version with the
updated designators. The original version with the changes highlighted is available from a link in
the corrected article. The publisher regrets the errors.
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