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Abstract

Opsoclonus myoclonus ataxia syndrome (OMAS) is an autoimmune disorder characterized by
rapid, random, conjugate eye movements (opsoclonus), myoclonus, and ataxia. Given these
symptoms, autoantibodies targeting the cerebellum or brainstem could mediate the disease or be
markers of autoimmunity. In a subset of patients with OMAS, we identified such autoantibodies,
which bind to non-synaptic puncta on the surface of live cultured cerebellar and brainstem
neuronal dendrites. These findings implicate autoimmunity to a neuronal surface antigen in the
pathophysiology of OMAS. Identification of the targeted antigen(s) could elucidate the
mechanisms underlying OMAS and provide a biomarker for diagnosis and response to therapy.
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1. Introduction

Opsoclonus myoclonus ataxia syndrome (OMAS) is a rare but devastating disorder
involving the acute onset of opsoclonus (rapid, random, multidirectional saccadic eye
movements without intersaccadic intervals), myoclonus, and ataxia, as well as disordered
mood or behavior. OMAS occurs as either a paraneoplastic or post-infectious autoimmune
disorder (Digre, 1986; Wong, 2007). In children 50% of cases are paraneoplastic and are
associated with neuroblastoma; the remaining pediatric cases believed to be post-infectious
or to result from neuroblastoma that has regressed prior to onset of symptoms (Panzer and
Dalmau, 2011). OMAS also occurs in adults, where the associated tumors include breast,
ovarian, and small cell lung cancers (Luque et al., 1991). Patients with OMAS, regardless of
tumor status, are treated with immunosuppressive therapies with variable responses, often
with residual long-term neurocognitive deficits (Catsman-Berrevoets et al., 2009; De
Grandis et al., 2009).

Despite the initial description of OMAS more than 50 years ago (Kinsbourne, 1962), little is
understood about its underlying pathophysiology. For patients with paraneoplastic disease,
expression of neuronal antigens within the tumor might trigger an autoimmune response that
spreads to the brain. For patients with idiopathic OMAS, exposure to a virus may trigger a
similar event. The symptoms of OMAS may point to the autoimmune target(s) in the
cerebellum or pons. Ataxia results from dysfunction of the cerebellum, or cerebellar inflow /
outflow tracts within the pons, midbrain, and thalamus. Opsoclonus is thought to originate
from either the cerebellum (Wong et al., 2001) or dysfunction of omnipause neurons in the
pons (Kim et al., 2007; Ramat et al., 2008). As there is a minimal brain inflammation in
OMAS (Kilgo and Schwartze, 1984), autoantibodies in OMAS may directly bind to their
target antigen, disrupting its function without causing significant inflammatory tissue
destruction, analogous to what is seen in encephalidities associated with known neuronal
surface antigens (Bien et al., 2012; Dalmau et al., 2007). Various studies have reported
autoantibodies in OMAS, including antibodies, now believed to be non-specific, directed
agaist neurofilament proteins (Braxton et al., 1989; Noetzel et al., 1987) as well as recent
reports describing antibodies to neurotransmitter receptors in a few patients with symptoms
of OMAS as part of broader neuroimmune disorder (Hoftberger et al., 2013; Petit-Pedrol et
al., 2014; Smith et al., 2011). In several larger series, although broad anti-neuronal reactivity
is seen, no single autoantibody specific for OMAS has been identified (Antunes et al., 2000;
Bataller et al., 2003). Studies using flow cytometry have found serum antibodies recognizing
neuroblastoma cells and cerebellar granule cells, but these techniques disrupt neuronal
architecture and no specific autoantigen has been identified (Blaes et al., 2005; Korfei et al.,
2005).

Previous attempts to identify pathogenic antibodies in OMAS have largely involved
attempts to determine binding to antigens in fixed tissue specimens, which may alter surface
epitopes, (Lang and Vincent, 1996), or are limited by the study of pure populations of single
cell types (Blaes et al., 2005; Korfei et al., 2005). To broaden the scope of screened antigens
without introducing fixation artifact, we therefore evaluated OMAS-antibody binding in
live, mixed, cell cultures from rat cerebellum and brainstem using the techniques
successfully employed by our group to identify autoantibodies in anti-NMDA receptor
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encephalitis (Dalmau et al., 2007) and other disorders mediated by antibodies to cell surface
autoantigens, such as AMPA receptors and GABA receptors (Lai et al., 2009; Lancaster et
al., 2010). We identified and characterized antibodies to a neuronal surface antigen in 4 out
of 42 subjects with OMAS.

2. Patients and Methods

2.1. Patient material

Cerebrospinal fluid (CSF) and serum was collected in accordance with the University of
Pennsylvania Institutional Review Board guidelines, and informed consent was obtained
from each subject. After collection, samples were stored at —80°C. Samples were obtained
from a repository containing serum and CSF from subjects with possible neuroimmune
disease. All OMAS samples present in the repository were screened, after exclusion of those
noted to have known paraneoplastic antibodies, such as Ri. 35 serum and 29 CSF samples
were available, of which 20 samples were paired serum and CSF. Of subjects with known
ages, 25 subjects were adults (average age 41 years, range = 21 — 74 years), and 10 were
children (average age of 8 years, range = 1 — 17 years. Samples from subjects with other
neurological disease were used as negative controls (26 serum samples, 15 CSF, of which 15
were paired serum and CSF. 18 samples were from adults (average age 46 years, range = 24
— 82 years), and 8 were from children (average age of 10 years, range = 3 — 18 years).

2.2. Methods

2.2.1 Cell cultures—Mixed cerebellar and brainstem cultures were prepared from E18 rat
embyros. Cerebellums were cut, digested with trypsin-DNase, and mechanically triturated.
Cells were washed with additional DNase, BME, and CMF-PBS. Cells were resuspended in
BME supplemented with horse serum, fetal bovine serum, L-glutamine and glucose, and
plated at 600 cells/uL on poly-L-lysine coated coverslips in 24 well plates. Cells were
cultured at 37 °C in 5% CO2 atmosphere. After 24 hours in culture, the media was replaced
with serum free medium supplemented with B27 and N2, which was changed every 4-5
days. Cells cultured in this manner should contain a mixed population of neurons that is not
enriched for granule cells (Banker and Goslin, 1998). For some experiments, cultured rat
hippocampal or cortical neurons were employed, prepared as described previously
(Buchhalter and Dichter, 1991).

2.2.2. Autoantibody screening—~Patient samples were diluted in media (CSF 1:5,
serum 1:100) and incubated on live cultured neurons for 30 minutes at 37°C. Each
experiment included CSF from at least one individual with other neurologic disease as a
negative control, and one sample from a patient with either anti-AMPA receptor encephalitis
or anti-NMDA receptor encephalitis as a positive control. After incubation with patient
samples, cells were fixed with 4% paraformaldehyde, and immunostaining was performed.
Briefly, coverslips were washed with PBS, permeabilized in 0.3% Triton X-100 in PBS, and
then blocked with bovine serum albumin (BSA). Cells were then incubated overnight in
chicken anti-MAP primary antibody (1:5000, Abcam 5392) to label neurons and their
dendrites. The following day, coverslips were washed with PBS and placed in secondary
antibody (1:1000 Alexa Fluor 488 goat anti-human and 1:1000 Alexa Fluor 568 goat anti-
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chicken) for one hour at 37°C. After washing, cells were mounted on glass slides in
mounting medium with DAPI (Vectashield) to label nuclei, and stored at 4°C until imaging.
To further characterize positive samples, the following primary antibodies were used to stain
cerebellar or cortical neurons: to label axons: rabbit anti-Tau (1:1000, gift of Virginia Lee),
to label glia: mouse anti-GFAP (1:2000, Sigma, G-3893), to label presynaptic structures:
mouse anti-synaptophysin (1:250, Sigma, S-5768, to label postsynaptic structures mouse
anti-PSD-95 (1:500, UC Davis/NIH NeuroMab Facility, #73-028, AB-10698024) or mouse
anti-gephryin (1:250, Synaptic Systems #147-011). The following secondary antibodies
were employed: Alexa Fluor 568 or 594 goat anti-mouse or anti-rabbit as appropriate,
diluted 1:1000.

2.2.3. Western blotting—Lysates were prepared from cultured cerebellar neurons at 8
DIV. Proteins were electrophoresed and transferred to nitrocellulose membranes. Blots were
blocked with milk, incubated overnight with serum diluted 1:1000, washed, incubated with
HRP-linked anti-human IgG secondary antibody (Jackson, 1:10,000) and developed with
chemiluminescent substrate (SuperSignal, Thermo).

2.2.4. Tissue section immunostaining—Adult mouse brains were preserved in PFA,
embedded in OTC, and frozen. Sagittal sections were cut, blocked with goat serum, and then
incubated overnight in serum diluted 1:75. The following day, sections were washed, then
incubated with Alexa Fluor 488 goat anti-human IgG diluted 1:1000, washed, and mounted
on glass slides in mounting medium with DAPI to label nuclei.

2.2.3. Immunostaining in transfected cells—HEK?293 cells were cultured and
transiently transfected as described (Wu et al., 2007). Briefly, cells were plated and cultured
on poly-L-lysine-coated glass coverslips. Calcium phosphate transfection was performed
one day later using 2 pg of total DNA per milliliter of medium. The following constructs
were transfected: GIuA2, GIuN1, GlyRal, LGI, and Caspr. Transfected HEK293 cells were
stained as described previously. (Dalmau et al., 2008) Briefly, 16-24 h after transfection
cells were fixed in 4% paraformaldehyde in PBS, washed with PBS, permeabilized with
Triton X-100, and then blocked with BSA. Cells were then incubated overnight with patient
serum (1:100) or CSF (1:5) and commercially available antibodies against the following
transfected proteins: GIuA2 (rabbit polyclonal 07-598, Millipore), GIUN1 (mouse
monoclonal 556-308, BD Biosciences), GlyRal (mouse monoclonal mAb4a 1:200,
Synaptic Systems), LGI (rabbit polyclonal 93228 1:10,000, Abcam), and Caspr (rabbit
polyclonal 30868, Abcam). The following day, coverslips were washed with PBS and placed
in secondary antibody (1:1000 Alexa Fluor 488 goat anti-human 1gG and 1:1000 Alexa 568
goat anti-mouse or anti-rabbit diluted in PBS) for one hour at 37°C. After washing, cells
were mounted on glass slides in mounting medium with DAPI (Vectashield), and stored at
4°C until imaging.

3.1. Patient characteristics

We screened samples from subjects with OMAS obtained from a repository containing
serum and CSF from subjects with possible neuroimmune disease. All OMAS samples
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present in the repository were screened (35 serum and 29 CSF samples, of which 20 samples
were paired serum and CSF). Of subjects with known ages, 25 subjects were adults (average
age 41 years, range = 21 — 74 years), and 10 were children (average age of 8 years, range = 1
— 17 years). 23% of adult patients had associated tumors (ovarian teratoma, n=4; lymphoma,
n=2; breast cancer, n=1; prostate cancer, n=1; and lung adenocarcinoma, n=1). 30% (n = 3)
of pediatric patients had neuroblastoma with no other tumor types present (Table 1A).
Samples from subjects with other neurological disease were used as negative controls (26
serum samples, 15 CSF, of which 15 were paired serum and CSF). 18 samples were from
adults (average age 46 years, range = 24 — 82 years), and 8 were from children (average age
of 10 years, range = 3 — 18 years).

3.2. Immunostaining in cultured neurons

Serum samples from four OMAS subjects contained antibodies that bound to puncta on the
surface of cultured live cerebellar/brainstem neurons (Table 1A-B). CSF was available for
one of these subjects, but did not contain detectable anti-neuronal surface antibodies by this
assay. Three of these subjects had a CSF lymphocytic pleocytosis, and one subject had an
associated tumor. Two of these subjects had additional neurological symptoms: dysphagia
(n=1) and arm rigidity (n=1). No control samples had detectable anti-neuronal surface
antibodies (0 of 26 control serum samples, p<0.05, student’s t-test, one-tailed, two-samples,
equal variance).

These anti-neuronal surface antibodies bound to puncta on neuronal dendrites but not axons
(Fig. 1B). Anti-neuronal surface antibodies were also detected in positive control samples
from subjects with anti-AMPAR encephalitis (Fig. 1A) and anti-Tr associated cerebellar
degeneration (Fig. 1C), but not in negative control samples (Fig. 1D). The puncta recognized
by OMAS antibodies did not colocalize with the presynaptic marker synaptophysin (Fig.
2D), PSD-95, a post-synaptic scaffolding protein at excitatory synapses (Fig. 2C), or
gephyrin, a post-synaptic scaffolding protein at inhibitory synapses (data not shown). In
contrast, anti-neuronal surface antibodies from serum of a subject with anti-AMPAR
encephalitis recognized puncta that colocalized with PSD-95 (Fig. 2B) but not
synaptophysin (Fig. 2A), as expected. Taken together, these results indicate that the antigen
recognized by OMAS antibodies is dendritic but likely extrasynaptic.

3.3. Western blot

In order to characterize the antigen further, lysate from cerebellar/brainstem cultures was
prepared, and patients’ antibodies were used to perform Western blot analysis. Each positive
OMAS sample showed a distinct pattern of recognized proteins within this lysate
(Supplemental Fig. 1). However, anti-AMPAR encephalitis serum and negative control sera
also recognized numerous proteins in this lysate. Therefore, these banding patterns primarily
reflect non-specific binding to multiple intracellular proteins. Of note, there did not appear
to be a common protein recognized by all four OMAS samples, indicating that this antigen
may not be the same in all four patients or may not be recognized using this technique.
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3.4. Immunostaining in tissue sections

There was sufficient available sample to evaluate staining in rat brain tissue sections for
three of the positive OMAS samples. These showed varied antibody binding, including, in
some samples, labeling of cerebellar Purkinje cells (Figure 3A) as well as cell bodies and
processes in the pons (Figure 3D-E). In parallel experiments, negative control serum did not
show staining of brain tissue sections (Figure 3C, F, I). Each OMAS sample showed a
distinct staining pattern (Table 3), again indicating that the antigen of interest may be
distinct in each patient.

3.5. Candidate antigen analysis

A candidate antigen approach was also pursued. The four positive OMAS samples did not
have reactivity against the following known neuronal surface autoantigens, over-expressed
in HEK cells: GIuA2, GIuN1, GlyRal, LGI, and Caspr. Positive controls included testing of
samples from subjects with anti-AMPAR encephalitis (anti-GluA2), anti-NMDAR
encephalitis (anti-GIuN1), and encephalitis associated with voltage-gated potassium channel
complex antibodies (anti-LGI and anti-Caspr) (data not shown). Taken together, these data
suggest that the autoantigen in these OMAS patients may be novel.

4. Discussion

Here, we report that a subset of patients with OMAS produce antibodies that recognize a
surface antigen on cultured cerebellar and brainstem neurons. This antigen is located in non-
synaptic puncta on neuronal dendrites. Similar techniques have been used to identify the
likely pathogenic antigens in several newly described autoimmune synaptic encephalidites,
such as anti-NMDAR encephalitis and anti-AMPAR encephalitis (Dalmau et al., 2007; Lai
etal., 2009). As our study looked for binding to surface antigens on live neurons, it is
distinct from previous attempts to identify pathogenic OMAS antibodies; most of these
studies were limited by the use of fixed tissue specimens, Western blot, or flow cytometry of
pure cell populations. Directly pathogenic autoantibodies are likely to bind to accessible
surface proteins (Ances et al., 2005), and the epitopes on such extracellular antigens may not
be detected by staining in tissue section or of lysates on Western blot as they are altered by
fixation or denaturation (Lang and Vincent, 1996). Furthermore, these techniques allow for
detection of antibodies that bind to intracellular proteins, which are less likely to be disease-
relevant and which may be non-specifically recognized by serum antibodies from subjects
without neuroinflammatory disease. Therefore, the antibodies detected in our study,
targeting neuronal surface antigen(s), are more likely to be directly pathogenic, as compared
to prior studies reporting antibodies to proteins such as neurofilament (Noetzel et al., 1987).

Using this approach, only a minority of screened samples recognized surface neuronal
antigens. It may be that only a minority of patients with OMAS have antibodies recognizing
surface proteins on neurons. However it is also possible that such antibodies to extracellular
antigens actually are present in a higher proportion of patients, but not detected by our assay.
The target antigen(s) may not be highly expressed at sufficient levels in tissue culture or the
antibodies may not be not well-detected by this technique. Furthermore, there may be biases
in the OMAS samples included in the repository; in particular, patients with typical OMAS,
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such as toddlers with our without neuroblastoma, are under-represented, and patients with
more unusual presentations, such as atypical associated neurologic symptoms, are likely
over-represented. Therefore, it is difficult to state whether our autoantibody detection rate of
approximately 10% would be representative of the typical OMAS population.

Despite these limitations, discovery of antibodies against a non-synaptic antigen on neuronal
dendrites in a subset of OMAS patients may be an important clue as to the pathogenesis of
this disease. Previous work by Blaes et al., (2005) detect antibodies from patients with
OMAS that bound to cultured cerebellar granule cells by flow cytometry, but did not further
characterize the antigen. As our technique is distinct, it is not clear if we are detecting
autoantibodies with the same reactivity. However, our work significantly expands upon
these previous findings by establishing that the neuronal surface antigen is likely non-
synaptic and present on neuronal dendrites.

Identification of the recognized antigen will provide insight regarding OMAS
pathophysiology. Understanding the protein networks and cellular mechanisms disrupted by
these autoantibodies may be relevant even in antibody-negative patients, as similar disease
pathways may be involved. Future work can validate these antibodies as a marker of disease
activity, with the goal of establishing a biomarker to facilitate diagnosis or track response to
therapy. In the longer term, understanding the autoantibody-antigen interaction may lead to
novel therapeutics approaches to disrupt this interaction, or mitigate its effects. By better
understanding the root causes of OMAS we can develop better treatments, resulting in
improved patient outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

e Antibodies to cerebellar/brainstem neurons were found 4/42 subjects with
OMAS.

»  These antibodies bind to non-synaptic surface puncta on neuronal dendrites.

e Autoantigen identification may enhance understanding of OMAS
pathophysiology.
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Figure 1.
Reactivity of OMAS patient sera with rat cerebellar/brainstem neuronal cultures. Serum was

incubated on live rat cerebellar cultures. Following fixation, fluorescent immunostaining
was performed and human IgG labelled with Alexa 488 conjugated secondary antibodies.
For A-D, dendrites are labeled with MAP2 (red). For A-B, axons are labeled with Tau
(blue) For C-D, nuclei are labelled with DAPI (blue). (A) Positive control using serum from
a patient with anti-AMPAR encephalitis (green); (A’) Higher magnification view of boxed
area in (A); (A”) Grayscale image of patient-antibody staining of the boxed area. (B)
Dendritic puncta recognized by serum from a patient with OMAS (green). (B’) Higher
magnification view of boxed area in (B); (B”) Grayscale image of patient-antibody staining
of the boxed area. (C) Dendritic puncta recognized by antibodies from a patient with anti-Tr
associated cerebellar degeneration (green). (C”) Higher magnification view of boxed area in
(C); (C") Grayscale image of patient-antibody staining of the boxed area. (D). No anti-
neuronal surface reactivity is seen using negative control serum. (D’) Higher magnification
view of boxed area in (D); (D”) Grayscale image of patient-antibody staining of the boxed
area. Scale bars = 10 pm.
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Figure 2.
Characterization of the dendritic surface antigen recognized by positive OMAS samples.

Serum was incubated on live rat cortical cultures. Following fixation, fluorescent
immunostaining was performed using primary antibodies against presynaptic
(synaptophysin) or postsynaptic (PSD-95) elements, and human 1gG labelled with Alexa
488 conjugated secondary antibodies. (A) Serum from a patient with AMPA-R encephalitis
labels puncta (green) that colocalize with PSD-95 (red). (A’) Higher magnification view of
boxed area in (A), followed by grayscale images of this boxed area as indicated. (B) Serum
from a patient with AMPA-R encephalitis labels puncta (green) that are adjacent to, but do
not colocalize with, synaptophysin (red). (B’) Higher magnification view of boxed area in
(B), followed by grayscale images of this boxed area as indicated. (C) Positive OMAS
serum labels puncta (green) that do not colocalize with PSD-95 (red). (C’) Higher
magnification view of boxed area in (C), followed by grayscale images of this boxed area as
indicated. (D) Positive OMAS serum labels puncta (green) that do not colocalize with
synaptophysin (red). (D”) Higher magnification view of boxed area in (D), followed by
grayscale images of this boxed area as indicated. Scale bars = 10 pm.
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Figure 3.
Characterize of brain tissue section reactivity of positive OMAS samples. Serum was diluted

and applied to adult mouse brain sections and human IgG was labelled with Alexa 488
conjugated secondary antibody (green); nuclei were labeled with DAPI (blue). (A)
Antibodies from patient 1 recognized Purkinje cells in the cerebellum, inset provides higher
magnification grayscale view of boxed region containing Purkinje cell bodies. (B)
Antibodies from patient 2 do not have specific cerebellar reactivity. (C) There is no
significant staining using negative control serum in cerebellum. (D) Antibodies from patient
1 recognize cell bodies and processes within the pons, insets provide higher magnification
grayscale views of the boxed regions. (E) Antibodies from patient 2 recognize some cell
bodies in the pons, inset provides higher magnification grayscale view of the boxed region.
(F) There is no significant staining using negative control serum in pons. (G) Antibodies
from patient 1 recognize cell bodies in the cortex, inset provides higher magnification
grayscale view of the boxed region. (H) Antibodies from patient 2 recognize cell bodies in
the cortex, inset provides higher magnification grayscale view of the boxed region. (1) There
is no significant staining using negative control serum in cortex. Scale bars = 50 pm.
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Table 2

Clinical features of subjects with detected anti-neuronal surface antibodies

Subject | Age (years) | Sex | Tumor status Additional clinical information

1 42 F Negative Also dysphagia. CSF pleocytosis and abnormal FLAIR/T2 signal in the brainstem
on MRI.

2 70 F Negative History of heavy smoking.

3 56 F Follicular lymphoma | Also arm rigidity. CSF pleocytosis.

4 3 F Negative Feb'\r/illthalprodrome. CSF pleocytosis and abnormal FLAIR/T2 signal in the brainstem
on .
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Table 3

Summary of brain section immunoreactivity in positive samples

Subject Cortex Cerebellum Pons

1 Numerous + cells  + Purkinje cell layer ~ Numerous + cells Transverse fibers
2 Scattered + cells Negative Rare + cells

3 Negative + Purkinje cell layer  Negative
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