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Editorial on the Research Topic

Emerging Challenges in the Diagnosis and Treatment of Autoimmune Encephalitis

Autoimmune encephalitis (AIE) is a group of antibody-mediated inflammatory CNS diseases with
a variety of neurological and psychiatric symptoms. Patients often have deficits of subacute onset
with affection of both limbic (e.g., amnesia, confusion, and epileptic seizures), and extra-limbic
brain structures (1). Previously, AIE was considered a very rare paraneoplastic condition associated
with intracellular (onconeural) antibodies and a very poor prognosis (e.g., anti-Hu syndrome) (2).
However, during the last two decades it has become evident that AIE is much more frequently
associated with antibodies directed against synaptic/cell surface proteins and often an underlying
malignancy is absent. More than 10 synaptic antineuronal and glial antibodies associated with AIE
have been identified, and new antibodies are described at an astonishing pace; many patients with
so-called seronegative AIE will probably harbor antibodies that are yet to be isolated. Prognosis
in AIE can be good, if aggressive immunomodulatory treatment is initiated early (3). Yet, chronic
cognitive deficits, epilepsy and mood disorders are frequent, and this is particularly concerning
in young patients who frequently are unable to join the workforce again (4). Thus, in addition
to significant health-related concerns for the individual, AIE is also associated with substantial
socioeconomic burden.

In the 11 articles that form this Frontiers Research Topic, eBook, the readers will find an update
on key aspects including diagnostic challenges, pitfalls in antibody testing and clinical experience
with management and treatment of AIE and related disorders from different expert centers.

Firstly, the current syndromes associated with antibodies against cell surface antigens, including
the use of the current diagnostic criteria and treatment options are presented in amini review paper
by Hermetter et al. This is followed with real life clinical experience in a monocentric study of 38
consecutive patients with AIE presented by Macher et al. In this paper the important aspect of
when to stop immunotherapy after the acute phase of encephalitis is also discussed based on their
clinical experience.

One of the most important aspects in the diagnosis of AIE is identification of autoantibodies in
CSF and/or serum. This is currently done using different antibody assays. The pitfalls of antibody
detection and the use of different assays (e.g., cell or tissue based assays, radioimmunoassay)
is elegantly reviewed by Ricken et al. This paper highlight the current state of the art in
antibody testing dependent on antibody subtype and provides important consideration on
assay choice and interpretation. The potential pitsfalls in antibody testing is further highlighted
in a case description by Bien, presenting a case of overinterpretation and overtreatment of
a patient with a low-titer contactin-associated protein-like 2 (Caspr2) antibody. Moreover,
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an attempt to optimize antibody detection is provided by Chiu
et al. who present changes to the conventional anti-NMDAR
antibody assay in order to increase detection rates.

Infectious encephalitis (IE) is one of the main differential
diagnoses in the acute phase of AIE and due to the need for early
treatment initiation, discrimination between these conditions are
crucial. In their paper, Wagner et al. included all patients from
their center with diagnosis of encephalitis over a 10-year period
(33 AIE, 51 IE), and present some interesting distinctive clinical
features (e.g., headache, fever, psychiatric symptoms). Applying
the current diagnostic criteria for AIE to this cohort however,
yielded very low diagnostic sensitivity and specificity. They
moreover found this phenomenon to be clearly time dependent.

An association between demyelinating diseases and AIE has
been established. The paper by Borisow et al. reviews these
diseases and gives an overview on the diagnosis and treatment
of neuromyelitis optica spectrum disorders (NMOSD) and the
more recently described myelin-oligodendrocyte-glycoprotein
(MOG)-associated encephalomyelitis. The paper highlights the
differences in epidemiology, imaging and provides current
knowledge on treatment strategy.

As the field of AIE expand, clinical descriptions of cases that
differ from the original published case series are important to
expand knowledge on the different antibody specific phenotypes.
Two such cases are presented in this ebook. Montagna et al.
describe a case of IgLON5-associated encephalitis with severe
inflammatory lesions on brain MRI and no tau pathology
on brain biopsy. The presented patient moreover had an
atypical presentation with a rapid cognitive decline and a good
response to immunotherapy. Interestingly, they found antibodies
exclusively of the IgG1 subclass and not the prodominant IgG4
subclass initially described with IgLON5 encephalitis.

Similarly Bartels et al. describe three cases of Anti-
ARCHGAP26 (RhoGTPase-activating protein 26) antibodies in
whom, two were associated with isolated cognitive impairment
and not with the cerebellar ataxia phenotype usually associated
with this antibody. All three cases were found to have
underlying malignancy.

Besides the general treatment recommendations described
above, two further papers deals with this aspect. The paper
by Mäkelä et al. focuses on the difficult clinical management
of epilepsy associated with the Glutamic acid decarboxylase
(GAD65) antibody. They present 6 cases from their center treated
between 2013 and 2017, and highlight the importance of early
immunotherapy in order to prevent tissue damage and refractory
epilepsy in this patient group.

Finally, Zhu et al. performed an experimental interleukin-
27 gene therapy using adeno-associated viral vector delivery
to an experimental model of inflammatory disease. They were
able to prevent the development of experimental autoimmun
encephalomyelitis (EAE) in this model, but this approach was not
effective in established inflammation likely due to expansion of
myeloid cells.

In summary, although the field is rapidly expanding, we
believe that the present Frontiers Research Topic eBook
will provide the interested readers with updated knowledge
on AIE including real life clinical experience in diagnostic
challenges, differential diagnosis and treatment of patients
with AIE.
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Management of Autoimmune
Encephalitis: An Observational
Monocentric Study of 38 Patients
Stefan Macher 1, Friedrich Zimprich 1, Desiree De Simoni 2, Romana Höftberger 2 and

Paulus S. Rommer 1*

1Department of Neurology, Medical University of Vienna, Vienna, Austria, 2 Institute of Neurology, Medical University of

Vienna, Vienna, Austria

Over the last years the clinical picture of autoimmune encephalitis has gained importance

in neurology. The broad field of symptoms and syndromes poses a great challenge in

diagnosis for clinicians. Early diagnosis and the initiation of the appropriate treatment is

the most relevant step in the management of the patients. Over the last years advances

in neuroimmunology have elucidated pathophysiological basis and improved treatment

concepts. In this monocentric study we compare demographics, diagnostics, treatment

options and outcomes with knowledge from literature. We present 38 patients suffering

from autoimmune encephalitis. Antibodies were detected against NMDAR and LGI1 in

seven patients, against GAD in 6 patients) one patient had coexisting antibodies against

GABAA and GABAB), against CASPR2, IGLON5, YO, Glycine in 3 patients, against Ma-2

in 2 patients, against CV2 and AMPAR in 1 patient; two patients were diagnosed with

hashimoto encephalitis with antibodies against TPO/TG. First, we compare baseline data

of patients who were consecutively diagnosed with autoimmune encephalitis from a

retrospective view. Further, we discuss when to stop immunosuppressive therapy since

how long treatment should be performed after clinical stabilization or an acute relapse

is still a matter of debate. Our experiences are comparable with data from literature.

However, in contrary to other experts in the field we stop treatment and monitor patients

very closely after tumor removal and after rehabilitation from first attack.

Keywords: autoimmune encephalitides, Iglon5, NMDAR, GAD 65, GAD67, autoantiboides

INTRODUCTION

An association between malignancies and neurological symptoms not directly caused by the
tumor itself has been described by Brouwer in 1919 and later on by Parker in 1933 (1).
Thirty years ago antibodies targeting antigens Hu, Ri, Yo (anti-Hu, anti-Ri, anti-Yo) in patients
with malignancies have been detected. Neurological symptoms in patients with malignancy
has introduced the concept of paraneoplastic syndromes (PNS) in Neurology. Autoimmune
mechanisms are hypothesized as pathopyhsiological background in PNS, as antibodies released
in response to the underlying cancer are frequently found. The peripheral as well as the central
nervous systems (CNS) can be affected. Encephalitis is often reported in cases with involvement
of the CNS (2). Autoimmune encephalitis has to be differentiated from the PNS. It is defined
as a disorder of the gray matter of the CNS that is caused by antibodies. These antibodies are
targeting intracellular or surface antigens of neuronal cells in the CNS. Some of them are released
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in response to an existing tumor, but not restricted to
malignancies—as in the case of antibodies against aquaporin-
4 and myelin oligodendrocyte glycoprotein (MOG). Studies on
these antibodies have revolutionized our neuro-immunological
concepts. Early and correct diagnosis is highly relevant, as
treatment options are available. However, the clinical spectrum is
broad and it is important to look beyond the borders of neurology
and to integrate other medical disciplines in our concepts
of disease management. Especially psychiatric symptoms are
often associated with autoimmune mediated encephalitis. Limbic
encephalitis (LE) is a frequent manifestation and is defined as
inflammation of (but not restricted to) the limbic region in the
brain. It has been described for the first time almost 60 years
ago (3), and its association with cancer was reported in 1968
(2). Typical symptoms are subacute onset of seizures, short-term
memory loss, confusion and other psychiatric symptoms (4).
Over the last years, LE seems to be more common as previously
assumed. It is often unrelated to an underlying malignancy (5).
The incidence of encephalitis of any cause (not only autoimmune
mediated) is about 2–3/100.000 (6). The leading causes are
infections, but in about 20% of patients, an autoimmune genesis
is suspected. In a major part of the patients no definitive cause is
established (6). Prevalence of autoimmune mediated encephalitis
is 13.7/100.000 per 2014. Retrospective analysis of patients below
the age of 35 years admitted to a German intensive care unit
(ICU) because of encephalitis of unknown origin showed that
1% of all patients suffered from N-methyl-D-aspartate-receptor-
(NMDAR) encephalitis and a British prospective population
based study revealed high numbers of patients suffering from
acute demyelinating encephalomyelitis (ADEM) and or voltage-
gated-potassium-channels (VGCC) or NMDAR-encephalitis.
Autoimmune-mediated encephalitis is more common than
previously assumed (7).

Increased awareness and testing over the last years has led
to a more frequent diagnosis of autoimmune encephalitis. The
diverse clinical symptoms hamper diagnosis and consequently
the treatment, thereby influencing the outcome and prognosis of
the patients.

The aim of our paper is to propose support in the
management, diagnosis, and treatment of patients with immune
mediated encephalitis based on pathophysiological concepts
from the literature and the presentation of patients treated at our
hospital. In our patients’ cohort clinical symptoms, diagnostic
approaches, pathophysiological considerations for treatment,
treatment options and outcomes are presented.

METHODS

Current knowledge on the background and management of
autoimmune mediated encephalitis diagnosed at our center is

Abbreviations: ADEM, acute demyelinating encephalomyelitis; CSF,

cerebrospinal fluid; CBA, cell based assay; DMT1, diabetes mellitus type I;

ICU, intensive care unit; MRI, magnetic resonance imaging; NFL, neurofilament

light chain; NMDA-R encephalitis, N-methyl-D-aspartat-receptor encephalitis;

OCB, oligoclonal bands; SPS, stiff person syndrome; SPSD, stiff person spectrum

disorder.

summarized. Subsequently, patients with encephalitis treated
at our hospital are presented. Diagnostics, treatment and
outcome are highlighted. Diagnostic and treatment algorithms
will be compared with those in literature; differences in the
management will be discussed. For this monocentric study all
patients with a diagnosis of autoimmune mediated encephalitis
who were treated at the department of Neurology at the
Medical University of Vienna between 2015 and June 2018
are reported. Immunological assessment was performed by
the clinical institute of Neurology. Serum and CSF samples
were investigated with indirect immunohistochemistry for
surface antibodies on post-fixed rat brains and for intracellular
antibodies on fixed rat cerebellum using an avidin-biotin
peroxidase technique. Samples showing specific tissue staining
were further examined with a commercial immunoblot assay
(Ravo Diagnostika, GmbH, Freiburg, Germany) for antibodies
against classic paraneoplastic antigens (Hu, Yo, Ri, CV2,
amphiphysin, Ma1/2, SOX1, and GAD65). Characterization of
cell surface antibodies was established using a cell-based assay
(commercial kit, Euroimmun, Lubeck; in-house; HEK293T cells
expressing IgLON5, mGluR1, mGluR5, GABA(A)R, AMPAR,
and glycin receptor). The treating physician proposed treatment.
Outcomewas assessed by specialists in neurology and categorized
according the modified Rankin Scale (mrs) (8). The analysis
gained by the local ethics committee (Medical University of
Vienna, Vienna, Austria; 1773/2016).

REVIEW OF LITERATURE

The presentation of literature starts with the diagnostics
procedure. Based on the diagnostics steps the various antibodies
and their pathophysiological background causing encephalitis
are will described in detail. The review ends with the proposed
treatment strategies for the respective antibodies.

Diagnostics
Anamnesis
The medical history of patients and a detailed anamnesis on the
evolvement of symptoms and the course of symptoms is the
first step in the diagnosis of patients with immune mediated
encephalitis. Medical history has to include previous or existing
malignancies. The detection of antibodies, nevertheless, may
precede the diagnosis of a malignancy for many years. Careful
and repeated tumor screening as well as tumor surveillance
have to be performed. Associated malignancies are gynecological
cancers like ovarian and breast cancer (9), tumors of the
lungs, i.e., small cell lung cancers (10), thymoma (11), but
also testicular tumors, and Hodgkin’s lymphoma (12). Some
of the antibodies refer to certain malignancies and vice-versa
being highly relevant in the diagnostic process. Table 1 gives
an overview of detected malignancies in our cohort of patients
with encephalitis. Some of the patients are referred from other
medical disciplines, thus an interdisciplinary management eases
the appropriate tentative diagnosis. Especially referrals from
psychiatrists are quite common in patients with autoimmune
encephalitis. Patients are diagnosed with atypical psychosis
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showing clear psychotic symptoms, but diagnostic criteria for
specific syndromes are not yet fulfilled (13).

Clinical Presentations
Patients suffering from encephalitis may present with manifold
symptoms including ataxia, cerebellar syndromes, movement
disorders and chorea, bulbar dysfunctions, stiff person syndrome
(SPS) and progressive encephalomyelitis with rigidity and
myoclonus (PERM), opsoclonus-myoclonus-ataxia, seizures,
down beat nystagmus, autoimmune-related retinopathy and
optic neuropathy, autonomic dysfunction, neuropathic pain,
peripheral nerve hyperexcitability, (atypical) psychosis and
confusion, cognitive decline, sleep disorders, insomnia, and
weight loss. In patients with prior history of malignancy, a new
onset of neurological symptoms is suspicious for paraneoplastic
syndromes. In patients with no prior history of malignancy the
diagnostic procedure is more challenging and has to take into
account possible malignancies (14).

Magnetic Resonance Imaging (MRI)
Brain MRI has to be performed in all patients that raise
suspicion of encephalitis. In a majority of patients with NMDAR
encephalitis brain MRI does not show any abnormalities at
onset of symptoms (15). When abnormalities are detected
they are non-specific (16). In contrast, MRI abnormalities can
usually be found in patients with LE and antibody against
Leucine-rich glioma Inactivated 1 (LGI1) and α-amino-3-
hydroxy-5-methyl-4- isoxazolepropionic acid receptor (AMPAR)
(17). Imaging studies in anti-LGI1 patients frequently show
abnormalities in the hippocampal region and the temporal
lobe. Bilateral hippocampal volume reduction has been reported
with exception of the cornu ammonis (CA 1) region (18).
Hippocampus atrophy and mesial temporal sclerosis is often
observed in patients with VGCC complex antibodies, brain
atrophy may be reversible in anti-NMDAR encephalitis (19–
22). Infectious encephalitis (especially herpes simplex virus,
HSV) is an important differential diagnosis. In most cases,
abnormalities in the hippocampal region do not show contrast
enhancement, diffusion restriction, or necrosis in autoimmune
encephalitis, whichmay be helpful to differentiate from infectious
encephalitis. Absence of basal ganglia involvement in temporo-
mesial lesions may be suggestive of HSV (23). Patients with
anti-Contactin-associated protein-like 2 (CASPR2) antibody
associated encephalitis show these abnormalities to a much lesser
extent (6). Nevertheless, contrast enhancement has been reported
in paraneoplastic encephalitis (24). In patients with Glycin-R
antibodies, two out of three patients do not show abnormalities
on brain and spinal cord MRI. Abnormal cMRI results included
unspecific alterations like small vessel disease (SVD) and white
matter lesions (WML) (25). Brain MRI is usually normal at
onset of symptoms in patients with onconeural antibodies (anti-
Yo). Cerebellar atrophy might be visible after paraneoplastic
cerebellar degeneration (PCD) is established (1). In half of the
patients with anti-Hu antibodies abnormalities on MRI can be
found (26, 27). Further patients with epileptic seizures may show
temporal diffusion restriction (low ADC value) which may not
necessarily indicate limbic encephalitis (28). MRI is essential for
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ruling out other causes; however, detected abnormalities in brain
MRI might not be specific for the various antibodies.

Cerebrospinal Fluid (CSF) and Electroencephalogram

(EEG)
As MRI in patients with HSV-encephalities often shows
abnormalities in the temporal pole that are similar to those in
patients with LE, it might be difficult to differentiate between
both causalities. Thus, patients’ CSF has to be analyzed. Whereas,
the CSF in patients with infectious encephalitis shows pleocytosis
with a moderately to highly elevated cell count and the infectious
agent can frequently be detected by PCR, CSF findings are not
specific for the various syndromes (paraneoplastic or not) and
for respective antibodies. CSF findings can be normal, but also
mild to moderate elevated cell count is seen in patients with
autoimmune encephalitis (see Table 1). Over course of time,
the cell count may normalize and intrathecal synthesis and
oligoclonal bands (OCBs) may be present. Titres in the CSF
for the various antibodies might differ or might—as seen for
some cases of anti-NMDAR encephalitis—only be detectable in
CSF and be more predictable for disease activity (13, 16, 29).
In conclusion the CSF is helpful in differentiating between
infectious and non-infectious disease (6), but can be normal
and there are no distinct patterns for the various autoantibodies
associated syndromes.

Similarly, the EEG may be helpful, although non-specific
abnormalities are seen in infectious and immune-mediated
encephalitis (6). Some EEG findings—the so called extreme
delta brushes—have been reported in adults with anti-NMDAR
encephalitis (30, 31).

The appropriate tentative diagnosis should take into account
the results from lumbar puncture (and the correct interpretation
of it) as well as the medical history, anamnesis, EEG
findings, and the results from MRI. Based on the findings
the suspected syndrome should be confirmed by testing for
autoimmune encephalitis associated autoantibodies. Antibodies
are targeting either intracellular antigens or surface antigen
(neuropil antibodies). See Figure 1. Onconeural and anti-
glutamic acid decarboxylase (GAD) antibodies have intracellular
targets, whereas neuropil antibodies targeting surface antigens
like channels e.g., VGKC—LGl1, CASPR2—or receptors e.g.,
NMDAR, AMPAR, GABAR, mGLuR.

Antibodies
Onconeural Antibodies (CV2, Ma2 and Hu, Ri, Yo)
Neuronal nuclear antibodies targeting Hu, Ri, Yo have been
established for decades. They are associated with various
symptoms and are various cancers. Anti-Hu antibodies (also
called ANNA1—anti-neuronal nuclear antibody) were first
described in 1985 (33). They are targeting intracellular antigens
and are released in reply to an underlying cancer. Hu antigens
(ag) can be found in malignant cells but also in neuronal
cells. Currently the pathogenetic role of anti-Hu antibodies
is not proven at certainty. Anti-Hu antibodies lead to a
strong autoimmune response with involvement of autoreactive
T cells (34).

Anti-Yo syndromes are responsible for half of all patients
with PCD. Still their prevalence is low. PCD will evolve over
time and may precede the detection of malignancy. Symptoms
including ataxia and cerebellar dysfunction usually develop over
weeks to months (1). Extracerebellar symptoms, i.e., LE, is rarer
in anti-Yo patients than in anti-Hu mediated disorders. Anti-
Yo antibodies target the cytoplasm of cerebellar Purkinje cells,
but also other nerval structures and brain regions such as retina,
dorsal root ganglia. They have the ability to fix complement
and are typically IgG antibodies (35). Besides IgG also IgM
and IgA antibodies have been reported. Inflamed Purkinje
layer shows infiltrates of CD8+ lymphocytes, B-and T-cells and
plasma cells as well as microglia activation (1). When disease
progresses a massive atrophy of the cerebellum may evolve. At
this stage, inflammatory cells are often missing in the Purkinje
layer (36). The pathophysiological role of the antibodies is not
elucidated at certainty (35). Consequently, they are not suited
as marker for disease activity. Interplay of B-cells, cytotoxic T-
cells and a mooted dysregulation of calcium homeostasis are
pathophysiologically important.

The low number of patients limits treatment experience.
Corticosteroids, plasmapheresis (PLEX) and immunoglobulin
(IViG) have not resulted in convincing results. Experiences
on treatments including cyclophosphamide and rituximab are
anecdotal. One trial utilized tacrolimus to target cytotoxic
T-cells. Whereas, the number of cytotoxic T-cells decreased
dramatically, the effect was reversible when treatment was
terminated. Additionally, no effects on neurological symptoms
were observed (1).

Anti-Ri antibodies (also called ANNA-2) are detected
primarily in patients with breast cancers and are directed
against neuronal nuclear proteins. Typical manifestations are
opsoclonus-myoclonus-ataxia (37).

As for other onconeural antibodies like anti-Hu, -Ri, -
Yo, and CV2 does not seem to be responsible for neuronal
destruction. Anti CV2 antibodies target collapsing response-
mediator protein-5 (CRMP5) and are mostly associated with
small cell lung cancer (11). Most frequently anti-CV2/ CRMP5
antibodies cause subacute cerebellar degeneration, followed
by encephalomyelitis, limbic encephalitis, optic neuritis and
retinopathy in about one in one hundred patients (38). Besides
pharmacological treatment, the removal of the tumor has also
only little impact on prognosis (39).

However, the survival and neurological symptoms with
onconeural antibodies are associated with type of tumor and
specific antibody. Although anti-Hu and CV2 antibodies lead to
similar symptoms, disease outcome favors CV2 (40).

In anti-Ma2 associated encephalitis patients may present with
symptoms suggestive for narcolepsy. Cataplexia and excessive
daytime sleepiness result from diencephalic involvement and
deficient hypocretin transmission. However, in patients with
idiopathic narcolepsy anti-Ma2 antibodies have not been found
(41, 42). In addition, patients presented with head drop and
upper limb involvement were finally diagnosed as encephalitis
with progressive muscular atrophy or as myeloradiculopathy
associated with anti-Ma2 antibodies (43, 44). Brainstem,
limbic and/or diencephalic involvement will lead to respective
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FIGURE 1 | Autoantibodies in autoimmune encephalitis. This figure gives an overview on the different autoantibodies and their antigens detected in our cohort.

Treatment options and probability of co-existing malignancy differs for the various antibodies in our cohort. Modified to Prüß (32).

symptoms with ocular motoric disturbances, LE or symptoms
suggestive for narcolepsy. CSF studies show increased protein
concentration or pleocytosis, in some cases OCBs are positive.
Lymphocytic infiltrates with predominantly T-cell infiltration
are found in affected brain regions. Associated neoplasias are
mainly testicular tumors or lung cancer. Clinical improvement
was observed in patients that received a combination of
tumor treatment (orchiectomy, chemotherapy, radiation) and
immunotherapy (24). Stabilization or improvement has also
been reported in another case series in patients receiving
corticosteroids, IVIG and cyclophosphamide (45).

Whereas, the pathophysiological importance of onconeural
antibodies is disputed and cytotoxic T cell may be responsible for
the poor prognosis, other antibodies found in immune mediated
encephalitis seem to be of great pathophysiological importance,
especially for those targeting surface antigens.

Over the last years, reports of other antibodies causing
encephalitis have increased tremendously. Three different targets
of antibodies may be identified: 1. Receptors responsible for
excitatory effects (NMDA-R, AMPA-R); 2. Receptor responsible
for inhibitory effects (GAD, GABA-A, GABA-B, Gly-R); 3.
Antibodies targeting channels and adhesion molecules (VGCC-,
LGI1, Caspr2, IgLON5) (39).

Antibodies to Receptors Mediating Excitatory Effects

Antibodies against the N-methyl-D-aspartate receptor

(NMDAR)
Antibodies against the receptor of NMDAR were described
in 2005 in four female patients presenting with psychiatric
symptoms for the first time. They responded to immunotherapy
and/or ovarian teratoma resection. Incubation of patients’

sera with rat hippocampal neuron cultures showed intense
immunolabeling with ags localized in the molecular layer
of the hippocampus (46). In 2007, the target auto-ags were
identified as located in the extracellular domain of the NMDAR
subtypes 1 (NR1) and 2B (NR2B), and to a lesser extent to
the NR1 and NMDA-R subtype 2A(NR2A) as conformational
epitope (47). The main cellular mechanisms accounting for
the stereotypical course of anti-NMDAR encephalitis are: (1)
Patients’ CSF anti-NR1 antibodies or purified IgG reduce
surface NMDAR protein and NMDAR cluster density in a
titer dependent manner compared to healthy controls. (2)
Additionally, patients’ antibodies reversibly and specifically
reduce NMDAR from excitatory synapses, and thereby not
affecting the total number of excitatory synapses. (3) This process
is mediated partly by capping, crosslinking and internalization
of NMDAR independent from complement activation (48).
Established treatment strategies comprise various forms of
immunotherapy (corticosteroids, IViGs, plasmapheresis PLEX,
rituximab, cyclophosphamide).

Antibodies against the

α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

receptor: (AMPAR)
Anti-AMPAR antibodies have first been described in 2009
(49). AMPAR belongs to the glutamate (Glu) receptor, and is
responsible for excitatory synaptic transmission in the brain. The
antibodies target one of the subunits of the GluR: GluA1 or
GluA2. GluA1 and GluA2 are surface ags. The binding to the
receptors leads to an internalization of the receptors (50). Its
importance for memory, learning and synaptic plasticity is well-
characterized (51). Psychosis is quite often the initial symptom
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and clinical presentation of patients is similar to those in anti-
NMDAR encephalitis. An association with breast cancer, tumors
of the lungs (e.g., small cell lung cancer) and the thymus has been
observed (52, 53).

Antibodies to Receptors Mediating Inhibitory Effects

Antibodies against glutamic acid decarboxylase (GAD)
GAD is the enzyme needed in catalyzing the decarboxylation of
glutamate to γ-aminobutyric acid (GABA). Anti-GAD antibodies
are frequently detected concurrent with other antibodies—
most frequently with antibodies against GABAR (54). The two
receptors on which GABA acts as an inhibitory ligand in
the CNS are GABAA, an ionotropic receptor, and GABAB a
metabotropic receptor. Of the two isoforms of the enzyme, GAD
65 and 67,the first is located mainly in synaptic vesicles and
synthesizes GABA in an activity dependent manner, whereas
GAD 67 is located in the cytosol; is constitutively active and
accounts for a steady state of basal GABA level (55, 56). GAD
antibodies are associated with various neurological diseases
including stiff person spectrum disorders (SPSD), cerebellar
ataxia, PERM, LE, epilepsy, down beat nystagmus, autoimmune-
related retinopathy and optic neuropathy (ARRON syndrome)
(57–59). Anti-amphipyhsin antibodies are commonly detected
together with anti-GAD antibodies. Together these are the three
auto-antigens for cerebellar ataxia, SPS and Batten’s disease (60).

Anti-GAD titres in neurological diseases are usually
substantially higher than in patients with diabetes mellitus type
1 (DMT1), though there is an overlapping range. Whether the
ability to cross the blood brain barrier (BBB) is titer dependent
is speculative (61), but might be an explanaition why low titres
causing DMT1 and higher titres causing CNS symptoms. Vice-
versa high titres in SPS can cause damage to the neuroendocrine
beta islet cells, and over the course up to 30% of SPS patients
develop autoimmune diabetes mellitus (62). GAD antibodies
found in neurological diseases have a different epitope specificity
than in patients with DMT1 (63, 64). If GAD antibodies are
directly pathogenic or whether they are just an epiphenomenon
for autoimmune disorders that are mediated by CD4+ T cells
is still a matter of debate (65–67). Electrophysiological studies
have led to SPS- like symptoms and cerebellar ataxia in rats after
injection of sera from patients with antibodies against GAD into
rat cerebellum and lumbar para-spinal region (64). It has also
been shown that passive intrathecal transfer of IgG from SPS
patients can cause SPS like motor symptoms in the rat model
(68), elucidating pathophysiological relevant antibodies in SPS
patients. Despite its intracellular location the intraperitoneally
passive transfer of human IgG against synaptic amphiphysin in
a rat model evoked symptoms analog to human SPS supporting
a direct pathogenic role of the antibodies (69). A positive
therapeutic effect after IVIG therapy in patients suffering from
SPS has been reported before (70). Antibodies against GAD
are usually not associated with tumors. However, patients with
a concurrent antibodies to GAD directed against cell surface
antigen seem to have a 7-fold higher risk of having an occult
neoplasm (71, 72). Paraneoplastic SPS is mostly accompanied by
anti-amphipysin antibodies and associated mainly with breast
cancer (9). In some patients with endocrine autoimmunitiy the

presence of GAD65 antibodies might precede the onset of a
neurological disorder (73).

A randomized placebo-controlled trial of patients with SPS
found no significant positive effect after the administration of
rituximab over a period of 6 month though 4 patients improved
markedly (74).

Antibodies against γ -aminobutyric acid (GABA)-receptors
Anti-GABAR antibody block the inihibitory effects mediated by
GABA-R. There are two different forms of receptors: GABAA

and GABAB. They are usually associated with LE (GABAB)
or refractory seizures (GABAB). Whereas, GABAB-R antibodies
are frequently associated with tumors, this association is less
commonly seen in patients with antibodies against GABAA-R.
They usually respond to immunotherapy (75).

Antibodies against glycine receptors (GlyR)
In 2008, antibodies against GlyR were discovered in the serum of
a patient diagnosed with PERM (76). GlyRs consist of alpha 1–
3 and beta subunits (GLRA1-3). The alpha 1 and beta subunits
of the GlyR are expressed abundantly in the pontine region,
medulla oblongata and upper spinal cord (25, 38). The role of
antibodies directed against GlyR A2 and GlyR A3 as intracellular
epitope is unclear (25). The binding of Gly to its receptor leads
to chloride influx and hyperpolarization of the postsynaptic cell.
Whether the receptor internalization and the direct inhibition of
the GlyR contributes to pathology remains unclear. In patients
with paired serum-CSF samples the GlyR antibody titer wasmore
prominent in the sera (25, 77). Patients may present mainly with
muscle spasm, stiffness, rigidity, and myoclonus. In addition,
cranial nerve involvement, excessive startle, walking problems,
and cognitive deterioration are frequently associated symptoms.
There is an association with neoplasms in up to one out of
four patients. After treatment of cancer, neurological symptoms
improved. Interestingly a major part of patients seem to improve
with immunotherapy and became independent in daily activities
(25, 77). PERM, a condition already described in the 1970s, can
be distinguished from SPS by its progressive course, brainstem,
cranial nerve and long tract involvement (78, 79).

Antibodies Targeting Channels and Adhesion

Molecules

Antibodies against the voltage gated potassium

channel-complex (VGCC-complex): Contactin-associated

protein-like 2 (CASPR2), Leucine-rich, glioma Inactivated 1

(LGI1)
The discovery of CASPR2 and LGI1 as main auto-ags of the
VGCC complex led to a better understanding of channelopathies.
Clinical manifestation and responsiveness to steroids differs
between the two antibodies (39, 40). CASPR2 is a cell adhesion
molecule and can be found in the hippocampus, cerebellum, and
in the juxtaparanodal area of myelinated nerves in the CNS and
PNS. It is a transmembrane protein with a small intracellular and
a large extracellular domain and belongs to the neurexin IV (Nrx-
IV) superfamily. In the juxtaparanode region, CASPR2 together
with TAG1 (a neuronal cell adhesion molecule) and protein
4.1B organize and localize Kv 1.1/Kv 1.2 channels (53, 80, 81).
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Antibodies directed against CASPR2 are predominantly of the
IgG4 subtype and importantly do not cause internalization of the
protein and lack crosslinking as seen in other types of encephalitis
(48, 82, 83). Antibodies to VGCC may be directly pathogenic
and may disrupt the cell to cell interaction (84). The largest
retrospective study of patients with CASPR2 antibodies showed
that the majority of patients are males with a median age of 66
years. The most prominent symptoms are cognitive disturbance
followed by seizures and peripheral nerve hyperexcitability. CSF
was normal in more than two thirds of the patients and about
70% had a normal brain MRI. All patients had serum antibodies
against CASPR2. Patients with a tumor might have low CSF
titres or no antibodies detected in CSF by immunohistochemistry
due to the primary peripheral involvement. Tumor prevalence
may account to up to one fifth of patients and are in
most cases thymomas or small cell lung cancers. In patients
with a tumor surgery, the concomitant chemotherapy led to
complete neurological remission. Relapses occurred in 25% of
the patients, the earliest 8 months after the initial episode
and symptoms were mostly similar than in the initial episode.
Interestingly, Morvan Syndrome—characterized by peripheral
nerve excitability, encephalopathy, autonomic dysfunction and
sleeping disorder—was also associated with channelopathies (85).
Response to treatment in patients with Morvan’s Syndrome took
longer than with other presenting symptoms but taken together
72% of patients became independent in daily activities at a
median follow up of 36 months, whereas 21% of patients were
treated with immunotherapy other than first line therapy (84, 86).
Serum cut off titres of ≥1:200 showed good sensitivity and
specificity for the diagnosis of CASPR 2 encephalitis especially
when a brain MRI was performed in addition (87).

LGI1 stabilizes the compound between ADAM22 (a
disintegrin and metalloproteinase domain) and ADAM23
close to VGCC in the presynaptically and to AMPA-R
postsynaptically (88). There are about 300 reported patients
with encephalitis associated with LGI1 antibodies resulting in an
estimated incidence of 0.83/million (17, 86). The most common
initial symptoms seem to be epileptic seizures and cognitive
deterioration, though during the course of the disease more
than 80% of the patients develop seizures (17, 89). Tumors
are present in up to 20% of patients (17, 18, 90, 91). Further
common associated symptoms are insomnia and dysautonomia.
Faciobrachial dystonic seizures (FBDS) are reported in almost
50% of patients and are a characteristic (92–94). FBDS do not
seem to respond to antiepileptic drugs but to immunotherapy
(89, 95). Hyponatremia is found in 65% of the patients. Two
out of three patients show hippocampal alterations in MRI at
presentation, mostly unilateral and three out of four patients
show normal CSF findings in the lumbar puncture.

First-line treatment response rate is effective in 80%, and
improvement started with decrease in seizures and improvement
of cognitive functions. Eighty-six perecnt had persistent amnesia
for the initial disease and life events during the disease as well
as retrograde amnesia representing as lack of memories for
vacation. Relapses occurred in 35% (17). Imaging studies in LGI1
patients showed hippocampal volume reduction in all segments
besides of the CA1 region. The duration of FBDS correlated

inversely with the volume of the right pallidum (18). Rituximab
seems to be safe and effective even in a later course of the disease
in patients with LGI1 antibody encephalitis (96). Patients with
LGI1 antibodies seems to have poor memory recovery probably
because of structural damage due to hippocampal atrophy (97).
Though as it has been observed in patients with FBDS the
initiation of immunotherapymay prevent cognitive deterioration
(95).

Antibodies against IglON5
Anti-IglON5 antibodies were first reported in eight patients with
predominantly atypical sleep disorders in 2014 (98). IgLON5
is a neuronal cell adhesion molecule with unknown function.
IgLON5 antibodies are accompanied by phospho-tau deposits
in subcortical areas mainly in the hypothalamus, brainstem
tegmentum and upper spinal cord (99). The hallmark of anti-
IgLON5 associated encephalitis is parasomnia involving REM
and non REM sleep with stridor, abnormal sleep behavior,
e.g., patients mimic activities of daily living, and sleep apnoea
(98, 100, 101). Four core symptoms have been reported in the
largest published case series: (1) predominantly sleep disorder (2)
bulbar dysfunction (3) progressive supranuclear palsy (PSP) like
syndrome (4) cognitive deterioration or major neurocognitive
disorder (102). The disease is strongly associated with the HLA-
DRB1∗1001 and DQB1∗0501 alleles linking neurodegeneration
with the immune system (101, 102). There is no ensured
paraneoplastic origin though the presence or history of cancer
which may not be causal has been described in patients (103).
Different to NMDAR and AMPAR, anti-IgLON5 antibodies
cause an irreversible downregulation of the surface protein. This
is caused by IgG1 antibodies in a time dependent manner and
may be a major reason why patients do not respond fully to
immunotherapy (83). Antibodies to IgLON5 lead to irreversible
internalization of the IgLON5 protein. Consequently, the long
time period between symptom onset and start of immunotherapy
may be responsible for the low effects of treatment. Besides IgG1
also IgG4 have been reported (103). It is still unclear if patients
with predominantly IgG4 rather than IgG1 or the HLA-type is
associated with better outcome.

Hashimoto encephalopathy (HE)/Steroid responsive

encephalopathy associated with autoimmune thyroiditis

(SREAT)
HE/SREAT was first described by Brain et al. (104). Under the
aspect of unclear underlying pathophysiological mechanisms,
there is discussion about the right terminus for the disease.
As HE/SREAT is not necessarily associated with thyreoiditis,
and not all patients respond to corticosteroids (105, 106).
HE/SREAT is a diagnosis of exclusion and can be considered
under certain conditions after alternative causes have been ruled
out (14). Patients diagnosed with HE/SREAT frequently show
elevated CSF protein or CSF pleocystosis. Cranial MRI is usually
unremarkable. EEG may show unspecific abnormalities but does
not show typical patterns like in patients with anti-NMDAR
encephalitis. Generalized slowing is observed in patients, in some
with lateralized slowing or intermittent rhythmic slowing in
frontal or occipital regions with epileptic activity in some cases
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and improvement of EEG pattern under therapy while follow up
(106–108). HE/SREAT is not necessarily associated with hypo-
or hyperthyroidism but serum anti-thyroid antibodies seem to
present ubiquitary in these patients whereas CSF thyroperoxidase
(TPO) and thyroglobulin (TG) antibodies are rarely positive
(108). The thyroidea stimulating hormone (TSH) levels can be
normal (108). Antibodies-titres and CSF protein seem to decrease
concordantly to clinical improvement (106, 109), though the
levels of CSF antibodies seems to be independent of the clinical
stage of the disease (105). Patients with initial coma may have
relapses more often than those without coma (108). Outcome
is generally favorable and response to first line corticosteroids
is good. Up to 18% of the disease-free population in an U.S.
collective have TG or TPO antibodies. Antibodies are detected
more often in older white females and the occurrence of TG
antibodies in > 50% goes together with the appearance of TPO
antibodies and vice versa (110). If anti-thyroid antibodies are
causal to the disease or if they are just an epiphenomenon is not
elucidated so far. Nevertheless, anti-TPO monoclonal antibodies
bind to astrocytes (111).

Prognosis of Autoimmune Mediated
Encephalitis
The various antibodies and the antigens they are targeting
have major influence on prognosis. Patients with antibodies
against intracellular antigens (see Figure 1) have worse prognosis
(112). Pathomechanisms involve quite often cytotoxic T cells
that are responsible for neuronal destruction (113). In patients
with antibodies against surface antigens outcome may be
better, as immunotherapies might be more effective in those
patients. Antibodies titres as well as the epitope are of the
utmost importance in those patients. Outcome in patients with
NMDAR encephalitis might be better than in those with AMPA-
R. In patients with antibodies against onconeural structures
malignancies will be found, as these antibodies are well-
established markers for PNS. Contrary, not all patients with
antibodies against surface antigens will have neoplasias. However,
a screening for neoplasias and malignancies is obligatory.
Whereas, in patients with onconeuronal antibodies associated
disorders outcome is generally poor even after removal of the
tumor, the disease course in encephalitis might be improved in
dependency of the various antibodies and underlying tumors
after removal of them.

Treatment
The appropriate treatment aims to stop the immunological
processes being causal for the disease and to treat sequelae
of encephalitis. Existing malignancies should be removed and
treated adequately as soon as possible to eliminate the causing
“antigen.” Additionally, immune-suppressive treatment should
be started. Treatment options include corticosteroid, IViG
treatment, plasmapheresis, rituximab, cyclophosphamide. For
some patients a combination is needed (114).

Immunotherapy is of vital importance, however, also
treatment of sequelae such as epileptic seizures is a major
concern.

Conclusion
Some patients do not show immune mediated antibodies. In
those patients the application of nuclear medicine diagnostics—
especially in patients with unremarkable magnetic resonance
imaging (MRI)—, and cerebrospinal fluid (CSF) analysis
allows diagnosis of autoimmune encephalitis (14, 115, 116).
Consequently, in patients with new onset of atypical psychosis
and negative antibody-testing CSF analysis is recommended
(117–121). Diagnosis of autoimmune encephalitis remains
challenging not less than establishing an appropriate therapeutic
concept for each patient. Hereto identification of prognostic
factors as figured out in anti-NMDAR encephalitis may alter
therapeutic strategy (15). Biomarkers like neurofilament light
chains (NFL) and phospho-tau may offer future strategies for
disease monitoring acting as a surrogate for disease activity
(122). Still, there are unanswered questions regarding etiology.
An infectious link was proposed in anti-NMDAR encephalitis, as
patients with acute symptoms after HSV-encephalitis often show
antibodies against NMDAR. In addition, an association between
non-encepahlitic HSV-1 infection and NMDAR-encephalitis has
been proposed based on results of a case-cohort study (123).
CXCL 13 has been shown to be useful to identify acute
neuroborreliosis and its utilization as biomarker for treatment
response in patients with NMDA-R-encephalitis may offer future
strategies (124, 125).

RESULTS

Thirty-eight patients diagnosed with autoimmune encephalitis
were included in our analysis. Sixty-one percent were female.
Mean age was 48 years (ranging from 19 to 77years), and was
similar for sexes (females: 50 years [19–77] and males 53 years
[21–77]). The youngest patients (mean age) were among the
NMDAR, AMPAR and TPO/TG subgroup, and age was highest
for patients with IGLON5 (n = 3, 71 years [64–76 y]), followed
by Ma-2 with 66 years (n = 2, 60 and 71 years), LGI1 (n =

7, 65 years, [47–77 y]). Antibodies against NMDAR and LGI1
were detected in 7 patients and were the most common ones.
Six patients had antibodies against GAD (5 patient’s GAD-65, 1
patient GAD-67). One patient with anti-GAD-67 antibodies also
showed antibodies against GABAA and GABAB. Concomitant
cancers were observed in 11 patients. All patients with anti-
Yo, anti-Ma-2 and anti-CV2 antibodies and 57% of patients
with NMDAR antibodies as well as one patient with CASPR2
antibodies had coexisting malignancies. In two patients with
Ma-2 abs preceded tumor diagnosis, and in one patient with
CV2 abs preceded tumor recurrence.Four patients with NMDA-
R encephalitis had a malignancy (three women with teratoma,
and one male with B cell lymphoma).

Patients with NMDAR encephalitis presented most frequently
with neuropsychiatric symptoms (agitation, confusion and
hallucinations). LE was the most common syndrome in patients
with LGI1 and CASPR2 encephalitis. Mnestic and cognitive
deficits but also seizures were common as initial symptoms in
those patients. Spasticity and ataxia were the leading symptoms
in patients with GAD-65 andGlyR antibodies. In one patient with
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GlyR antibodies cranial nerve involvement was reported. Patients
with ant-IgLON5 syndrome do not show distinct patterns of
symptoms (see Table 1). All patients with anti-Yo antibodies
were diagnosed with PCD and presented with ataxia. MRI
abnormalities were detected in 47.4% of all patients and differed
for the various antibody associated syndromes ranging from 0%
for CV-2 (n = 1), SREAT (n = 2), Yo (n = 3) up to 100%
for Ma-2 (n = 2) as well as the patient with antibodies against
AMPAR. Whereas in LGI (n = 7) abnormalities were detected
in 86% (n = 6), the rate was 43% (n = 3) for NMDAR (n = 7).
Most prominent abnormalities were seen in the hippocampal
andmesiotemporal region. These radiological findings correlated
with symptoms (psychosis, cognitive, and mnestic deficits).

EEG abnormalities were either general slowing or epileptiform
activity and were seen in 31.4% of the patients. Anticonvulsant
drugs were used in 20 patients. Out of 25 patients who
received second line therapy 7 patients (NMDAR: 2; LGI1: 1;
AMPAR: 1; Ma-2: 1, Yo: 2) did not receive AED. Four of those
patients (NMDAR, LGI1, AMPAR) recovered well (mRS ≤ 2).
Most common AED used were Levetiracetam, Lacosamide and
Lamotrigine. Ninety-two percent of patients with documented
seizures in the subacute phase still had AED 12 months after
start of immunosuppressive therapy. AED were most likely used
in the subgroups with CASPR2, LGI1, NMDAR, IGLON 5, and
TPO/TG antibodies (≥66% of patients).

All patients with anti-NMDAR encephalitis and coexisting
ovarian teratoma underwent surgery within 7 days after
detection. Two out of these three patients had a favorable
outcome (mRS 0). A patient with paraneoplastic anti-Ma2
brainstem-encephalitis was diagnosed with lung cancer several
years before neurological deterioration indicated tumor
recurrence. The patient received chemotherapy and radiation.
About 12 months after onset of neurological symptoms antibody
titres decreased. Clinical improvement was recognized though
the patient is still not able to walk unassistedly. Similarly, a female
patients with anti-Yo antibodies was treated for breast cancer
(surgery, chemotherapy, radiation). Antibodies were detected
after onset of ataxia. The other patient with Ma-2 suffering
from limbic encephalitis received chemotherapy which started
a few weeks after diagnosis. Immune-suppressive therapy with
cyclophosophamid was started but was stopped after five cycles
as the patients symptoms did not improve. A patient with CV-2
mediated brainstem encephalitis has recently been diagnosed and
tumor management has been initiated. All patients with anti-Yo
antibodies underwent surgery. As the time interval between
surgery and start of immunosuppressive therapy is unknown
we cannot report further details in this context. Outcome for
patients with onconeural antibodies is worse than for those
with surface antigens. None of the patients were independent
in daily activities. mrs was ≥3 for all patients with onconeural
antibodies.

Most administered treatment were IVIG (2 g/kg
bodyweight over 5 days, up to three times) and pulsed
steroids (1 g methylprednisolone for 5 consecutive days,
followed by 75mg oral dose tapered over 12–20 weeks)
in 26 patients. Eleven patients received plasma exchange
(cycles of up to 11 plasmapheresis and up to two cycles) or

immunoadsorption. Twenty-four patients received ≥3 different
immunotherapies and 12 patients were treated with ≥4 different
immunomodulatory therapies. Only 2 patients responded well to
first-line treatments (mRS score ≤2), and no escalation therapy
was initiated. Twenty-five patients received second line therapy.
Most common second lines treatments were rituximab in 22
cases (up to three times in the acute treatment, 375 mg/m2 body
surface), cyclophosphamide (750mg) in 7 cases, methotrexate
(10mg weekly up to three times) and azathioprine (1.5 mg/kg
bodyweight) in 3 cases. Twelve patients received an escalation
treatment consisting of more than one second line treatment.
Most commonly, rituximab and cyclophosphamide were given
as add on (see Table 1).

Patients with at least 6 months of follow up were looked at
in detail. Stratified by modified ranking scale patients that score
0 points had NMDAR (66%) and AMPAR antibodies (33%).
We stopped treatment after initial application of rituximab (2
times, 14 day interval), after 13 and 20 months in those patients.
Both patients with NMDAR antibodies underwent ovarian
teratoma resection. Seven patients scored 1 point. All patient
had treatment with rituximab initially (2 times, 14 day interval),
and two did not receive further immunosuppression (both LGI1
antibodies). Two patients improved under first line therapy
and are currently under observation (CASPR2 and LGI1). Two
patients received chronic second line immunosuppression (non-
paraneoplastic NMDAR and HE) and another patient is under
chronic immunosuppression for 2 years now and will soon be
reevaluated (LGI1). Of 5 patients scoring 2 points three received
chronic second line immunosuppression (2 IgLON5, 1 LGI1),
one patient with GlyR mediated SPS stabilized received IVIG
with mild stabilizing effect but without significant improvement
and refused second line therapy and another patient with GAD
67 antibodies improved distinctly under IVIG which was stopped
after 4 cycles and is currently under observation.

DISCUSSION

Reports on autoimmune mediated encephalitis have increased
tremendously over the last years. This development was mirrored
in our institution by a large number of newly diagnosed and
treated patients at our institution. The increased awareness may
have led to more testing for autoantibodies and consequently
to more diagnosed patients. Testing for antibodies in serum is
easily available. Still sensitivity of antibody testing may be higher
in CSF than in sera as reported for NMDAR encephalitis (29)
and thereby diagnostic pathway is more invasive. Moreover, in
consistency with literature (29) we observed that the clinical
course correlates well with the NMDAR antibodies titres in
the CSF of patients. This might be of importance especially
in comatose patients when clinical neurological assessment is
limited. For patients with suspicion for LGI1, CASPR2, IgLON5,
GAD, and Glycine mediated disorder testing of serum may be
sufficient, but as symptoms are unspecific we test antibodies in
serum as well as in CSF.

Diagnosis is hampered by the presentation of very unspecific
symptoms (118, 126), but early diagnosis and treatment initiation
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are essential in the management of autoimmune encephalitis.
We have observed wide disparity in the latency of diagnosis and
treatment in our cohort. Patients diagnosed with anti-IGLON5
syndrome followed by HE and GlyR antibody associated
encephalitis had the biggest latency in receiving a diagnosis and
treatment with immunosuppressive agents. The highly variable
interval in “first symptoms to immunosuppressive treatment”
may be explained by the increasing awareness for NMDAR and
LGI1 encephalities, whereas diagnosis might be challenging for
HE/SREAT, or antibodies testing for IGLON5 or GAD-67 was
not available until recently. One of our patients with antibodies
to IGLON5 was diagnosed after 7 years of bilateral vocal cord
palsy. Interestingly, he improved under immunotherapy. A case
with CASPR2 encephalitis in our cohort had a very long disease
course and similarly he improved under treatment. Both cases
may suggest that even after a long period treatment should be
initiated, and seems to be more effective than assumed (103, 127,
128).

First line therapy was initiated within the first few days after
hospitalization for most of the patients (especially for those
with NMDAR and LGI1 encephalitis). First-line therapies were
pulsed steroids and IVIG. Treatment was escalated to PLEX in
patients with antibodies against surface epitopes and who did
not respond to high dose steroids or IVIG. Depending on the
patient’s clinical neurological condition during PLEX or after 6
cycles of PLEX second line therapy was initiated which is more
or less in line with previous recommendations (16). Initiation
of second line therapy has evolved earlier in the course of
the disease over the last 4 years and may have improved the
disease course. The first choice of second line immunotherapy

was rituximab in most cases, in some cases simultaneously
with cyclophosphamide. In patients with onconeural antibodies
second line therapy was mostly cyclophosphamide and to a
lesser extent rituximab. We figured out that the initiation of
second line therapy is highly dependent on the notification of
the antibodies status. None of our patients received second line
therapy without diagnosis evidenced by respective antibodies. A
prolonged disease course with no clear improvement was the
basis for the decision to initiate escalation therapy in most of the
patients. When escalation treatment should be started is a matter
of discussion, as there are no clear guidelines. Maintenance
therapy with rituximab has been established for varying duration.
We re-evaluated immunosuppression with rituximab after 4 to
6 cycles (2–3 years after initiation). There is need to implement
scales with sufficient sensitivity and other testing modalities (e.g.,
autonomic testing) tomonitor patients in the acute phase but also
in therapy surveillance.

If patients showed clinical improvement, regained autonomy
in daily activities, CSF has normalized, MRI did not show
new alterations and antibody status became negative than we
usually discontinue chronic immunosuppression and arrange
follow up controls in 6 months intervals. In cases with
coexisting tumor we stop immunosuppression in our NMDAR
patients 1 year after tumor removal, even if they had had
second line therapy. This is not absolutely conform with the
proposed management (16). Termination of immunosuppressive
therapy needs to be discussed in each individual case and
cannot be recommended without reservation for all patients
with autoimmune encephalitis or even with the same distinct
antibodies, although all of our patients had a monophasic course

FIGURE 2 | Outcome of patients with autoimmune encephalitis. This figure shows the outcome of our patients (follow up at least six months) expressed. Thirty-nine

percent of our patients show no or only mild deficits (mrs ≤ 2). Twenty-seven percent show severe disability and 7% died. Best prognosis had patients with anti-LGI1

encephalitis (75% mild disability, 25% moderate disability at last follow up). All patients with onconeural antibodies have severe disability at last follow up.
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of the disease until now (even in those patients with second
line treatment). In patients with stiffness and PERM besides
immunotherapy also symptomatic treatment with high dose oral
and intrathecal triamcinolone-acetonide that markedly reduced
stimulus-evoked jerks, reduced rigidity and muscle spasms is of
importance. Treatment response to immunotherapy in patients
with cerebellar ataxia was markedly worse than in patients
with SPS. On the other hand, patients with non-paraneoplastic
ataxia and seropositivity for GAD65 antibodies respond better
to immunotherapy than patients with coexisting malignancy.
In those patients early treatment initiation is of the utmost
importance (129, 130).

Despite the small number of patients almost all our patients
with antibodies against LGI1 and NMDAR developed epileptic
seizures which disappeared as they recovered. Seizures in
our patients developed early in the course of the disease,
although literature report manifestations in every stage of
the disease (131). Seizures as first symptom of anti-NMDAR
encephalitis are more common in men. Since we only have
one male patient who did not develop epileptic seizures we
cannot confirm that seizures manifest in men more frequently
(132). Five patients with antibodies against LGI1 developed
epileptic seizures. FBDS were observed in a single patient.
Seizure control was achieved by early immunotherapy whereas
cognitive deficits persisted in 80% of our patients, similarly
to reports from literature (17, 133). All patients with seizures
as initial symptom or in the subacute phase received AED
and immunosuppressive therapy simultaneously. Most patients,
especially those with LGI1 antibodies stabilized soon and did not
suffer from further seizures. Patients with NMDAR encephalitis
had seizures mostly as initial symptom or in the subacute phase
often associated with autonomic dysregulation and need for
intensive care treatment but not after clinical stabilization. Taken
together we cannot link clinical improvement to AED. Some
patients with limbic encephalitis did not suffer from seizures,
maybe because of fast initiation of immunotherapy, did not
require AED and improved markedly over the course of their
disease.

Tumor screening was performed in all patients with anti-
NMDAR encephalitis. In our female patients screening for
teratoma was done either with computer tomography (CT),
pelvic ultrasound or as recently reported by MRI (134) or a
combination of these modalities. The removal of the ovaries in
patients with teratoma is aimed to be conducted immediately
after detection and diagnosis of NMDAR encephalitis as not
only the severity of symptoms but also early initiation of
immunotherapy and early teratoma resection predict good
outcome (15). Tumor surveillance is of utmost importance
as the relapse rate and prognosis depend on the tumor
status (15), and tumor work up in yearly intervals should
be performed (16). Besides teratoma, B cell lymphoma was
diagnosed in one of our male patients. Detection of NMDAR
antibodies preceded diagnosis in this patients. Whether there
is a pathophysiological relation remains unclear. EBV is of
importance in the pathophysiology of B cell lymphoma, and
recently a case with anti-NMDA-R encephalitis associated with
EBV was reported (135). Detection and removal of coexisting

malignancy is important in the treatment of autoimmune
encephalitis.

Interestingly, the age of patients at diagnosis differed for the
various antibodies. Three cohorts were seen: age>65 years: LGI1,
CASPR2, IGLON5, Ma2. Age between 50 and 60: Glycin, GAD,
Yo, CV2. Age <30 years: NMDAR, AMPAR and HE. Whether
there is a pathophysiological association is not clear.

Follow up data for at least 6 month is available for 29
patients. All patients with LGI1 encephalitis are independent
in their daily activities and had mRS<2, whereas for NMDAR
encephalitis patients mRS ranged from 0 till 6. Sixty-seven
percent of our patients with antibodies against NMDAR had a
favorable outcome which is comparable to previous data that
showed 81% of patients had a favorable outcome after 24 months
(15). Outcome in patients with onconeuronal antibodies had a
worse outcome. None of those patients were independent in daily
activities. Two deaths were reported: One patient suffering from
NMDAR encephalitis and one patient with CASPR2 encephalitis.
See Figure 2. One of our female patients has not recovered from
encephalitis despite intense immunotherapy for over 2 year now.
We administered bortezomib in this case which seems promising
in patients with prolonged course (136–138). Interestingly,
this patient shows improvement after 22 months of treatment
with walking and participation in simple conversation. This
shows due to the reversible and titer-dependent internalization
of the NMDAR, symptoms are reversible (48), even after
that long disease duration without full recovery. If the
recovery of this patient refers to bortezomib is unclear as
this patient received extensive immunosuppressive therapy
before.

Over the last years other treatment options have been
discussed including natalizumab, azathioprine, methotrexate,
mycophenolate mofetil or tocilizumab (139, 140). However,
natalizumab was considered ineffective in an atypical case with
NMDAR antibodies. Positive effects on seizure control, but not
on cognitive deterioration was seen, when used add-on (141,
142). Treatment with natalizumab may offer a therapeutic option
in autoimmune encephalitis, but as we know from multiple
sclerosis treatment it should take into account years of previous
immunotherapies, anti JCV antibody index but also higher risk of
PML under prolonged immunosuppressive therapy (143, 144).

CONCLUSION

We do show that real-life data gained in a single center
is comparable with literature, although we do often stop
maintenance treatment and introduce regular and close
monitoring. The outcome is wide spread and depends mostly on
time to diagnosis and to initiation of treatment as well as on the
underlying autoantibodies and coexisting disorders, i.e., worse
outcome in patients with onconeural antibodies. The frequency
of autoimmunemediated encephalitis is increasing over time and
more and more patients are referred from other disciplines—
especially from psychiatry. This is of great importance as
awareness of encephalitis mediated by autoantibodies in patients
with manifold symptoms will lead to increasing numbers of
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testing for autoantibodies and consecutively rising numbers of
patients diagnosed with autoimmune encephalitis.

We identified anti-LGi1 and anti-NMDAR encephalitis as
most common causes in our cohort. Finally there are pending
questions:

1) How can the identification of patients with autoimmune
encephalitis in view of mostly unspecific symptoms be made
easier?

2) What are the best treatment options for the various antibody
associated syndromes?

3) When should treatment be escalated and when can it be
terminated (as seen in one of our patients with anti-NMDAR
encephalitis who show improvement to treatment after 22
months)?

Ad (1) We suggest an interdisciplinary view. Testing for
antibodies should be done for sera and CSF in patients with
slightest suspicion (atypical or new onset psychosis at an older
age with no explanation) or a history of co-existing malignancy.
Testing should be performed at institutes with proven expertise.

Ad (2) For patients with antibodies against surface ags
rituximab and plasmapheresis are promising agents. For patients
with onconeural antibodies tumor control is by far the best

treatment option. Steroids, cyclophosphamide, or IVIGs might
have some effects. Trials on immunotherapeutics for those
patients should be planned. More data on best treatment options
is needed. International collaborations have to be initiated.
Treatment should be performed in tertiary hospitals.

Ad (3) Studies and trials have to be implemented to test
for scales, biomarkers. In individual cases treatment can be
stopped, still close monitoring is needed (MRI, CSF, antibody
titres, neuropsychological, and clinical evaluations).

Differential diagnosis is broad and essential to be taken
into account. Anamnesis, correct interpretation of the CSF,
radiological assessment are the clues to appropriate diagnosis.
Whereas, we are testing on slightest suspect, other clinics with
not that short way to diagnostics may have to set up diagnostic
pathways. Autoimmune mediated encephalitis might still be
underdiagnosed, thus awareness has to be increased and testing
for antibodies should be performed in sera and CSF.
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Neuromyelitis optica spectrum disorders (NMOSD) are autoantibody mediated chronic

inflammatory diseases. Serum antibodies (Abs) against the aquaporin-4 water channel

lead to recurrent attacks of optic neuritis, myelitis and/or brainstem syndromes.

In some patients with symptoms of NMOSD, no AQP4-Abs but Abs against

myelin-oligodendrocyte-glycoprotein (MOG) are detectable. These clinical syndromes

are now frequently referred to as “MOG-encephalomyelitis” (MOG-EM). Here we give an

overview on current recommendations concerning diagnosis of NMOSD and MOG-EM.

These include antibody and further laboratory testing, MR imaging and optical coherence

tomography. We discuss therapeutic options of acute attacks as well as longterm

immunosuppressive treatment, including azathioprine, rituximab, and immunoglobulins.

Keywords: neuromyelitis optica, aquaporin-4 antibodies, MOG-encephalomyelitis, diagnostic criteria,

immunosuppressive treatment

INTRODUCTION

Neuromyelitis optica spectrum disorders (NMOSD) are rare chronic inflammatory central nervous
system diseases distinct from multiple sclerosis (MS). The French term “neuro-myélite optique
aiguë,” whichmay be translated as “neuromyelitis optica acuta” was first used byDevic in 1894 (1, 2).
In the majority of patients with NMOSD, autoantibodies (Abs) against the astrocyte aquaporin-4
(AQP4) water channel are detectable and patients typically suffer from recurrent attacks of severe
optic neuritis or/and myelitis (3–7). In rarer cases, brainstem and brain involvement e.g., area
postrema syndrome or diencephalic syndrome can occur (8, 9). Patients also frequently suffer
from burdensome symptoms like pain, headache, depression, fatigue, and sleep disorders (10–
14). Despite treatment, recovery from attacks is often incomplete and disease remission rarely
occurs (15, 16). Thus, in relapsing NMOSD, which account for approximately 80–85% of cases,
neurologic deficits frequently accumulate during the disease course. Patients without long-term
immunosuppressive therapy have a worse prognosis with a higher mortality rate (17). Disease
onset ranges between 4 and 88 years with a mean age at onset of 39 years (18–21). Women are
disproportionately more often affected and, particularly in AQP4-seropositive patients, female to
male-ratio can reach up to 10:1 (19, 22, 23). In 20–30% of patients, depending on the assay used,
AQP4-Abs are not detectable (24, 25). Whether AQP4-Ab positive and AQP4-Ab negative diseases
are varieties of the same disorder or rather reflect different disease entities is a topic of ongoing
research (26–28).
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Recently, various publications described the detection of
serum-Abs against myelin-oligodendrocyte-glycoprotein (MOG)
in AQP4-Ab negative NMOSD patients including pediatric
cohorts and few patients with MS (29–41). In the past,
MOG-Abs were particularly described in acute disseminated
encephalomyelitis (ADEM), an inflammatory CNS disorder that,
if it has an pediatric onset, is mostly monophasic and has a
favorable outcome in the majority of cases (42, 43). MOG is
a glycoprotein localized on the surface of the myelin sheath
as well as of the cell body and processes of oligodendrocytes
(44, 45). According to the revised 2015 NMOSD diagnostic
criteria (46), diseases with or without evidence of AQP4-
Abs as well as disorders with MOG-Abs can be assigned to
the NMO spectrum. Although there are numerous overlaps
in clinical presentation and imaging findings with NMOSD
with and without AQP4-Ab, MOG-Ab-associated disease is
more and more considered a disease entity in its own (47).
Previous studies on NMOSD might have included patients with
MOG-Abs and therefore overlapping features could have been
reported in these studies. Various terms are used to describe
the disease such as “MOG-antibody related disorder,” “MOG-
associated disease,” “MOG antibody disease,” “MONEM” or
“MOG-encephalomyelitis (MOG-EM)”(40, 47–50). Hereafter,
we use the term “MOG-EM,” as it reflects the relevant symptoms
of the disease and is used in several recent publications, e.g., (49).
Although ADEM can also be accompanied by MOG-Abs (51), in
this manuscript we do not regardMOG-Ab positive patients with
ADEM-phenotype as part of the “MOG-EM” due to their distinct
clinical characteristics. To date, the relevance of MOG-Abs and
their nosologic categorization is a topic of current discussion and
under further investigation (47, 52, 53).

To give an overview on diagnosis and treatment
recommendations in NMOSD and MOG-EM, we here describe
our own clinical experiences and give a review on the current
literature using the Pubmed online database. We used the search
terms “neuromyelitis optica,” “neuromyelitis optica spectrum
disorder,” “MOG,” aquaporin-4 antibodies,” “MRI,” “diagnostic
criteria,” “therapy,” and combinations of these. To find all
relevant publications, we did not restrict the year of publication;
however, most reports originate from the last 5 years.

DIAGNOSIS

In NMOSD and MOG-EM, most common symptoms are
optic neuritis and longitudinally extensive transverse myelitis
(LETM). Signs of brainstem affection like persistent hiccup,
nausea or vomiting should explicitly be asked for as they are
often attributed to other reasons and are therefore not reported
spontaneously by the patient. Rarer clinical manifestations of
NMOSD comprise narcolepsy, acute diencephalic syndrome
or muscle affection (54, 55), while in MOG-EM extraneural
involvement such as reversible paraspinal muscle hyperintensity
have been described, as well as MOG-Abs in combined central
and peripheral demyelination syndromes (56, 57).

Like NMOSD, MOG-EM can affect optic nerve, spinal cord,
and brainstem. However, some studies showed histopathological

differences between NMOSD and MOG-EM (58, 59). AQP4-Abs
bind to water channels located on astrocytes, whereas MOG-
Abs target myelin-forming oligodendrocytes (53). Both types of
antibodies may lead to disturbances of the integrity of blood
brain barrier and to CNS inflammation (53, 60). However, while
inflammation in MOG-EM primarily results in demyelination,
demyelination in NMOSD seems to be a secondary phenomenon
following astrocytic damage (61, 62).

In patients with AQP4-Abs, the most frequent symptoms at
onset are optic neuritis in 37-54% of the patients, and LETM
in 30–47% of the patients (26, 63, 64). In patients with MOG-
Abs, optic neuritis was the first clinical manifestation in 33–
64% whereas myelitis occurred in 18–33% of the patients as
initial symptom (33, 48, 65). Also during the further course of
the disease, optic neuritis seems to be more frequent in MOG-
EM than in NMOSD with myelitis being less common (29,
66). However, in population-based ON studies and unselected
cohorts of patients with ON, both the prevalence of AQP4-Abs
andMOG-Abs is low (67–69). In MOG-EM, cases of encephalitis
and seizures were described whereas these symptoms are rare
in NMOSD (70–72). MOG-EM differs from NMOSD in further
clinical characteristics e.g., in gender ratio and age at onset.
In (relapsing) NMOSD, up to 90% of the patients are female,
whereas the proportion of male patients in MOG-EM ranges
from 43 to 63% (22, 26, 29–31, 73). The published mean age
at onset ranges from 27 and 37 years in patients with MOG-
EM (29–31, 73) and between 30 and 46 years for patients with
NMOSD (19, 26, 29–31, 73). At onset, patients with MOG-Abs
are more likely to suffer from simultaneous or rapidly sequential
optic neuritis and LETM compared to patients with AQP4-
Abs (31). In AQP4-Ab positive NMOSD, most patients (80–
90%) have a relapsing disease course (26, 73, 74). In MOG-EM,
monophasic disease course is considered to be more frequent,
however, the duration of follow-up and a referral bias might
have influenced these results (33, 73–76). Some studies showed
lower disability outcomes, measured by the Expanded Disability
Status Scale (EDSS), in MOG-EM than in NMOSD, suggesting
a presumably more favorable prognosis (29–31, 73). However,
long-term data from MOG-EM are scant. Whereas spinal cord
lesions frequently affect cervicothoracic segments in NMOSD,
they tend to be localized in thoracolumbar parts of the spinal cord
including the conus in MOG-EM (29, 31). Table 1 summarizes
the epidemiological and clinical features in NMOSD and MOG-
EM.

Antibody Diagnosis
A central component of diagnostics in NMOSD andMOG-EM is
the detection of Abs in serum. AQP4-Abs were firstly described
in 2004 and made it possible to differentiate NMOSD from MS
(78). The best detection rates are provided by cell-based assays
(CBA) (24, 32, 79, 80). In NMOSD, the sensitivity of these assays
ranges between 80 and 100%, whereas specificity varies between
86 and 100% (24). Contrarily, enzyme-linked immunosorbent
assays (ELISA) may lead to false-positive results and should not
be used as sole method (81–83).

Specific antibodies against MOG are detectable in pediatric
patients with acute disseminated encephalomyelitis (ADEM)
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TABLE 1 | Epidemiological and clinical features in NMOSD and MOG-EM.

AQP4-Ab positive NMOSD MOG-EM

Mean age at onset [range] 40–46 years (26, 31, 73) 27–37 years (30, 73)

Female to male ratio [range] 7.2:1–10:1 (26, 29, 31, 73) 1:1.6–1.3:1 (29–31)

Median EDSS at last follow-up [range] 4.0–5.8 (29, 31, 73) 0–1.5 (29, 31, 73)

Frequency of coexisting autoimmune diseases 16–45% (31, 73) 6–11% (31, 73)

Localization of optic nerve lesions orbital, chiasm (77) orbital, canalicular, intracranial (77)

Features of optic neuritis OCT: prominent RNFL thinning (77) Severe optic nerve swelling at onset (77); frequently simultaneous

or rapidly sequential optic neuritis and LETM (31)

Localization of spinal cord lesions Cervical, thoracic (29) Thoracic, lumbar (29), involving conus (31)

MRI brain lesions More frequently lesions in medulla oblongata

and area postrema (65)

More frequently ADEM-like brain lesions, deep gray matter lesions

(31), lesions in pons, thalamus (65)

(84–86). In MS patients, MOG-Abs were described for the first
time at the beginning of the 1990s (87). Further studies confirmed
these findings (88–90). Later, MOG-Abs were found in AQP4-
Ab negative patients with clinical symptoms of NMOSD (91,
92). Like in NMOSD, CBA are the current gold standard to
detect MOG-Abs (39, 49). Formerly used assays had a low MOG
specificity, which led to high rates of false positive results (39,
49). Therefore to date, cell-based assays targeting at full-length
human MOG and the use of IgG1-specific secondary antibodies
is highly recommended to avoid cross-reactivity with IgM and
IgA antibodies (39, 49).

AQP4- and MOG-serostatus and Ab-level may change during
the disease course. In patients with suspected NMOSD or MOG-
EM without initial evidence for seropositivity, further Ab-testing
may be required during the course of the disease, especially
during acute attacks and intervals without treatment. AQP4-
Abs usually stay detectable during remission, although the titer
may be lower with immunosuppression (some patients even
seroconvert to negative over time) and during acute attacks
(93). In MOG-EM, approximately 80% of patients with evidence
of MOG-Abs during acute attack remained seropositive during
remission (33). However, the rate was lower with only 50%
of patients remaining seropositive in a study from Korea (76).
As in AQP4-Ab positive NMOSD, MOG-Ab serum titers are
significantly higher during acute attack than during remission
(33). In some studies, Ab-titers were associated with relapses
and treatment status (32, 93, 94). However, the level of AQP4-
titer does not seem to be predictive for long term disease course
(95), and AQP4-Ab serostatus is not predictive of response to
immunotherapy (96). Testing of patients with progressive MS
for MOG antibodies is not warranted under most circumstances
(97).

Testing CSF for AQP4- or MOG Abs is not routinely
recommended as it does not seem to provide an additional benefit
for diagnosing NMOSD orMOG-EM (98, 99). AQP4-Abs in CSF
can be detected in only 70% of Aqp4-Ab seropositive patients and
in none of the AQP4 seronegative patients (100). Like AQP4-Abs,
MOG-Abs are produced mainly extrathecally and are therefore
less frequent in CSF than in serum (32).

Comorbidity with other autoimmune disorders is frequent
in NMOSD patients (101–105). Therefore, further tests
for autoantibodies should comprise Abs associated with

rheumatologic diseases e.g., ANA, ANCA, Anti-ds-DNA-Abs,
and lupus anticoagulant. If there are clinical signs in anamnesis
or examination, Ab testing for myasthenia gravis, coeliac disease,
or paraneoplastic disorders should be performed (101, 106–110).
In MOG-EM, the frequency of coexistent autoimmune diseases
seems to be lower than reported for AQP4-Ab positive patients
(33, 66).

Further Laboratory Diagnosis
Other laboratory tests are recommended to diagnose coexisting
autoimmune disorders and to exclude other differential
diagnoses. Next to routine laboratory tests, this includes
differential blood count, blood sedimentation, folic acid,
and vitamin B12 (111). To exclude sarcoidosis which is a
relevant differential diagnosis as it can also manifest with optic
neuropathy or myelopathy (112, 113), tests on hypercalcemia
and hypercalciuria, interleukin-2-rezeptor (sIL-2 R), and
angiotensin-converting enzyme (ACE) should be performed
(112, 114).

Analysis of cerebrospinal fluid (CSF) might be helpful to
exclude other diagnoses, especially to differentiate between
NMOSD/MOG-EM and MS. In NMOSD, white cell counts
were elevated in up to 50% of the patients, especially during
acute attack, and in approximately 10% of the patients CSF-
restricted oligoclonal IgG bands (OCB) can be detected (73,
100). Increased CSF/serum albumin ratio as a marker of
dysfunction of blood brain barrier was found in 51% of NMOSD
patients (100).

In MOG-EM, elevated white cell counts were found in 25–
70% of the patients, whereas there was no differentiation between
tests during acute attack and remission. (33, 66, 73). Like in
NMOSD, OCB were detected in 10% of the MOG-EM patients
and CSF/serum albumin ratio was elevated in 32% (33, 66, 73).

Magnetic Resonance Imaging
Next to the AQP4-Abs, MRI is an essential element to diagnose
NMOSD. It helps to differentiate NMOSD from MS and other
CNS disorders (115).

Spinal cord imaging was already included in the 2006
NMO diagnostic criteria (116). These criteria require MRI
spinal cord lesion extending over ≥3 vertebral segments (116).
However, in 15 percent of myelitis attacks, spinal cord lesions
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do not extend over ≥3 vertebral segments which may lead to
misdiagnosis or delayed diagnosis of NMOSD (117). Typical
NMOSD lesions are located centrally in the spinal cord and
involve more than the half of spinal cord cross-section area
(118). It was suggested by Yonezu et al.(119) that “bright
spotty lesions” are characteristic for NMOSD and might reflect
microcystic defects of the spinal cord (113). The specificity
of this sign however still needs to be confirmed in further
studies. The interval between clinical symptoms and the MRI
is influencing the MRI presentation of LETM lesions. They
may not be present from relapse onset and may change into
multiple short lesions or into spinal cord atrophy during the
disease course (120, 121). Hence, there is the risk miss a typical
MRI presentation of the LETM when the MRI is performed
too early or too late (72). Other causes for longitudinally
extensive spinal cord LETM lesions include sarcoidosis or
spondylotic myelopathy or rarely MS and need to be considered
(112, 122, 123). In addition longitudinally extensive myelitis
lesions were recently described in patients with symptoms
of meningitis, encephalitis and/or myelitis that were tested
positive for glial fibrillary acidic protein (GFAP)-IgG (124–
126).

Brain MRI at first presentation often shows no lesions
which has been the reason to define normal brain MRI as
one NMO diagnostic criterion in 2006 (116). However, more
recent studies showed that the presence of cerebral lesions is not
uncommon in the clinical course of NMOSD (127–129). Hence,
the NMOSD 2015 diagnostic criteria have incorporated findings
of cerebral MRI and define NMOSD-typical brain lesions (46).
These lesions can be located at the periependymal surfaces of
the third and fourth ventricle, in the area postrema, corpus
callosum, hypothalamus or thalamus (130–132). In addition,
subcortical or deep white matter lesions are possible. Meningeal
enhancement has been reported in some cases, although this
does not appear to be a very frequent imaging finding in
NMOSD (133). Orbital MRI may show increased T2 signal and
gadolinium enhancement of the optic nerve as signs of an optic
neuritis. This can be helpful to diagnose MOG-EM or NMOSD
in patients without AQP4-Abs (46, 77, 131, 134, 135). Chiasmal
involvement is more common in AQP4-NMOSD than in MOG-
EM (134).

A study by Ramanathan et al. showed no MRI brain
lesions in a large proportion of MOG-EM patients (66).
Conversely, other authors found supra- and infratentorial
MRI abnormalities in 40–50% of the patients (33, 65). Brain
imaging allows to distinguish MOG-EM from MS, but shows
many overlaps with AQP4-Ab NMOSD (136–138). Moreover,
a relevant number of patients show pathologic findings in
MRI of optic nerve and spinal cord, comparable to NMOSD
patients (33, 74). However, one study revealed a more frequent
occurrence of optic nerve head swelling and retrobulbar
affection of the optic nerve in MOG-EM compared to NMOSD
(134).

Figure 1 shows MRI features of NMOSD and MOG-EM.
Studies investigating non-conventional MR imaging in NMOSD
will not be reviewed further as they currently lack implications
for clinical management (139–141).

Optical Coherence Tomography
Optical coherence tomography is an interferometric technique
using near infra-red backscattered light to generate high
resolution images of the retina and its various layers, that is
increasingly applied in various neuroimmunological disorders
(142–148). OCT displays severe damage to the retinal nerve fiber
layer and the ganglion cell layer following attacks of optic neuritis
in both AQP4 NMOSD andMOG-EM that correlates with visual
function and quality of life (149–158). It is currently a matter of
debate if retinal damage following optic neuritis is equally severe
in AQP4-NMOSD and MOG-EM (75, 77, 152, 159–162) and
to which extent structural retinal alterations occur in NMOSD
independently of optic neuritis attacks (143, 157, 163–167).
Although the utility of OCT in patient management requires
further investigation, it may help quantify the extent of structural
retinal damage following optic neuritis attacks and thus hopefully
inform treatment decisions (168–170), and support differential
diagnosis in the near future.

Diagnostic Criteria
Current NMOSD diagnostic criteria were published by the
International Panel for NMO Diagnosis in 2015 (46) and were
aimed at taking recent advances in the field following the 2006
Wingerchuk criteria into consideration (116). They differentiate
between NMOSD with AQP4-Abs and NMOSD without AQP4-
Abs or unknown AQP4-Ab status.

In the case of positive AQP4-Ab status, one of the following
clinical core symptoms is required:

1. Optic neuritis
2. Acute myelitis
3. Area postrema syndrome: episode of otherwise unexplained

hiccups or nausea and vomiting
4. Acute brainstem syndrome
5. Symptomatic narcolepsy or acute diencephalic clinical

syndrome with NMOSD-typical diencephalic MRI lesions
6. Symptomatic cerebral syndrome with NMOSD-typical brain

lesions

NMOSD-typical brain lesions may involve the dorsal medulla,
especially the area postrema, the periependymal surfaces of the
third or fourth ventricle, the hypothalamus, thalamus, the corpus
callosum, cerebral peduncles, and the internal capsule. Moreover,
subcortical or deep white matter lesions and corticospinal tract
lesions are possible. Alternative diagnoses e.g., MS, sarcoidosis,
infectious or neoplastic diseases have to be excluded.

In patients without evidence of AQP4-Ab two of the above
mentioned core clinical characteristics are necessary for NMOSD
diagnosis. At least one of these core clinical characteristics has to
be ON, LETM or area postrema syndrome. Moreover, supportive
characteristics in cerebral, spinal cord or optic nerve MRI are
required. These are

- normal brain MRI or long optic nerve lesions with increased
T2 signal or gadolinium enhancement of the optic nerve or the
chiasm in patients with ON,

- spinal cord MRI lesion or focal spinal cord atrophy extending
over ≥3 segments in patients with myelitis and
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FIGURE 1 | MRI of patients with AQP4-Ab positive NMOSD and patients with MOG-EM. Severe cervical LETM in a NMOSD AQP+ patient: (a) T2 sagittal and (b) T2

axial of a cervical myelon lesion with ring Gd-Enhancement and T1 hypointense center in (c) T1+Gd sagittal and (d) T1+Gd axial. Bilateral opticusneuritis in a

MOG-EM patient (e) T1+Gd axial and (f) T1+Gd coronar. Unilateral optic neuritis with chiasmal involvement in a NMOSD AQP4+ patient: (g) T1+Gd axial and

(h) T1+Gd coronar. Tumefactive lesion involving the corpus callosum in a NMOSD AQP4+ patient (i–k) T2 axial.

- lesions involving dorsal medulla oblongata/area postrema in
patients with area postrema syndrome

- periependymal brainstem lesions in patients with acute
brainstem syndrome.

Using the 2015 instead of the 2006 criteria led to a significant
increase in the number of patients diagnosed with NMOSD
(138, 171, 172)

For MOG-EM, to date, no evidence based diagnostic criteria
exist. However, NMOSD 2015 diagnostic criteria allow to include
cases of NMOSD associated with other specific autoantibodies
(46).

TREATMENT OF ACUTE ATTACKS

In NMOSD as well as in MOG-EM, acute attacks are usually
treated with 1,000mg intravenous methylprednisolone (IVMP)
for 3–5 days. Jarius et al. showed complete or almost complete
recovery in 50% of IVMP treated MOG-EM attacks (33). In
NMOSD, IVMP led to complete recovery in 17–35% of the
attacks (15, 173). In case of poor response, treatment escalation
with 2,000mg IVMP may improve outcome, for further therapy
escalation plasma exchange (PLEX) or immunoadsorption are
possible (15, 173–175). PLEX and immunoadsorption did
not show a difference in their efficacy in the therapy of
NMOSD attacks (176). They can also be used as first-line
therapy (in particular in myelitis attacks) if response to
methylprednisolone during previous attacks was poor. An early
initiation of PLEX seems to improve the clinical outcome (176,
177).

PREVENTATIVE IMMUNOSUPPRESSIVE

THERAPY

Attacks in NMOSD as well as in MOG-EM are often
characterized by severe neurologic deficits with poor recovery.
Frequently, a relevant disability persists after an attack. However,
there are indications that MOG-EM has a less severe course than
NMOSD and relapse risk depends on Ab status (30, 65, 66).
In some patients with evidence of MOG-Abs, seroconversion
to an Ab- negative status may occur during the disease course
(30, 32, 76).

There is increasing evidence that immunosuppressive therapy
is essential to reduce disease activity and to avoid further attacks.
However, to date no placebo controlled trial has been published
and only one open randomized clinical trial has been performed
(178). Thus, the current treatment paradigm is based on case
series, (retrospective) observational studies as well as expert
opinion. Hereafter, we describe the to-date used treatments in
NMOSD and MOG-EM (179).

Low Dose Prednisone/Prednisolone
Low dose oral corticosteroids are used in many neurologic
diseases. Oral prednisone/prednisolone can be given subsequent
to attack therapy with IVMP in decreasing dose levels and
as comedication during the first months of azathioprine
(AZA) or mycophenolate mofetil (MMF) treatment until
these drugs exert their full efficacy. Possible side effects
are weight gain, hypertension, thrombosis, osteoporosis,
fungal and viral infections, hyperglycemia, gastritis and
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peptic ulcer, psychiatric disturbances and a Cushing
syndrome (180).

Data on long-term treatment with oral
prednisone/prednisolone in NMOSD are limited. A few
studies could show a decrease in ARR by low dose steroid
therapy (181, 182). Moreover, it is known from treatment
experiences with AZA that additional oral prednisone is effective
to reduce disease activity during the first 3–6 months until AZA
reaches its full efficacy.

In MOG-EM, low treatment failure rates were achieved with
oral prednisone (66). The occurrence of relapses during tapering
or after cessation of subsequent oral prednisone after IVMP
attack treatment supports the beneficial effects of corticosteroid
therapy in MOG-EM (33), at least in patients with persistence
of MOG Abs (66). However, due to the known side effects
and the existence of other treatment alternatives, a long-
term therapy with low dose prednisone should be critically
weighed.

Azathioprine
AZA is a purine analog, acts as antimetabolite and inhibits the
differentiation of lymphocytes. Thereby it has antiproliferative
and immunosuppressive effects. It is administered in a dose of
2–3 mg/kg body weight per day and reaches its full effectiveness
after 3–6 months. During the initial period, additional oral
prednisone [1 mg/kg/day] is necessary and can be slowly tapered
when AZA becomes fully effective.

The most important side effect is a bone marrow depression
with anemia, leuko- and/or thrombopenia. The risk of bacterial,
viral or fungal infection is increased. Moreover, elevation of liver
enzymes, nausea or emesis can appear. Rare side effects especially
after long treatment duration include malignomas e.g., of the
skin, and a progressive multifocal leukoencephalopathy (PML).
Furthermore, add-on therapy with prednisone enhances the risk
of side effects, like a diabetogenic metabolic state, thrombosis or
psychiatric symptoms.

Patients with a congenital deficiency of
thiopurinmethyltransferase (TPMT), an enzyme responsible
for metabolisation of AZA, have a high risk of bone marrow
depression. Therefore, it is recommended to test for TPMT-
deficiency in patients with pronounced deterioration of blood
count after initiation of AZA-therapy.

A recently published prospective randomized controlled trial
compared the efficacy of AZA and rituximab (RTX) in NMOSD.
It showed a significant decrease in mean ARR from 1 to 0.51
and a decrease in mean EDSS from 2.40 to 1.95 by AZA (178).
54% of the patient treated with AZA became relapse free after 1
year (178). A prospective study including 77 NMOSD patients
(183) and other retrospective studies (181, 184–186) showed
comparable results.

In a study by Jarius et al. 14 out of 17 MOG-patients (82%)
suffered from at least one attack while treated with AZA (33).
Attacks occurred mainly in patients that were not co-treated with
oral prednisone and during the first 6 months. This highlights the
need for co-treatment with oral prednisone until AZA reaches its
full efficacy.

Rituximab
RTX is a monoclonal Ab directed against the surface molecule
CD20 on B-lymphocytes. RTX leads to a depletion of CD20+B-
lymphocytes, which act as precursor cells of antibody producing
plasma cells (187). A thereby triggered reduction of antibody
formation is presumably the RTX mechanism of action.

The most frequently used dose regimen is the intravenous
administration of each 1,000mg with an interval of 2 weeks
followed by 6-monthly dosages of 1,000mg (179, 188).
Alternatively, initially 375 mg/m2 body surface every week
over a period of 4 weeks can be administered. As an alternative
to a fixed dosage regimen every 6 months, monitoring of
CD19+/CD20+ B-lymphocytes and administration of RTX in
the case of reconstitution of these cells is possible (189, 190).
Another option is the administration of RTX depending on
monitoring of CD27+ memory B-cells which might in some
cases allow to lower the cumulative RTX dose (191). An evidence
that one of these regimens has therapeutic superiority over the
other does not exist to date.

Before first administration, active infections like tuberculosis
or hepatitis B have to be excluded (192). An update of vaccination
status and anti-pneumococcal vaccination is recommended
(192).

Side effects include infusion-related symptoms like
pruritus, headache, rash or fever. To reduce the risk of these
symptoms, a premedication with an analgesic/antipyretic and an
antihistamine is recommended. The risk of infections and severe
skin reactions like the Lyell-syndrome or the Stevens-Johnson-
Syndrome is elevated. Cardiac symptoms e.g., arrhythmia or
cardiac insufficiency were reported (193). Moreover, neurologists
must be aware of hypogammaglobulinemia that may occur with
long-term RTX treatment (194).

In 2005, an open label study described for the first time a
significant reduction in disease activity in eight NMO patients
treated with RTX (195). Since then, an increasing number of
patients was treated with RTX. However, to date only a few
prospective studies investigating the effect of RTX on NMOSD
exist. The above mentioned study by Nikoo et al. showed a
reduction of the ARR by 83 percent as mean ARR decreased from
1.30 to 0.21 (178). Mean EDSS decreased from 3.55 to 2.56. Other
prospective and retrospective trials found significant reductions
of ARR to values between 0.1 and 0.46 in adult and pediatric
patients treated with RTX (181, 196–202). A further overview
on efficacy and safety profile of RTX in NMOSD is given in the
topical literature (203–205).

AZA and RTX are the most frequently used
immunosuppressants in NMOSD. With regards to ARR
and EDSS, comparison studies between both drugs seem to
suggest a superiority of RTX compared to AZA (178, 184).
Thus, currently RTX seems to be the most effective treatment in
NMOSD, although some studies describe a rebound in disease
activity shortly after RTX induction (199, 206). Treatment effect
does not seem to depend on AQP4-serostatus (96).

In MOG-EM, treatment with RTX led to a decline in relapse
rate in only 3 out of 9 patients (33). Most of the attacks
occurred shortly after RTX infusion. Some authors recommend
RTX as second-line-therapy if preventative treatment with
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low-dose prednisone or monthly intravenous immunoglobulins
(IVIG) is not effective (66). In patients with myelitis, RTX is
recommended from an earlier stage as a myelitis often leads to
severe residual deficits (66). Whether RTX is indeed less effective
in MOG-EM than in NMOSD has to be analyzed in further
studies (207).

Mycophenolate Mofetil
MMF is an immunosuppressant that inhibits the inosine
monophosphate dehydrogenase. Thereby, the synthesis of
guanosin nucleotide and subsequently, the proliferation of B- and
T-lymphocytes is inhibited. The administered daily dose ranges
between 750 and 3,000 mg/d (179, 208, 209).

The most common side effects are leucopenia, diarrhea,
vomiting and sepsis. The risk of malignomas can be increased
especially if MMF is combined with other immunosuppressants.

A retrospective observational study investigated the effect
of MMF in NMOSD and MOG-EM. 33/67 (49%) of the
patients were relapse-free, in 44/53 (83%) the EDSS improved
or stabilized (208). Other observational studies showed similar
results with proportions of relapse-free patients between 56 and
60% in NMOSD (210, 211) In comparison to AZA,MMF showed
fewer side effects with equal efficacy (211, 212). As in treatment
with RTX, response to MMF does not differ in dependence on
AQP4-serostatus (96).

In MOG-EM patients, a combined therapy with MMF and
steroids appeared to have a positive effect; however, this effect
diminished after steroid tapering (66). As MMF may take several
months to reach its full efficacy, add-on prednisone should be
tapered only very slowly.

Intravenous Immunoglobulins
Even less data is available for treatment with IVIG in
NMOSD. A small retrospective study including six patients
with NMO/NMOSD treated with IVIG 2–3- monthly showed a
decrease in ARR from 0.75 to 0.15 (213). One study investigated
IVIG treatment of acute NMOSD relapses (214), however, further
data on preventive IVIG therapy is lacking.

In a study by Ramanathan et al, 4 out of 7 MOG-EM
patients treated with IVIG were relapse-free (66). The authors
recommend prophylaxis with low-dose prednisone or monthly
IVIG with MMF or RTX as a next step for treating MOG-EM.
Jarius et al. reported data of one MOG-EM patient who was
relapse-free during 11 months of IVIG treatment and 12 months
after IVIG discontinuation (33).

Methotrexate
Methotrexate (MTX) is an analog of folate, acts as folate
antagonist and inhibits the dihydrofolate reductase. Hereby it
inhibits DNA and RNA synthesis and has an immunosuppressive
and anti-inflammatory effect. Side effects include gastrointestinal
symptoms like nausea or diarrhea, bone marrow depression and
an increase of liver enzymes.

Retrospective studies in NMOSD showed a decrease of ARR
between 64 and 87% (215–217). InMOG-EM,MTX led to disease
stabilization in 5/6 patients (33). Therefore, MTX seems to be

a treatment option in patients that do not respond to first-line-
therapy or suffer from side effects of other treatments (216).

MS Immunomodulatory Medication and

Rarer Treatment Options
Treatment with MS medications like interferon-beta, glatiramer
acetate, fingolimod, alemtuzumab, natalizumab, and presumably
also dimethyl fumarate is known to have no or even harmful
effects in NMOSD (181, 218–230). Similar results were found
in patients with MOG-EM which were treated with one
of these drugs for suspected MS (33); however, studies on
treatment effects of these drugs are even rarer than in
NMOSD.

Mitoxantrone is able to significantly reduce ARR in NMOSD
patients (231, 232), nevertheless, due to its cardio- and
myelotoxic side effects and the availability of alternatives
with fewer adverse events its use should be considered
very critically (233–235). Cyclophosphamide does not seem
to be effective in NMOSD (236). Data about the effects
of mitoxantrone or cyclophosphamide in MOG-EM are
missing.

Ongoing Studies
To date, various clinical trials are ongoing to investigate the
effect of new drugs in NMOSD. A placebo-controlled clinical trial
is testing the effect of inebelizumab (MEDI-551), a humanized
monoclonal antibody against CD19+ B-cells on NMOSD relapse
rate (237–239). The efficacy of B-cell-depleting therapy in
NMOSD is well known from treatment with RTX. AQP4-Ab
positive as well as AQP4-Ab negative patients with at least one
relapse during the last year or with at least two relapses during the
last 2 years before screening can be included in this study (237).

Another agent under investigation is eculizumab, a
monoclonal antibody inhibiting the complement protein
C5. There were encouraging findings from an open label study
where 12 out of 14 highly active patients became relapse-free
by eculizumab treatment (240, 241). A subsequent double-blind
placebo-controlled phase 3 trial aiming to enroll approximately
130 patients is now in the open-label extension stage (242).

Tocilizumab, an inhibitor of the IL-6 signaling pathway,
showed significant reduction of disease activity in two pilot
studies including in total 15 patients with high-active NMOSD
(243, 244). Moreover, it might be an option in NMOSD patients
with concomitant cancer or paraneoplastic syndrome (245).
To date, an open label randomized controlled trial comparing
tocilizumab and AZA is recruiting patients (246). Satralizumab
(SA237), a follow-on monoclonal antibody of tocilizumab,
is under investigation in a placebo-controlled double-blind
phase 3 study (247). Efforts to restore immune tolerance as
novel therapeutic endeavor are in preparation, however, various
technical and conceptual issues hamper prompt implementation
in clinical trials and practice (248, 249).

Further information on ongoing or completed (pilot) studies
as well as non-conventional treatment approaches, e.g., with
cetirizine, regulatory dentritic cells or autologous bone marrow
derived stem cells in NMOSD may be found at the website
https://clinicaltrials.gov and in current literature (188, 250, 251).
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SUMMARY

The diagnosis and treatment in NMOSD and MOG-EM require
special clinical expertise. The 2015 NMOSD diagnostic criteria
and the availability of antibody testing and MRI are the basis to
diagnose and differentiate NMOSD orMOG-EM. Early diagnosis
and initiation of adequate therapy are essential—at least in
seropositive patients–to avoid disease attacks and persistent
deficits. Long term immunosuppressive treatment, e.g., with RTX

or AZA, has emerged to be the most effective therapies to reduce
disease activity. Further therapeutic options, in particular various
monoclonal antibodies are currently under clinical investigation
in NMOSD.

AUTHOR CONTRIBUTIONS

NB performed literature research and drafted the manuscript. FP,
MM, MS, and SK critically reviewed the manuscript.

REFERENCES

1. Devic E. Myélite aiguë compliquée de névrite optique. Bull Médicale (1894)

8:1033–4.

2. Jarius S, Wildemann B. The history of neuromyelitis optica.

J Neuroinflammation (2013) 10:8. doi: 10.1186/1742-2094-10-8

3. Pache F, Wildemann B, Paul F, Jarius S. [Neuromyelitis optica]. Fortschr

Neurol Psychiatr. (2017) 85:e1. doi: 10.1055/s-0035-1567186

4. Weinshenker BG, Wingerchuk DM. Neuromyelitis spectrum disorders.

Mayo Clin Proc. (2017) 92:663–79. doi: 10.1016/j.mayocp.2016.12.014

5. Jarius S, Wildemann B, Paul F. Neuromyelitis optica: clinical features,

immunopathogenesis and treatment. Clin Exp Immunol. (2014) 176:149–64.

doi: 10.1111/cei.12271

6. Metz I, Beißbarth T, Ellenberger D, Pache F, Stork L, Ringelstein M, et al.

Serum peptide reactivities may distinguish neuromyelitis optica subgroups

and multiple sclerosis. Neurol Neuroimmunol Neuroinflamm. (2016) 3:e204.

doi: 10.1212/NXI.0000000000000204

7. Mori M, Kuwabara S, Paul F. Worldwide prevalence of neuromyelitis

optica spectrum disorders. J Neurol Neurosurg Psychiatry (2018) 89:555–6.

doi: 10.1136/jnnp-2017-317566

8. Kremer L, Mealy M, Jacob A, Nakashima I, Cabre P, Bigi S, et al. Brainstem

manifestations in neuromyelitis optica: a multicenter study of 258 patients.

Mult Scler. (2014) 20:843–7. doi: 10.1177/1352458513507822

9. Wang KC, Lee CL, Chen SY, Lin KH, Tsai CP. Prominent

brainstem symptoms/signs in patients with neuromyelitis optica

in a Taiwanese population. J Clin Neurosci. (2011) 18:1197–200.

doi: 10.1016/j.jocn.2010.12.052

10. Chavarro VS, Mealy MA, Simpson A, Lacheta A, Pache F, Ruprecht K,

et al. Insufficient treatment of severe depression in neuromyelitis optica

spectrum disorder. Neurol Neuroimmunol Neuroinflamm. (2016) 3:e286.

doi: 10.1212/NXI.0000000000000286

11. Penner IK, Paul F. Fatigue as a symptom or comorbidity of neurological

diseases. Nat Rev Neurol. (2017) 13:662–75. doi: 10.1038/nrneurol.2017.117

12. Song Y, Pan L, Fu Y, Sun N, Li YJ, Cai H, et al. Sleep abnormality

in neuromyelitis optica spectrum disorder. Neurol Neuroimmunol

Neuroinflammation (2015) 2:e94. doi: 10.1212/NXI.0000000000000094

13. Asseyer S, Schmidt F, Chien C, Scheel M, Ruprecht K, Bellmann-

Strobl J, et al. Pain in AQP4-IgG-positive and MOG-IgG-positive

neuromyelitis optica spectrum disorders.Mult Scler J Exp Transl Clin. (2018)

4:2055217318796684. doi: 10.1177/2055217318796684

14. Mizuno Y, Shinoda K,WatanabeM,Matsushita T, Yamasaki R, Kira JI. Short-

lasting unilateral neuralgiform headache attacks with cranial autonomic

symptoms in NMOSD.Neurol Neuroimmunol Neuroinflamm. (2018) 5:e447.

doi: 10.1212/NXI.0000000000000447

15. Kleiter I, Gahlen A, Borisow N, Fischer K, Wernecke KD, Wegner B, et al.

Neuromyelitis optica: Evaluation of 871 attacks and 1,153 treatment courses.

Ann Neurol. (2016) 79:206–16. doi: 10.1002/ana.24554

16. Pandit L, Mustafa S. Spontaneous remission lasting more than a decade

in untreated AQP4 antibody-positive NMOSD. Neurol Neuroimmunol

Neuroinflamm. (2017) 4:e351. doi: 10.1212/NXI.0000000000000351

17. Mealy MA, Kessler RA, Rimler Z, Reid A, Totonis L, Cutter G,

et al. Mortality in neuromyelitis optica is strongly associated with

African ancestry. Neurol Neuroimmunol Neuroinflamm. (2018) 5:e468.

doi: 10.1212/NXI.0000000000000468

18. Collongues N, Marignier R, Zéphir H, Papeix C, Blanc F, Ritleng C,

et al. Neuromyelitis optica in France: a multicenter study of 125 patients.

Neurology (2010) 74:736–42. doi: 10.1212/WNL.0b013e3181d31e35

19. Pandit L, Asgari N, Apiwattanakul M, Palace J, Paul F, Leite MI, et al.

Demographic and clinical features of neuromyelitis optica: A review. Mult

Scler. (2015) 21:845–53. doi: 10.1177/1352458515572406

20. Krumbholz M, Hofstadt-van Oy U, Angstwurm K, Kleiter I, Jarius S, Paul F,

et al. Very late-onset neuromyelitis optica spectrum disorder beyond the age

of 75. J Neurol. (2015) 262:1379–84. doi: 10.1007/s00415-015-7766-8

21. Bove R, Elsone L, Alvarez E, Borisow N, Cortez MM, Mateen FJ, et al.

Female hormonal exposures and neuromyelitis optica symptom onset in

a multicenter study. Neurol Neuroimmunol Neuroinflamm. (2017) 4:e339.

doi: 10.1212/NXI.0000000000000339

22. Borisow N, Kleiter I, Gahlen A, Fischer K, Wernecke KD, Pache F, et al.

Influence of female sex and fertile age on neuromyelitis optica spectrum

disorders.Mult Scler. (2017) 23:1092–103. doi: 10.1177/1352458516671203

23. Wingerchuk DM. Neuromyelitis optica: effect of gender. J Neurol Sci. (2009)

286:18–23. doi: 10.1016/j.jns.2009.08.045

24. Waters P, Reindl M, Saiz A, Schanda K, Tuller F, Kral V, et al.

Multicentre comparison of a diagnostic assay: aquaporin-4 antibodies in

neuromyelitis optica. J Neurol Neurosurg Psychiatry (2016) 87:1005–15.

doi: 10.1136/jnnp-2015-312601

25. Melamed E, Levy M, Waters PJ, Sato DK, Bennett JL, John GR, et al.

Update on biomarkers in neuromyelitis optica. Neurol Neuroimmunol

Neuroinflamm. (2015) 2:e134. doi: 10.1212/NXI.0000000000000134

26. Jarius S, Ruprecht K, Wildemann B, Kuempfel T, Ringelstein M, Geis C, et al.

Contrasting disease patterns in seropositive and seronegative neuromyelitis

optica: Amulticentre study of 175 patients. J Neuroinflammation (2012) 9:14.

doi: 10.1186/1742-2094-9-14

27. Jiao Y, Fryer JP, Lennon VA, Jenkins SM, Quek AML, Smith CY,

et al. Updated estimate of AQP4-IgG serostatus and disability

outcome in neuromyelitis optica. Neurology (2013) 81:1197–204.

doi: 10.1212/WNL.0b013e3182a6cb5c

28. Kiyat-Atamer A, Ekizoglu E, Tüzün E, Kürtüncü M, Shugaiv E, Akman-

Demir G, et al. Long-term MRI findings in neuromyelitis optica:

seropositive versus seronegative patients. Eur J Neurol. (2013) 20:781–7.

doi: 10.1111/ene.12058

29. Sato DK, Callegaro D, Lana-Peixoto MA, Waters PJ, de Haidar Jorge FM,

Takahashi T, et al. Distinction between MOG antibody-positive and AQP4

antibody-positive NMO spectrum disorders. Neurology (2014) 82:474–81.

doi: 10.1212/WNL.0000000000000101

30. Jurynczyk M, Messina S, Woodhall MR, Raza N, Everett R, Roca-Fernandez

A, et al. Clinical presentation and prognosis in MOG-antibody disease:

a UK study. Brain J Neurol. (2017) 140:3128–38. doi: 10.1093/brain/

awx276

31. Kitley J, Waters P, Woodhall M, Leite MI, Murchison A, George J,

et al. Neuromyelitis optica spectrum disorders with aquaporin-4 and

myelin-oligodendrocyte glycoprotein antibodies: a comparative study. JAMA

Neurol. (2014) 71:276–83. doi: 10.1001/jamaneurol.2013.5857

32. Jarius S, Ruprecht K, Kleiter I, Borisow N, Asgari N, Pitarokoili K, et al.

MOG-IgG in NMO and related disorders: a multicenter study of 50 patients.

Part 1: Frequency, syndrome specificity, influence of disease activity, long-

term course, association with AQP4-IgG, and origin. J Neuroinflamm. (2016)

13:279. doi: 10.1186/s12974-016-0717-1

Frontiers in Neurology | www.frontiersin.org October 2018 | Volume 9 | Article 88830

https://doi.org/10.1186/1742-2094-10-8
https://doi.org/10.1055/s-0035-1567186
https://doi.org/10.1016/j.mayocp.2016.12.014
https://doi.org/10.1111/cei.12271
https://doi.org/10.1212/NXI.0000000000000204
https://doi.org/10.1136/jnnp-2017-317566
https://doi.org/10.1177/1352458513507822
https://doi.org/10.1016/j.jocn.2010.12.052
https://doi.org/10.1212/NXI.0000000000000286
https://doi.org/10.1038/nrneurol.2017.117
https://doi.org/10.1212/NXI.0000000000000094
https://doi.org/10.1177/2055217318796684
https://doi.org/10.1212/NXI.0000000000000447
https://doi.org/10.1002/ana.24554
https://doi.org/10.1212/NXI.0000000000000351
https://doi.org/10.1212/NXI.0000000000000468
https://doi.org/10.1212/WNL.0b013e3181d31e35
https://doi.org/10.1177/1352458515572406
https://doi.org/10.1007/s00415-015-7766-8
https://doi.org/10.1212/NXI.0000000000000339
https://doi.org/10.1177/1352458516671203
https://doi.org/10.1016/j.jns.2009.08.045
https://doi.org/10.1136/jnnp-2015-312601
https://doi.org/10.1212/NXI.0000000000000134
https://doi.org/10.1186/1742-2094-9-14
https://doi.org/10.1212/WNL.0b013e3182a6cb5c
https://doi.org/10.1111/ene.12058
https://doi.org/10.1212/WNL.0000000000000101
https://doi.org/10.1093/brain/awx276
https://doi.org/10.1001/jamaneurol.2013.5857
https://doi.org/10.1186/s12974-016-0717-1
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Borisow et al. NMOSD and MOG-Encephalomyelitis

33. Jarius S, Ruprecht K, Kleiter I, Borisow N, Asgari N, Pitarokoili K, et al.

MOG-IgG in NMO and related disorders: a multicenter study of 50 patients.

Part 2: Epidemiology, clinical presentation, radiological and laboratory

features, treatment responses, and long-term outcome. J Neuroinflamm.

(2016) 13:280. doi: 10.1186/s12974-016-0718-0

34. Körtvélyessy P, Breu M, Pawlitzki M, Metz I, Heinze HJ, Matzke M,

et al. ADEM-like presentation, anti-MOG antibodies, and MS pathology:

TWO case reports. Neurol Neuroimmunol Neuroinflamm. (2017) 4:e335.

doi: 10.1212/NXI.0000000000000335

35. Spadaro M, Gerdes LA, Krumbholz M, Ertl-Wagner B, Thaler FS, Schuh

E, et al. Autoantibodies to MOG in a distinct subgroup of adult

multiple sclerosis. Neurol Neuroimmunol Neuroinflamm. (2016) 3:e257.

doi: 10.1212/NXI.0000000000000257

36. Hamid SHM, Whittam D, Mutch K, Linaker S, Solomon T, Das K, et al.

What proportion of AQP4-IgG-negative NMO spectrum disorder patients

are MOG-IgG positive? A cross sectional study of 132 patients. J Neurol.

(2017) 264:2088–94. doi: 10.1007/s00415-017-8596-7

37. Sepúlveda M, Armangué T, Sola-Valls N, Arrambide G, Meca-

Lallana JE, Oreja-Guevara C, et al. Neuromyelitis optica

spectrum disorders: Comparison according to the phenotype and

serostatus. Neurol Neuroimmunol Neuroinflamm. (2016) 3:e225.

doi: 10.1212/NXI.0000000000000225

38. Pandit L, Sato DK, Mustafa S, Takahashi T, D’Cunha A, Malli C,

et al. Relapsing optic neuritis and isolated transverse myelitis are the

predominant clinical phenotypes for patients with antibodies to myelin

oligodendrocyte glycoprotein in India. Mult Scler J Exp Transl Clin. (2016)

2:2055217316675634. doi: 10.1177/2055217316675634

39. Waters P, Woodhall M, O’Connor KC, Reindl M, Lang B, Sato DK,

et al. MOG cell-based assay detects non-MS patients with inflammatory

neurologic disease. Neurol Neuroimmunol Neuroinflamm. (2015) 2:e89.

doi: 10.1212/NXI.0000000000000089

40. Hacohen Y, Wong YY, Lechner C, Jurynczyk M,Wright S, Konuskan B, et al.

Disease course and treatment responses in children with relapsing myelin

oligodendrocyte glycoprotein antibody-associated disease. JAMA Neurol.

(2018) 75:478–87. doi: 10.1001/jamaneurol.2017.4601

41. Hacohen Y, Absoud M, Deiva K, Hemingway C, Nytrova P, Woodhall M,

et al. Myelin oligodendrocyte glycoprotein antibodies are associated with a

non-MS course in children. Neurol Neuroimmunol Neuroinflamm. (2015)

2:e81. doi: 10.1212/NXI.0000000000000081

42. Pohl D, Alper G, Van Haren K, Kornberg AJ, Lucchinetti CF,

Tenembaum S, et al. Acute disseminated encephalomyelitis: Updates

on an inflammatory CNS syndrome. Neurology (2016) 87:S38–45.

doi: 10.1212/WNL.0000000000002825

43. Berzero G, Cortese A, Ravaglia S, Marchioni E. Diagnosis and therapy of

acute disseminated encephalomyelitis and its variants. Expert Rev Neurother.

(2016) 16:83–101. doi: 10.1586/14737175.2015.1126510

44. Hjelmström P, Penzotti JE, Henne RM, Lybrand TP. A molecular model of

myelin oligodendrocyte glycoprotein. J Neurochem. (1998) 71:1742–9.

45. Vourc’h P, Andres C. Oligodendrocyte myelin glycoprotein (OMgp):

evolution, structure and function. Brain Res Brain Res Rev (2004) 45:115–24.

doi: 10.1016/j.brainresrev.2004.01.003

46. Wingerchuk DM, Banwell B, Bennett JL, Cabre P, Carroll W,

Chitnis T, et al. International consensus diagnostic criteria for

neuromyelitis optica spectrum disorders. Neurology (2015) 85:177–89.

doi: 10.1212/WNL.0000000000001729

47. Dos Passos GR, Oliveira LM, da Costa BK, Apostolos-Pereira SL, Callegaro

D, Fujihara K, et al. MOG-IgG-associated optic neuritis, encephalitis, and

myelitis: lessons learned from neuromyelitis optica spectrum disorder. Front

Neurol. (2018) 9:217. doi: 10.3389/fneur.2018.00217

48. Cobo-Calvo Á, Ruiz A, D’Indy H, Poulat AL, Carneiro M, Philippe N,

et al. MOG antibody-related disorders: common features and uncommon

presentations. J Neurol. (2017) 264:1945–55. doi: 10.1007/s00415-017-8583-z

49. Jarius S, Paul F, Aktas O, Asgari N, Dale RC, de Seze J, et al.

MOG encephalomyelitis: international recommendations on

diagnosis and antibody testing. J Neuroinflamm. (2018) 15:134.

doi: 10.1186/s12974-018-1144-2

50. Narayan R, Simpson A, Fritsche K, Salama S, Pardo S, Mealy M, et al. MOG

antibody disease: a review of MOG antibody seropositive neuromyelitis

optica spectrum disorder. Mult Scler Relat Disord. (2018) 25:66–72.

doi: 10.1016/j.msard.2018.07.025

51. Dale RC, Tantsis EM, Merheb V, Kumaran RYA, Sinmaz N, Pathmanandavel

K, et al. Antibodies to MOG have a demyelination phenotype and affect

oligodendrocyte cytoskeleton. Neurol Neuroimmunol Neuroinflamm. (2014)

1:e12. doi: 10.1212/NXI.0000000000000012

52. Reindl M, Rostasy K. MOG antibody-associated diseases.

Neurol Neuroimmunol Neuroinflamm. (2015) 2:e60.

doi: 10.1212/NXI.0000000000000060

53. Zamvil SS, Slavin AJ. Does MOG Ig-positive AQP4-seronegative

opticospinal inflammatory disease justify a diagnosis of NMO

spectrum disorder? Neurol Neuroimmunol Neuroinflamm. (2015) 2:e62.

doi: 10.1212/NXI.0000000000000062

54. Chen HX, Zhang Q, Lian ZY, Liu J, Shi ZY, Miao XH, et al. Muscle damage in

patients with neuromyelitis optica spectrum disorder.Neurol Neuroimmunol

Neuroinflamm. (2017) 4:e400. doi: 10.1212/NXI.0000000000000400

55. Baba T, Nakashima I, Kanbayashi T, Konno M, Takahashi T, Fujihara

K, et al. Narcolepsy as an initial manifestation of neuromyelitis

optica with anti-aquaporin-4 antibody. J Neurol. (2009) 256:287–8.

doi: 10.1007/s00415-009-0139-4

56. Pandit L, Mustafa S, Uppoor R, Nakashima I, Takahashi T, Kaneko

K. Reversible paraspinal muscle hyperintensity in anti-MOG antibody-

associated transverse myelitis. Neurol Neuroimmunol Neuroinflamm. (2018)

5:e412. doi: 10.1212/NXI.0000000000000412

57. Vazquez Do Campo R, Stephens A, Marin Collazo IV, Rubin

DI. MOG antibodies in combined central and peripheral

demyelination syndromes. Neurol Neuroimmunol Neuroinflamm. (2018)

doi: 10.1212/NXI.0000000000000503

58. Jarius S, Metz I, König FB, Ruprecht K, Reindl M, Paul F, et al. Screening

for MOG-IgG and 27 other anti-glial and anti-neuronal autoantibodies

in “pattern II multiple sclerosis” and brain biopsy findings in a MOG-

IgG-positive case. Mult Scler. (2016) 22:1541–49. doi: 10.1177/13524585156

22986

59. Spadaro M, Gerdes LA, Mayer MC, Ertl-Wagner B, Laurent S, Krumbholz

M, et al. Histopathology and clinical course of MOG-antibody-

associated encephalomyelitis. Ann Clin Transl Neurol. (2015) 2:295–301.

doi: 10.1002/acn3.164

60. Takeshita Y, Obermeier B, Cotleur AC, Spampinato SF, Shimizu F,

Yamamoto E, et al. Effects of neuromyelitis optica-IgG at the blood-

brain barrier in vitro. Neurol Neuroimmunol Neuroinflamm. (2017) 4:e311.

doi: 10.1212/NXI.0000000000000311

61. Ratelade J, Zhang H, Saadoun S, Bennett JL, Papadopoulos MC, Verkman

AS. Neuromyelitis optica IgG and natural killer cells produce NMO

lesions in mice without myelin loss. Acta Neuropathol. (2012) 123:861–72.

doi: 10.1007/s00401-012-0986-4

62. Misu T, Fujihara K, Kakita A, KonnoH, NakamuraM,Watanabe S, et al. Loss

of aquaporin 4 in lesions of neuromyelitis optica: distinction from multiple

sclerosis. Brain J Neurol. (2007) 130:1224–34. doi: 10.1093/brain/awm047

63. Aboul-Enein F, Seifert-Held T, Mader S, Kuenz B, Lutterotti A,

Rauschka H, et al. Neuromyelitis optica in Austria in 2011: to bridge

the gap between neuroepidemiological research and practice in a

study population of 8.4 million people. PloS ONE (2013) 8:e79649.

doi: 10.1371/journal.pone.0079649

64. ZhangBao J, Zhou L, Li X, Cai T, Lu J, Lu C, et al. The clinical

characteristics of AQP4 antibody positive NMO/SD in a large

cohort of Chinese Han patients. J Neuroimmunol. (2017) 302:49–55.

doi: 10.1016/j.jneuroim.2016.11.010

65. Cobo-Calvo A, Ruiz A, Maillart E, Audoin B, Zephir H, Bourre B, et al.

Clinical spectrum and prognostic value of CNS MOG autoimmunity

in adults: the MOGADOR study. Neurology (2018) 90:e1858–69.

doi: 10.1212/WNL.0000000000005560

66. Ramanathan S, Mohammad S, Tantsis E, Nguyen TK, Merheb V, Fung VSC,

et al. Clinical course, therapeutic responses and outcomes in relapsing MOG

antibody-associated demyelination. J Neurol Neurosurg Psychiatry (2018)

89:127–37. doi: 10.1136/jnnp-2017-316880

67. Soelberg K, Jarius S, Skejoe H, Engberg H, Mehlsen JJ, Nilsson AC, et al.

A population-based prospective study of optic neuritis. Mult Scler. (2017)

23:1893–901. doi: 10.1177/1352458517734070

Frontiers in Neurology | www.frontiersin.org October 2018 | Volume 9 | Article 88831

https://doi.org/10.1186/s12974-016-0718-0
https://doi.org/10.1212/NXI.0000000000000335
https://doi.org/10.1212/NXI.0000000000000257
https://doi.org/10.1007/s00415-017-8596-7
https://doi.org/10.1212/NXI.0000000000000225
https://doi.org/10.1177/2055217316675634
https://doi.org/10.1212/NXI.0000000000000089
https://doi.org/10.1001/jamaneurol.2017.4601
https://doi.org/10.1212/NXI.0000000000000081
https://doi.org/10.1212/WNL.0000000000002825
https://doi.org/10.1586/14737175.2015.1126510
https://doi.org/10.1016/j.brainresrev.2004.01.003
https://doi.org/10.1212/WNL.0000000000001729
https://doi.org/10.3389/fneur.2018.00217
https://doi.org/10.1007/s00415-017-8583-z
https://doi.org/10.1186/s12974-018-1144-2
https://doi.org/10.1016/j.msard.2018.07.025
https://doi.org/10.1212/NXI.0000000000000012
https://doi.org/10.1212/NXI.0000000000000060
https://doi.org/10.1212/NXI.0000000000000062
https://doi.org/10.1212/NXI.0000000000000400
https://doi.org/10.1007/s00415-009-0139-4
https://doi.org/10.1212/NXI.0000000000000412
https://doi.org/10.1212/NXI.0000000000000503
https://doi.org/10.1177/1352458515622986
https://doi.org/10.1002/acn3.164
https://doi.org/10.1212/NXI.0000000000000311
https://doi.org/10.1007/s00401-012-0986-4
https://doi.org/10.1093/brain/awm047
https://doi.org/10.1371/journal.pone.0079649
https://doi.org/10.1016/j.jneuroim.2016.11.010
https://doi.org/10.1212/WNL.0000000000005560
https://doi.org/10.1136/jnnp-2017-316880
https://doi.org/10.1177/1352458517734070
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Borisow et al. NMOSD and MOG-Encephalomyelitis

68. Soelberg K, Specovius S, Zimmermann HG, Grauslund J, Mehlsen JJ,

Olesen C, et al. Optical coherence tomography in acute optic neuritis:

A population-based study. Acta Neurol Scand. (2018) doi: 10.1111/ane.

13004 [Epub ahead of print].

69. Jarius S, Frederikson J, Waters P, Paul F, Akman-Demir G, Marignier

R, et al. Frequency and prognostic impact of antibodies to aquaporin-

4 in patients with optic neuritis. J Neurol Sci. (2010) 298:158–62.

doi: 10.1016/j.jns.2010.07.011

70. Fujimori J, Takai Y, Nakashima I, Sato DK, Takahashi T, Kaneko K,

et al. Bilateral frontal cortex encephalitis and paraparesis in a patient

with anti-MOG antibodies. J Neurol Neurosurg Psychiatry (2017) 88:534–6.

doi: 10.1136/jnnp-2016-315094

71. Ogawa R, Nakashima I, Takahashi T, Kaneko K, Akaishi T, Takai

Y, et al. MOG antibody-positive, benign, unilateral, cerebral cortical

encephalitis with epilepsy. Neurol Neuroimmunol Neuroinflamm. (2017)

4:e322. doi: 10.1212/NXI.0000000000000322

72. Hamid SHM, Whittam D, Saviour M, Alorainy A, Mutch K, Linaker S,

et al. Seizures and encephalitis in myelin oligodendrocyte glycoprotein

IgG disease vs aquaporin 4 IgG disease. JAMA Neurol. (2018) 75:65–71.

doi: 10.1001/jamaneurol.2017.3196

73. Höftberger R, Sepulveda M, Armangue T, Blanco Y, Rostásy K, Calvo AC,

et al. Antibodies to MOG and AQP4 in adults with neuromyelitis optica

and suspected limited forms of the disease. Mult Scler. (2015) 21:866–74.

doi: 10.1177/1352458514555785

74. van Pelt ED, Wong YYM, Ketelslegers IA, Hamann D, Hintzen RQ.

Neuromyelitis optica spectrum disorders: comparison of clinical and

magnetic resonance imaging characteristics of AQP4-IgG versus MOG-

IgG seropositive cases in the Netherlands. Eur J Neurol. (2016) 23:580–7.

doi: 10.1111/ene.12898

75. Pandit L, Mustafa S, Nakashima I, Takahashi T, Kaneko K. MOG-IgG-

associated disease has a stereotypical clinical course, asymptomatic visual

impairment and good treatment response.Mult Scler J Exp Transl Clin (2018)

4:2055217318787829. doi: 10.1177/2055217318787829

76. Hyun JW, Woodhall MR, Kim SH, Jeong IH, Kong B, Kim G, et al.

Longitudinal analysis of myelin oligodendrocyte glycoprotein antibodies in

CNS inflammatory diseases. J Neurol Neurosurg Psychiatry (2017) 88:811–7.

doi: 10.1136/jnnp-2017-315998

77. Akaishi T, Sato DK, Nakashima I, Takeshita T, Takahashi T, Doi

H, et al. MRI and retinal abnormalities in isolated optic neuritis

with myelin oligodendrocyte glycoprotein and aquaporin-4 antibodies:

a comparative study. J Neurol Neurosurg Psychiatry (2016) 87:446–8.

doi: 10.1136/jnnp-2014-310206

78. Lennon VA, Wingerchuk DM, Kryzer TJ, Pittock SJ, Lucchinetti CF,

Fujihara K, et al. A serum autoantibody marker of neuromyelitis

optica: distinction from multiple sclerosis. Lancet (2004) 364:2106–12.

doi: 10.1016/S0140-6736(04)17551-X

79. Waters PJ, Pittock SJ, Bennett JL, Jarius S, Weinshenker BG, Wingerchuk

DM. Evaluation of aquaporin-4 antibody assays. Clin Exp Neuroimmunol.

(2014) 5:290–303. doi: 10.1111/cen3.12107

80. Jarius S, Paul F, Franciotta D,Waters P, Zipp F, Hohlfeld R, et al. Mechanisms

of disease: aquaporin-4 antibodies in neuromyelitis optica. Nat Clin Pract

Neurol. (2008) 4:202–14. doi: 10.1038/ncpneuro0764

81. Lang K, Prüss H. Frequencies of neuronal autoantibodies in healthy controls:

Estimation of disease specificity. Neurol Neuroimmunol Neuroinflamm.

(2017) 4:e386. doi: 10.1212/NXI.0000000000000386

82. Pittock SJ, Lennon VA, Bakshi N, Shen L, McKeon A, Quach H, et al.

Seroprevalence of aquaporin-4-IgG in a northern California population

representative cohort of multiple sclerosis. JAMA Neurol. (2014) 71:1433–6.

doi: 10.1001/jamaneurol.2014.1581

83. Kister I, Paul F. Pushing the boundaries of neuromyelitis optica:

does antibody make the disease? Neurology (2015) 85:118–9.

doi: 10.1212/WNL.0000000000001749

84. Duignan S, Wright S, Rossor T, Cazabon J, Gilmour K, Ciccarelli O, et al.

Myelin oligodendrocyte glycoprotein and aquaporin-4 antibodies are highly

specific in children with acquired demyelinating syndromes. Dev Med Child

Neurol. (2018) 60:958–62. doi: 10.1111/dmcn.13703

85. Brilot F, Dale RC, Selter RC, Grummel V, Kalluri SR, Aslam M, et al.

Antibodies to native myelin oligodendrocyte glycoprotein in children with

inflammatory demyelinating central nervous system disease. Ann Neurol.

(2009) 66:833–42. doi: 10.1002/ana.21916

86. Lalive PH, Häusler MG, Maurey H, Mikaeloff Y, Tardieu M, Wiendl H,

et al. Highly reactive anti-myelin oligodendrocyte glycoprotein antibodies

differentiate demyelinating diseases from viral encephalitis in children.Mult

Scler. (2011) 17:297–302. doi: 10.1177/1352458510389220

87. Xiao BG, Linington C, Link H. Antibodies to myelin-oligodendrocyte

glycoprotein in cerebrospinal fluid from patients with multiple sclerosis and

controls. J Neuroimmunol. (1991) 31:91–6.

88. Genain CP, Cannella B, Hauser SL, Raine CS. Identification of autoantibodies

associated with myelin damage in multiple sclerosis. Nat Med. (1999) 5:170–

5. doi: 10.1038/5532

89. Reindl M, Linington C, Brehm U, Egg R, Dilitz E, Deisenhammer F,

et al. Antibodies against the myelin oligodendrocyte glycoprotein and the

myelin basic protein in multiple sclerosis and other neurological diseases: a

comparative study. Brain J Neurol. (1999) 122 (Pt 11):2047–56.

90. Klawiter EC, Piccio L, Lyons JA, Mikesell R, O’Connor KC, Cross

AH. Elevated intrathecal myelin oligodendrocyte glycoprotein

antibodies in multiple sclerosis. Arch Neurol. (2010) 67:1102–8.

doi: 10.1001/archneurol.2010.197

91. Haase CG, Schmidt S. Detection of brain-specific autoantibodies to myelin

oligodendrocyte glycoprotein, S100beta and myelin basic protein in patients

with Devic’s neuromyelitis optica. Neurosci Lett. (2001) 307:131–3. doi: 10.

1016/S0304-3940(01)01949-8

92. Kitley J, Woodhall M, Waters P, Leite MI, Devenney E, Craig J,

et al. Myelin-oligodendrocyte glycoprotein antibodies in adults

with a neuromyelitis optica phenotype. Neurology (2012) 79:1273–7.

doi: 10.1212/WNL.0b013e31826aac4e

93. Jarius S, Aboul-Enein F, Waters P, Kuenz B, Hauser A, Berger T, et al.

Antibody to aquaporin-4 in the long-term course of neuromyelitis optica.

Brain (2008) 131:3072–80. doi: 10.1093/brain/awn240

94. Valentino P, Marnetto F, Granieri L, Capobianco M, Bertolotto A.

Aquaporin-4 antibody titration in NMO patients treated with rituximab:

a retrospective study. Neurol Neuroimmunol Neuroinflamm. (2017) 4:e317.

doi: 10.1212/NXI.0000000000000317

95. Kessler RA, Mealy MA, Jimenez-Arango JA, Quan C, Paul F, López R, et al.

Anti-aquaporin-4 titer is not predictive of disease course in neuromyelitis

optica spectrum disorder: a multicenter cohort study. Mult Scler Relat

Disord. (2017) 17:198–201. doi: 10.1016/j.msard.2017.08.005

96. Mealy MA, Kim SH, Schmidt F, López R, Jimenez Arango JA,

Paul F, et al. Aquaporin-4 serostatus does not predict response to

immunotherapy in neuromyelitis optica spectrum disorders. Mult Scler.

(2017). doi: 10.1177/1352458517730131 [Epub ahead of print].

97. Jarius S, Ruprecht K, Stellmann JP, Huss A, Ayzenberg I, Willing A,

et al. MOG-IgG in primary and secondary chronic progressive multiple

sclerosis: a multicenter study of 200 patients and review of the literature. J

Neuroinflamm. (2018) 15:88. doi: 10.1186/s12974-018-1108-6

98. Jarius S, Franciotta D, Paul F, Ruprecht K, Bergamaschi R, Rommer

PS, et al. Cerebrospinal fluid antibodies to aquaporin-4 in neuromyelitis

optica and related disorders: frequency, origin, and diagnostic relevance. J

Neuroinflamm. (2010) 7:52. doi: 10.1186/1742-2094-7-52

99. Majed M, Fryer JP, McKeon A, Lennon VA, Pittock SJ. Clinical utility of

testing AQP4-IgG in CSF: guidance for physicians. Neurol Neuroimmunol

Neuroinflamm. (2016) 3:e231. doi: 10.1212/NXI.00000000000

00231

100. Jarius S, Paul F, Franciotta D, Ruprecht K, Ringelstein M, Bergamaschi

R, et al. Cerebrospinal fluid findings in aquaporin-4 antibody positive

neuromyelitis optica: results from 211 lumbar punctures. J Neurol Sci. (2011)

306:82–90. doi: 10.1016/j.jns.2011.03.038

101. Iyer A, Elsone L, Appleton R, Jacob A. A review of the current

literature and a guide to the early diagnosis of autoimmune disorders

associated with neuromyelitis optica. Autoimmunity (2014) 47:154–61.

doi: 10.3109/08916934.2014.883501

102. Pittock SJ, Lennon VA, de Seze J, Vermersch P, Homburger HA, Wingerchuk

DM, et al. Neuromyelitis optica and non organ-specific autoimmunity. Arch

Neurol. (2008) 65:78–83. doi: 10.1001/archneurol.2007.17

103. Sergio P, Mariana B, Alberto O, Claudia U, Oscar R, Pablo M, et al.

Association of neuromyelitis optic (NMO) with autoimmune disorders:

Frontiers in Neurology | www.frontiersin.org October 2018 | Volume 9 | Article 88832

https://doi.org/10.1111/ane.13004
https://doi.org/10.1016/j.jns.2010.07.011
https://doi.org/10.1136/jnnp-2016-315094
https://doi.org/10.1212/NXI.0000000000000322
https://doi.org/10.1001/jamaneurol.2017.3196
https://doi.org/10.1177/1352458514555785
https://doi.org/10.1111/ene.12898
https://doi.org/10.1177/2055217318787829
https://doi.org/10.1136/jnnp-2017-315998
https://doi.org/10.1136/jnnp-2014-310206
https://doi.org/10.1016/S0140-6736(04)17551-X
https://doi.org/10.1111/cen3.12107
https://doi.org/10.1038/ncpneuro0764
https://doi.org/10.1212/NXI.0000000000000386
https://doi.org/10.1001/jamaneurol.2014.1581
https://doi.org/10.1212/WNL.0000000000001749
https://doi.org/10.1111/dmcn.13703
https://doi.org/10.1002/ana.21916
https://doi.org/10.1177/1352458510389220
https://doi.org/10.1038/5532
https://doi.org/10.1001/archneurol.2010.197
https://doi.org/10.1016/S0304-3940(01)01949-8
https://doi.org/10.1212/WNL.0b013e31826aac4e
https://doi.org/10.1093/brain/awn240
https://doi.org/10.1212/NXI.0000000000000317
https://doi.org/10.1016/j.msard.2017.08.005
https://doi.org/10.1177/1352458517730131
https://doi.org/10.1186/s12974-018-1108-6
https://doi.org/10.1186/1742-2094-7-52
https://doi.org/10.1212/NXI.0000000000000231
https://doi.org/10.1016/j.jns.2011.03.038
https://doi.org/10.3109/08916934.2014.883501
https://doi.org/10.1001/archneurol.2007.17
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Borisow et al. NMOSD and MOG-Encephalomyelitis

report of two cases and review of the literature. Clin Rheumatol. (2010)

29:1335–8. doi: 10.1007/s10067-010-1502-7

104. Zekeridou A, Lennon VA. Aquaporin-4 autoimmunity.

Neurol Neuroimmunol Neuroinflamm. (2015) 2:e110.

doi: 10.1212/NXI.0000000000000110

105. Jarius S, Jacobi C, de Seze J, Zephir H, Paul F, Franciotta D, et al.

Frequency and syndrome specificity of antibodies to aquaporin-4 in

neurological patients with rheumatic disorders. Mult Scler. (2011) 17:1067–

73. doi: 10.1177/1352458511403958

106. Jarius S, Paul F, Franciotta D, de Seze J, Münch C, Salvetti M, Ruprecht K,

Liebetrau M, Wandinger KP, Akman-Demir G, et al. Neuromyelitis optica

spectrum disorders in patients with myasthenia gravis: ten new aquaporin-

4 antibody positive cases and a review of the literature. Mult Scler. (2012)

18:1135–43. doi: 10.1177/1352458511431728

107. Uzawa A, Mori M, Iwai Y, Kobayashi M, Hayakawa S, Kawaguchi N,

et al. Association of anti-aquaporin-4 antibody-positive neuromyelitis

optica with myasthenia gravis. J Neurol Sci. (2009) 287:105–7.

doi: 10.1016/j.jns.2009.08.040

108. Beauchemin P, Iorio R, Traboulsee AL, Field T, Tinker AV, Carruthers

RL. Paraneoplastic neuromyelitis optica spectrum disorder: a single center

cohort description with two cases of histological validation. Mult Scler Relat

Disord. (2018) 20:37–42. doi: 10.1016/j.msard.2017.12.012

109. Soelberg K, Larsen SR, MoerchMT, ThomassenM, Brusgaard K, Paul F, et al.

Aquaporin-4 IgG autoimmune syndrome and immunoreactivity associated

with thyroid cancer. Neurol Neuroimmunol Neuroinflamm. (2016) 3:e252.

doi: 10.1212/NXI.0000000000000252

110. Sudo A, Chihara N, Takenaka Y, Nakamura T, Ueda T, Sekiguchi K,

et al. Paraneoplastic NMOSD associated with EG junction adenocarcinoma

expressing unprotected AQP4.Neurol Neuroimmunol Neuroinflamm. (2018)

5:e482. doi: 10.1212/NXI.0000000000000482

111. Jarius S, Paul F, Ruprecht K, Wildemann B. Low vitamin B12 levels and

gastric parietal cell antibodies in patients with aquaporin-4 antibody-positive

neuromyelitis optica spectrum disorders. J Neurol. (2012) 259:2743–5.

doi: 10.1007/s00415-012-6677-1

112. Flanagan EP, Kaufmann TJ, Krecke KN, Aksamit AJ, Pittock SJ, Keegan BM,

et al. Discriminating long myelitis of neuromyelitis optica from sarcoidosis.

Ann Neurol. (2016) 79:437–47. doi: 10.1002/ana.24582

113. Kidd DP, Burton BJ, Graham EM, Plant GT. Optic neuropathy associated

with systemic sarcoidosis. Neurol Neuroimmunol Neuroinflamm. (2016)

3:e270. doi: 10.1212/NXI.0000000000000270

114. Sawaya R, Radwan W. Sarcoidosis associated with neuromyelitis optica. J

Clin Neurosci. (2013) 20:1156–8. doi: 10.1016/j.jocn.2012.09.030

115. Geraldes R, Ciccarelli O, Barkhof F, De Stefano N, Enzinger C,

Filippi M, et al. The current role of MRI in differentiating multiple

sclerosis from its imaging mimics. Nat Rev Neurol. (2018) 14:199–213.

doi: 10.1038/nrneurol.2018.14

116. Wingerchuk DM, Lennon VA, Pittock SJ, Lucchinetti CF, Weinshenker

BG. Revised diagnostic criteria for neuromyelitis optica. Neurology (2006)

66:1485–9. doi: 10.1212/01.wnl.0000216139.44259.74

117. Flanagan EP, Weinshenker BG, Krecke KN, Lennon VA, Lucchinetti

CF, McKeon A, et al. Short myelitis lesions in aquaporin-4-IgG-positive

neuromyelitis optica spectrum disorders. JAMA Neurol. (2015) 72:81–7.

doi: 10.1001/jamaneurol.2014.2137

118. Pekcevik Y, Mitchell CH, Mealy MA, Orman G, Lee IH, Newsome

SD, et al. Differentiating neuromyelitis optica from other causes of

longitudinally extensive transverse myelitis on spinal magnetic resonance

imaging. Mult Scler. (2016) 22:302–11. doi: 10.1177/13524585155

91069

119. Yonezu T, Ito S, Mori M, Ogawa Y, Makino T, Uzawa A, et al.

“Bright spotty lesions” on spinal magnetic resonance imaging differentiate

neuromyelitis optica from multiple sclerosis. Mult Scler. (2014) 20:331–7.

doi: 10.1177/1352458513495581

120. Asgari N, Skejoe HPB, Lillevang ST, Steenstrup T, Stenager E, Kyvik KO.

Modifications of longitudinally extensive transverse myelitis and brainstem

lesions in the course of neuromyelitis optica (NMO): a population-

based, descriptive study. BMC Neurol. (2013) 13:33. doi: 10.1186/1471-237

7-13-33

121. Asgari N, Skejoe HPB, Lennon VA. Evolution of longitudinally extensive

transverse myelitis in an aquaporin-4 IgG-positive patient. Neurology (2013)

81:95–6. doi: 10.1212/WNL.0b013e318297ef07

122. Flanagan EP, Krecke KN, Marsh RW, Giannini C, Keegan BM, Weinshenker

BG. Specific pattern of gadolinium enhancement in spondylotic myelopathy.

Ann Neurol. (2014) 76:54–65. doi: 10.1002/ana.24184

123. Whittam D, Bhojak M, Das K, Jacob A. Longitudinally extensive myelitis in

MS mimicking neuromyelitis optica. Neurol Neuroimmunol Neuroinflamm.

(2017) 4:e333. doi: 10.1212/NXI.0000000000000333

124. Flanagan EP, Hinson SR, Lennon VA, Fang B, Aksamit AJ, Morris PP,

et al. Glial fibrillary acidic protein immunoglobulin G as biomarker of

autoimmune astrocytopathy: analysis of 102 patients. Ann Neurol. (2017)

81:298–309. doi: 10.1002/ana.24881

125. Fang B, McKeon A, Hinson SR, Kryzer TJ, Pittock SJ, Aksamit AJ,

Lennon VA. Autoimmune glial fibrillary acidic protein astrocytopathy:

a novel meningoencephalomyelitis. JAMA Neurol. (2016) 73:1297–307.

doi: 10.1001/jamaneurol.2016.2549

126. Luessi F, Engel S, Spreer A, Bittner S, Zipp F. GFAPα IgG-associated

encephalitis upon daclizumab treatment of MS. Neurol Neuroimmunol

Neuroinflamm. (2018) 5:e481. doi: 10.1212/NXI.0000000000000481

127. Pittock SJ, Lennon VA, Krecke K, Wingerchuk DM, Lucchinetti CF,

Weinshenker BG. Brain abnormalities in neuromyelitis optica. Arch Neurol.

(2006) 63:390–6. doi: 10.1001/archneur.63.3.390

128. Cabrera-Gómez JA, Quevedo-Sotolongo L, González-Quevedo A, Lima S,

Real-González Y, Cristófol-Corominas M, et al. Brain magnetic resonance

imaging findings in relapsing neuromyelitis optica. Mult Scler. (2007)

13:186–92. doi: 10.1177/1352458506070725

129. Kim HJ, Paul F, Lana-Peixoto MA, Tenembaum S, Asgari N, Palace

J, Klawiter EC, et al. MRI characteristics of neuromyelitis optica

spectrum disorder: an international update. Neurology (2015) 84:1165–73.

doi: 10.1212/WNL.0000000000001367

130. Wang KY, Chetta J, Bains P, Balzer A, Lincoln J, Uribe T, et al. Spectrum

of MRI brain lesion patterns in neuromyelitis optica spectrum disorder: a

pictorial review. Br J Radiol. (2018) 91:20170690. doi: 10.1259/bjr.20170690

131. Carnero Contentti E, Daccach Marques V, Soto de Castillo I, Tkachuk V,

Antunes Barreira A, Armas E, et al. Frequency of brain MRI abnormalities

in neuromyelitis optica spectrum disorder at presentation: A cohort

of Latin American patients. Mult Scler Relat Disord. (2018) 19:73–8.

doi: 10.1016/j.msard.2017.11.004

132. Fan M, Fu Y, Su L, Shen Y, Wood K, Yang L, et al. Comparison of brain

and spinal cord magnetic resonance imaging features in neuromyelitis optica

spectrum disorders patients with or without aquaporin-4 antibody. Mult

Scler Relat Disord. (2017) 13:58–66. doi: 10.1016/j.msard.2017.02.003

133. Asgari N, Flanagan EP, Fujihara K, Kim HJ, Skejoe HP, Wuerfel J, et al.

Disruption of the leptomeningeal blood barrier in neuromyelitis optica

spectrum disorder. Neurol Neuroimmunol Neuroinflamm. (2017) 4:e343.

doi: 10.1212/NXI.0000000000000343

134. Ramanathan S, Prelog K, Barnes EH, Tantsis EM, Reddel SW,

Henderson APD, et al. Radiological differentiation of optic neuritis

with myelin oligodendrocyte glycoprotein antibodies, aquaporin-

4 antibodies, and multiple sclerosis. Mult Scler. (2016) 22:470–82.

doi: 10.1177/1352458515593406

135. Akaishi T, Nakashima I, Takeshita T, Mugikura S, Sato DK,

Takahashi T, et al. Lesion length of optic neuritis impacts visual

prognosis in neuromyelitis optica. J Neuroimmunol. (2016) 293:28–33.

doi: 10.1016/j.jneuroim.2016.02.004

136. Jurynczyk M, Geraldes R, Probert F, Woodhall MR, Waters P, Tackley

G, et al. Distinct brain imaging characteristics of autoantibody-mediated

CNS conditions and multiple sclerosis. Brain J Neurol. (2017) 140:617–27.

doi: 10.1093/brain/aww350

137. Jurynczyk M, Tackley G, Kong Y, Geraldes R, Matthews L, Woodhall M,

et al. Brain lesion distribution criteria distinguish MS from AQP4-antibody

NMOSD and MOG-antibody disease. J Neurol Neurosurg Psychiatry (2017)

88:132–6. doi: 10.1136/jnnp-2016-314005

138. Hyun JW, Jeong IH, Joung A, Kim SH, Kim HJ. Evaluation of the 2015

diagnostic criteria for neuromyelitis optica spectrum disorder. Neurology

(2016) 86:1772–9. doi: 10.1212/WNL.0000000000002655

Frontiers in Neurology | www.frontiersin.org October 2018 | Volume 9 | Article 88833

https://doi.org/10.1007/s10067-010-1502-7
https://doi.org/10.1212/NXI.0000000000000110
https://doi.org/10.1177/1352458511403958
https://doi.org/10.1177/1352458511431728
https://doi.org/10.1016/j.jns.2009.08.040
https://doi.org/10.1016/j.msard.2017.12.012
https://doi.org/10.1212/NXI.0000000000000252
https://doi.org/10.1212/NXI.0000000000000482
https://doi.org/10.1007/s00415-012-6677-1
https://doi.org/10.1002/ana.24582
https://doi.org/10.1212/NXI.0000000000000270
https://doi.org/10.1016/j.jocn.2012.09.030
https://doi.org/10.1038/nrneurol.2018.14
https://doi.org/10.1212/01.wnl.0000216139.44259.74
https://doi.org/10.1001/jamaneurol.2014.2137
https://doi.org/10.1177/1352458515591069
https://doi.org/10.1177/1352458513495581
https://doi.org/10.1186/1471-2377-13-33
https://doi.org/10.1212/WNL.0b013e318297ef07
https://doi.org/10.1002/ana.24184
https://doi.org/10.1212/NXI.0000000000000333
https://doi.org/10.1002/ana.24881
https://doi.org/10.1001/jamaneurol.2016.2549
https://doi.org/10.1212/NXI.0000000000000481
https://doi.org/10.1001/archneur.63.3.390
https://doi.org/10.1177/1352458506070725
https://doi.org/10.1212/WNL.0000000000001367
https://doi.org/10.1259/bjr.20170690
https://doi.org/10.1016/j.msard.2017.11.004
https://doi.org/10.1016/j.msard.2017.02.003
https://doi.org/10.1212/NXI.0000000000000343
https://doi.org/10.1177/1352458515593406
https://doi.org/10.1016/j.jneuroim.2016.02.004
https://doi.org/10.1093/brain/aww350
https://doi.org/10.1136/jnnp-2016-314005
https://doi.org/10.1212/WNL.0000000000002655
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Borisow et al. NMOSD and MOG-Encephalomyelitis

139. Kremer S, Renard F, Achard S, Lana-Peixoto MA, Palace J, Asgari

N, et al. Use of advanced magnetic resonance imaging techniques in

neuromyelitis optica spectrum disorder. JAMA Neurol. (2015) 72:815–22.

doi: 10.1001/jamaneurol.2015.0248

140. Finke C, Heine J, Pache F, Lacheta A, Borisow N, Kuchling J, et al. Normal

volumes and microstructural integrity of deep gray matter structures in

AQP4+ NMOSD. Neurol Neuroimmunol Neuroinflamm. (2016) 3:e229.

doi: 10.1212/NXI.0000000000000229

141. Pache F, Zimmermann H, Finke C, Lacheta A, Papazoglou S, Kuchling

J, et al. Brain parenchymal damage in neuromyelitis optica spectrum

disorder - A multimodal MRI study. Eur Radiol. (2016) 26:4413–22.

doi: 10.1007/s00330-016-4282-x

142. Oberwahrenbrock T, Traber GL, Lukas S, Gabilondo I, Nolan R,

Songster C, et al. Multicenter reliability of semiautomatic retinal layer

segmentation using OCT. Neurol Neuroimmunol Neuroinflamm. (2018)

5:e449. doi: 10.1212/NXI.0000000000000449

143. Oertel FC, Zimmermann H, Paul F, Brandt AU. Optical coherence

tomography in neuromyelitis optica spectrum disorders: potential

advantages for individualized monitoring of progression and therapy.

EPMA J. (2018) 9:21–33. doi: 10.1007/s13167-017-0123-5

144. Zimmermann H, Oberwahrenbrock T, Brandt AU, Paul F, Dörr J. Optical

coherence tomography for retinal imaging in multiple sclerosis. Degener

Neurol Neuromuscul Dis. (2014) 2014:4:153-62. doi: 10.2147/DNND.S73506

145. Oertel FC, Zimmermann H, Brandt AU, Paul F. [Optical coherence

tomography in neuromyelitis optica spectrum disorders]. Nervenarzt (2017)

88:1411–20. doi: 10.1007/s00115-017-0444-6

146. Ayadi N, Dörr J, Motamedi S, Gawlik K, Bellmann-Strobl J,

Mikolajczak J, et al. Temporal visual resolution and disease severity

in MS. Neurol Neuroimmunol Neuroinflamm. (2018) 5:e492.

doi: 10.1212/NXI.0000000000000492

147. You Y, Graham EC, Shen T, Yiannikas C, Parratt J, Gupta V, et al.

Progressive inner nuclear layer dysfunction in non-optic neuritis

eyes in MS. Neurol Neuroimmunol Neuroinflamm. (2018) 5:e427.

doi: 10.1212/NXI.0000000000000427

148. Waldman AT, Liu GT, Lavery AM, Liu G, Gaetz W, Aleman TS,

et al. Optical coherence tomography and visual evoked potentials

in pediatric MS. Neurol Neuroimmunol Neuroinflamm. (2017) 4:e356.

doi: 10.1212/NXI.0000000000000356

149. Bennett JL, de Seze J, Lana-Peixoto M, Palace J, Waldman A, Schippling

S, et al. Neuromyelitis optica and multiple sclerosis: seeing differences

through optical coherence tomography. Mult Scler. (2015) 21:678–88.

doi: 10.1177/1352458514567216

150. Petzold A,WattjesMP, Costello F, Flores-Rivera J, Fraser CL, Fujihara K, et al.

The investigation of acute optic neuritis: a review and proposed protocol.Nat

Rev Neurol. (2014) 10:447–58. doi: 10.1038/nrneurol.2014.108

151. Finke C, Zimmermann H, Pache F, Oertel FC, Chavarro VS, Kramarenko

Y, et al. Association of visual impairment in neuromyelitis optica spectrum

disorder with visual network reorganization. JAMA Neurol. (2018) 75:296–

303. doi: 10.1001/jamaneurol.2017.3890

152. Pache F, Zimmermann H, Mikolajczak J, Schumacher S, Lacheta A,

Oertel FC, et al. MOG-IgG in NMO and related disorders: a multicenter

study of 50 patients. Part 4: afferent visual system damage after optic

neuritis in MOG-IgG-seropositive versus AQP4-IgG-seropositive patients.

J Neuroinflammation (2016) 13:282. doi: 10.1186/s12974-016-0720-6

153. Schneider E, Zimmermann H, Oberwahrenbrock T, Kaufhold F, Kadas EM,

Petzold A, et al. Optical coherence tomography reveals distinct patterns of

retinal damage in neuromyelitis optica and multiple sclerosis. PloS ONE

(2013) 8:e66151. doi: 10.1371/journal.pone.0066151

154. Havla J, Kümpfel T, Schinner R, Spadaro M, Schuh E, Meinl E,

et al. Myelin-oligodendrocyte-glycoprotein (MOG) autoantibodies as

potential markers of severe optic neuritis and subclinical retinal axonal

degeneration. J Neurol. (2017) 264:139–51. doi: 10.1007/s00415-016-8

333-7

155. Schmidt F, Zimmermann H, Mikolajczak J, Oertel FC, Pache F, Weinhold

M, et al. Severe structural and functional visual system damage leads to

profound loss of vision-related quality of life in patients with neuromyelitis

optica spectrum disorders. Mult Scler Relat Disord. (2017) 11:45–50.

doi: 10.1016/j.msard.2016.11.008

156. BouyonM, Collongues N, Zéphir H, Ballonzoli L, Jeanjean L, Lebrun C, et al.

Longitudinal follow-up of vision in a neuromyelitis optica cohort.Mult Scler.

(2013) 19:1320–2. doi: 10.1177/1352458513476562

157. Oertel FC, Zimmermann H, Mikolajczak J, Weinhold M, Kadas EM,

Oberwahrenbrock T, et al. Contribution of blood vessels to retinal nerve fiber

layer thickness in NMOSD. Neurol Neuroimmunol Neuroinflamm. (2017)

4:e338. doi: 10.1212/NXI.0000000000000338

158. Gelfand JM, Cree BA, Nolan R, Arnow S, Green AJ. Microcystic inner

nuclear layer abnormalities and neuromyelitis optica. JAMA Neurol. (2013)

70:629–33. doi: 10.1001/jamaneurol.2013.1832

159. Jelcic I, Hanson JVM, Lukas S, Weber KP, Landau K, Pless M, et al.

Unfavorable structural and functional outcomes in myelin oligodendrocyte

glycoprotein antibody-associated optic neuritis. J Neuro-Ophthalmol. (2018)

doi: 10.1097/WNO.0000000000000669

160. Akaishi T, Kaneko K, Himori N, Takeshita T, Takahashi T, Nakazawa T,

et al. Subclinical retinal atrophy in the unaffected fellow eyes of multiple

sclerosis and neuromyelitis optica. J Neuroimmunol. (2017) 313:10–5.

doi: 10.1016/j.jneuroim.2017.10.001

161. Stiebel-Kalish H, Lotan I, Brody J, Chodick G, Bialer O, Marignier R,

et al. Retinal nerve fiber layer may be better preserved in MOG-IgG versus

AQP4-IgG optic neuritis: a cohort study. PloS ONE (2017) 12:e0170847.

doi: 10.1371/journal.pone.0170847

162. Martinez-Lapiscina EH, Sepulveda M, Torres-Torres R, Alba-Arbalat S,

Llufriu S, Blanco Y, et al. Usefulness of optical coherence tomography to

distinguish optic neuritis associated with AQP4 or MOG in neuromyelitis

optica spectrum disorders. Ther Adv Neurol Disord. (2016) 9:436–40.

doi: 10.1177/1756285616655264

163. Yamamura T, Nakashima I. Foveal thinning in neuromyelitis optica: A sign of

retinal astrocytopathy?Neurol Neuroimmunol Neuroinflamm. (2017) 4:e347.

doi: 10.1212/NXI.0000000000000347

164. Dalmau J. Precision in neuroimmunology. Neurol Neuroimmunol

Neuroinflamm. (2017) 4:e345. doi: 10.1212/NXI.0000000000000345

165. Jeong IH, Kim HJ, Kim N-H, Jeong KS, Park CY. Subclinical primary

retinal pathology in neuromyelitis optica spectrum disorder. J Neurol. (2016)

263:1343–8. doi: 10.1007/s00415-016-8138-8

166. Oertel FC, Kuchling J, Zimmermann H, Chien C, Schmidt F, Knier

B, et al. Microstructural visual system changes in AQP4-antibody-

seropositive NMOSD. Neurol Neuroimmunol Neuroinflamm. (2017) 4:e334.

doi: 10.1212/NXI.0000000000000334

167. Oertel FC, Havla J, Roca-Fernández AI, Lizak N1, Zimmermann H,

Motamedi S, et al. Retinal ganglion cell loss in neuromyelitis optica:

a longitudinal study. J Neurol Neurosurg Psychiatry (2018)

doi: 10.1136/jnnp-2018-318382[Epub ahead of print].

168. Nakamura M, Nakazawa T, Doi H, Hariya T, Omodaka K, Misu T, et al. Early

high-dose intravenous methylprednisolone is effective in preserving retinal

nerve fiber layer thickness in patients with neuromyelitis optica.Graefes Arch

Clin Exp Ophthalmol. (2010) 248:1777–85. doi: 10.1007/s00417-010-1344-7

169. Merle H, Olindo S, Jeannin S, Valentino R, Mehdaoui H, Cabot F,

Donnio A, et al. Treatment of optic neuritis by plasma exchange

(add-on) in neuromyelitis optica. Arch Ophthalmol. (2012) 130:858–62.

doi: 10.1001/archophthalmol.2012.1126

170. Brandt AU, Specovius S, Oberwahrenbrock T, Zimmermann HG, Paul F,

Costello F. Frequent retinal ganglion cell damage after acute optic neuritis.

Mult Scler Relat Disord. (2018) 22:141–7. doi: 10.1016/j.msard.2018.04.006

171. Hamid SH, Elsone L, Mutch K, Solomon T, Jacob A. The impact of

2015 neuromyelitis optica spectrum disorders criteria on diagnostic

rates. Mult Scler. (2017) 23:228–33. doi: 10.1177/13524585166

63853

172. Sepúlveda M, Aldea M, Escudero D, Llufriu S, Arrambide G, Otero-Romero

S, et al. Epidemiology of NMOSD in Catalonia: Influence of the new

2015 criteria in incidence and prevalence estimates. Mult Scler. (2017)

doi: 10.1177/1352458517735191 [Epub ahead of print].

173. Abboud H, Petrak A, Mealy M, Sasidharan S, Siddique L, Levy M.

Treatment of acute relapses in neuromyelitis optica: Steroids alone

versus steroids plus plasma exchange. Mult Scler. (2016) 22:185–92.

doi: 10.1177/1352458515581438

174. Aungsumart S, Apiwattanakul M. Clinical outcomes and predictive

factors related to good outcomes in plasma exchange in severe attack

Frontiers in Neurology | www.frontiersin.org October 2018 | Volume 9 | Article 88834

https://doi.org/10.1001/jamaneurol.2015.0248
https://doi.org/10.1212/NXI.0000000000000229
https://doi.org/10.1007/s00330-016-4282-x
https://doi.org/10.1212/NXI.0000000000000449
https://doi.org/10.1007/s13167-017-0123-5
https://doi.org/10.2147/DNND.S73506
https://doi.org/10.1007/s00115-017-0444-6
https://doi.org/10.1212/NXI.0000000000000492
https://doi.org/10.1212/NXI.0000000000000427
https://doi.org/10.1212/NXI.0000000000000356
https://doi.org/10.1177/1352458514567216
https://doi.org/10.1038/nrneurol.2014.108
https://doi.org/10.1001/jamaneurol.2017.3890
https://doi.org/10.1186/s12974-016-0720-6
https://doi.org/10.1371/journal.pone.0066151
https://doi.org/10.1007/s00415-016-8333-7
https://doi.org/10.1016/j.msard.2016.11.008
https://doi.org/10.1177/1352458513476562
https://doi.org/10.1212/NXI.0000000000000338
https://doi.org/10.1001/jamaneurol.2013.1832
https://doi.org/10.1097/WNO.0000000000000669
https://doi.org/10.1016/j.jneuroim.2017.10.001
https://doi.org/10.1371/journal.pone.0170847
https://doi.org/10.1177/1756285616655264
https://doi.org/10.1212/NXI.0000000000000347
https://doi.org/10.1212/NXI.0000000000000345
https://doi.org/10.1007/s00415-016-8138-8
https://doi.org/10.1212/NXI.0000000000000334
https://doi.org/10.1136/jnnp-2018-318382
https://doi.org/10.1007/s00417-010-1344-7
https://doi.org/10.1001/archophthalmol.2012.1126
https://doi.org/10.1016/j.msard.2018.04.006
https://doi.org/10.1177/1352458516663853
https://doi.org/10.1177/1352458517735191
https://doi.org/10.1177/1352458515581438
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Borisow et al. NMOSD and MOG-Encephalomyelitis

of NMOSD and long extensive transverse myelitis: Case series and

review of the literature. Mult Scler Relat Disord. (2017) 13:93–7.

doi: 10.1016/j.msard.2017.02.015

175. Faissner S, Nikolayczik J, Chan A, Gold R, Yoon M-S, Haghikia A.

Immunoadsorption in patients with neuromyelitis optica spectrum disorder.

Ther Adv Neurol Disord. (2016) 9:281–6. doi: 10.1177/17562856166

46332

176. Kleiter I, Gahlen A, Borisow N, Fischer K, Wernecke KD, Hellwig K,

et al. Apheresis therapies for NMOSD attacks: a retrospective study of

207 therapeutic interventions. Neurol Neuroimmunol Neuroinflamm. (2018)

5:e504. doi: 10.1212/NXI.0000000000000504

177. Bonnan M, Valentino R, Debeugny S, Merle H, Fergé JL, Mehdaoui

H, Cabre P. Short delay to initiate plasma exchange is the strongest

predictor of outcome in severe attacks of NMO spectrum disorders. J

Neurol Neurosurg Psychiatry (2018) 89:346–51. doi: 10.1136/jnnp-2017-3

16286

178. Nikoo Z, Badihian S, Shaygannejad V, Asgari N, Ashtari F. Comparison

of the efficacy of azathioprine and rituximab in neuromyelitis optica

spectrum disorder: a randomized clinical trial. J Neurol. (2017) 264:2003–9.

doi: 10.1007/s00415-017-8590-0

179. Trebst C, Jarius S, Berthele A, Paul F, Schippling S, Wildemann B,

et al. Update on the diagnosis and treatment of neuromyelitis optica:

recommendations of the Neuromyelitis Optica Study Group (NEMOS). J

Neurol. (2014) 261:1–16. doi: 10.1007/s00415-013-7169-7

180. Patt H, Bandgar T, Lila A, Shah N. Management issues with exogenous

steroid therapy. Indian J Endocrinol Metab. (2013) 17:S612–7.

doi: 10.4103/2230-8210.123548

181. Stellmann JP, Krumbholz M, Friede T, Gahlen A, Borisow N, Fischer K,

et al. Immunotherapies in neuromyelitis optica spectrum disorder: efficacy

and predictors of response. J Neurol Neurosurg Psychiatry (2017) 88:639–47.

doi: 10.1136/jnnp-2017-315603

182. Watanabe S, Misu T, Miyazawa I, Nakashima I, Shiga Y, Fujihara

K, et al. Low-dose corticosteroids reduce relapses in neuromyelitis

optica: a retrospective analysis. Mult Scler. (2007) 13:968–74.

doi: 10.1177/1352458507077189

183. Qiu W, Kermode AG, Li R, Dai Y, Wang Y, Wang J, et al. Azathioprine

plus corticosteroid treatment in Chinese patients with neuromyelitis

optica. J Clin Neurosci. (2015) 22:1178–82. doi: 10.1016/j.jocn.2015.

01.028

184. Zhang M, Zhang C, Bai P, Xue H, Wang G. Effectiveness of low

dose of rituximab compared with azathioprine in Chinese patients with

neuromyelitis optica: an over 2-year follow-up study. Acta Neurol Belg.

(2017) 117:695–702. doi: 10.1007/s13760-017-0795-6

185. Elsone L, Kitley J, Luppe S, Lythgoe D, Mutch K, Jacob S, et al. Long-term

efficacy, tolerability and retention rate of azathioprine in 103 aquaporin-

4 antibody-positive neuromyelitis optica spectrum disorder patients: a

multicentre retrospective observational study from the UK. Mult Scler.

(2014) 20:1533–40. doi: 10.1177/1352458514525870

186. Costanzi C, Matiello M, Lucchinetti CF, Weinshenker BG, Pittock SJ,

Mandrekar J, et al. Azathioprine: tolerability, efficacy, and predictors

of benefit in neuromyelitis optica. Neurology (2011) 77:659–66.

doi: 10.1212/WNL.0b013e31822a2780

187. Bennett JL, O’Connor KC, Bar-Or A, Zamvil SS, Hemmer B, Tedder TF,

et al. B lymphocytes in neuromyelitis optica. Neurol Neuroimmunol

Neuroinflamm. (2015) 2:e104. doi: 10.1212/NXI.00000000000

00104

188. Kleiter I, Gold R. Present and future therapies in neuromyelitis optica

spectrum disorders. Neurother J Am Soc Exp Neurother. (2016) 13:70–83.

doi: 10.1007/s13311-015-0400-8

189. Ellwardt E, Ellwardt L, Bittner S, Zipp F. Monitoring B-cell repopulation

after depletion therapy in neurologic patients. Neurol Neuroimmunol

Neuroinflamm. (2018) 5:e463. doi: 10.1212/NXI.00000000000

00463

190. Evangelopoulos ME, Andreadou E, Koutsis G, Koutoulidis V, Anagnostouli

M, Katsika P, et al. Treatment of neuromyelitis optica and neuromyelitis

optica spectrum disorders with rituximab using a maintenance treatment

regimen and close CD19 B cell monitoring. A six-year follow-up. J Neurol

Sci. (2017) 372:92–6. doi: 10.1016/j.jns.2016.11.016

191. Cohen M, Romero G, Bas J, Ticchioni M, Rosenthal M, Lacroix R,

Brunet C, et al. Monitoring CD27+ memory B-cells in neuromyelitis

optica spectrum disorders patients treated with rituximab: results from

a bicentric study. J Neurol Sci. (2017) 373:335–8. doi: 10.1016/j.jns.2017.

01.025

192. Ciron J, Audoin B, Bourre B, Brassat D, Durand-Dubief F,

Laplaud D, et al. Recommendations for the use of Rituximab in

neuromyelitis optica spectrum disorders. Rev Neurol. (2018) 174:255–64.

doi: 10.1016/j.neurol.2017.11.005

193. Rommer PS, Dörner T, Freivogel K, Haas J, Kieseier BC, Kümpfel T,

et al. Safety and clinical outcomes of rituximab treatment in patients with

multiple sclerosis and neuromyelitis optica: experience from a national

online registry (GRAID). J Neuroimmune Pharmacol. (2016) 11:1–8.

doi: 10.1007/s11481-015-9646-5

194. Marcinnò A, Marnetto F, Valentino P, Martire S, Balbo A, Drago A.

Rituximab-induced hypogammaglobulinemia in patients with neuromyelitis

optica spectrum disorders. Neurol Neuroimmunol Neuroinflamm. (2018)

5:e498. doi: 10.1212/NXI.0000000000000498

195. Cree BAC, Lamb S, Morgan K, Chen A,Waubant E, Genain C. An open label

study of the effects of rituximab in neuromyelitis optica. Neurology (2005)

64:1270–2. doi: 10.1212/01.WNL.0000159399.81861.D5

196. Zéphir H, Bernard-Valnet R, Lebrun C, Outteryck O, Audoin B, Bourre

B, et al. Rituximab as first-line therapy in neuromyelitis optica: efficiency

and tolerability. J Neurol. (2015) 262:2329–35. doi: 10.1007/s00415-015-

7852-y

197. Radaelli M, Moiola L, Sangalli F, Esposito F, Barcella V, Ferrè L,

et al. Neuromyelitis optica spectrum disorders: long-term safety and

efficacy of rituximab in Caucasian patients. Mult Scler. (2016) 22:511–9.

doi: 10.1177/1352458515594042

198. Torres J, Pruitt A, Balcer L, Galetta S, Markowitz C, Dahodwala N. Analysis

of the treatment of neuromyelitis optica. J Neurol Sci. (2015) 351:31–5.

doi: 10.1016/j.jns.2015.02.012

199. Kim SH, Huh SY, Lee SJ, Joung A, Kim HJ. A 5-year follow-up of rituximab

treatment in patients with neuromyelitis optica spectrum disorder. JAMA

Neurol. (2013) 70:1110–7. doi: 10.1001/jamaneurol.2013.3071

200. Cabre P, Mejdoubi M, Jeannin S, Merle H, Plumelle Y, Cavillon

G, et al. Treatment of neuromyelitis optica with rituximab: a 2-

year prospective multicenter study. J Neurol. (2018) 265:917–25.

doi: 10.1007/s00415-018-8771-5

201. Kim SH, Jeong IH, Hyun JW, Joung A, Jo HJ, Hwang SH, et al. Treatment

outcomes with rituximab in 100 patients with neuromyelitis optica: influence

of FCGR3A polymorphisms on the therapeutic response to rituximab. JAMA

Neurol. (2015) 72:989–95. doi: 10.1001/jamaneurol.2015.1276

202. Nosadini M, Alper G, Riney CJ, Benson LA, Mohammad SS, Ramanathan S,

et al. Rituximab monitoring and redosing in pediatric neuromyelitis optica

spectrum disorder. Neurol Neuroimmunol Neuroinflamm. (2016) 3:e188.

doi: 10.1212/NXI.0000000000000188

203. Damato V, Evoli A, Iorio R. Efficacy and safety of rituximab

therapy in neuromyelitis optica spectrum disorders: a systematic

review and meta-analysis. JAMA Neurol. (2016) 73:1342–8.

doi: 10.1001/jamaneurol.2016.1637

204. Kim SH, Kim HJ. Rituximab in neuromyelitis optica spectrum

disorders: why not as first-line therapy. JAMA Neurol. (2017) 74:482.

doi: 10.1001/jamaneurol.2016.5933

205. Das G, Damotte V, Gelfand JM, Bevan C, Cree BAC, Do L, et al. Rituximab

before and during pregnancy: A systematic review, and a case series in

MS and NMOSD. Neurol Neuroimmunol Neuroinflamm. (2018) 5:e453.

doi: 10.1212/NXI.0000000000000453

206. Perumal JS, Kister I, Howard J, Herbert J. Disease exacerbation after

rituximab induction in neuromyelitis optica. Neurol Neuroimmunol

Neuroinflamm. (2015) 2:e61. doi: 10.1212/NXI.0000000000000061

207. Whittam D, Cobo-Calvo A, Lopez-Chiriboga AS, Pardo S, Dodd J, Brandt

A, et al. Treatment of MOG-IgG-associated demyelination with Rituximab:

a multinational study of 98 patients (S13.003). Neurology (2018) 90.

208. Montcuquet A, Collongues N, Papeix C, Zephir H, Audoin B, Laplaud D,

et al. Effectiveness of mycophenolate mofetil as first-line therapy in AQP4-

IgG, MOG-IgG, and seronegative neuromyelitis optica spectrum disorders.

Mult Scler. (2017) 23:1377–84. doi: 10.1177/1352458516678474

Frontiers in Neurology | www.frontiersin.org October 2018 | Volume 9 | Article 88835

https://doi.org/10.1016/j.msard.2017.02.015
https://doi.org/10.1177/1756285616646332
https://doi.org/10.1212/NXI.0000000000000504
https://doi.org/10.1136/jnnp-2017-316286
https://doi.org/10.1007/s00415-017-8590-0
https://doi.org/10.1007/s00415-013-7169-7
https://doi.org/10.4103/2230-8210.123548
https://doi.org/10.1136/jnnp-2017-315603
https://doi.org/10.1177/1352458507077189
https://doi.org/10.1016/j.jocn.2015.01.028
https://doi.org/10.1007/s13760-017-0795-6
https://doi.org/10.1177/1352458514525870
https://doi.org/10.1212/WNL.0b013e31822a2780
https://doi.org/10.1212/NXI.0000000000000104
https://doi.org/10.1007/s13311-015-0400-8
https://doi.org/10.1212/NXI.0000000000000463
https://doi.org/10.1016/j.jns.2016.11.016
https://doi.org/10.1016/j.jns.2017.01.025
https://doi.org/10.1016/j.neurol.2017.11.005
https://doi.org/10.1007/s11481-015-9646-5
https://doi.org/10.1212/NXI.0000000000000498
https://doi.org/10.1212/01.WNL.0000159399.81861.D5
https://doi.org/10.1007/s00415-015-7852-y
https://doi.org/10.1177/1352458515594042
https://doi.org/10.1016/j.jns.2015.02.012
https://doi.org/10.1001/jamaneurol.2013.3071
https://doi.org/10.1007/s00415-018-8771-5
https://doi.org/10.1001/jamaneurol.2015.1276
https://doi.org/10.1212/NXI.0000000000000188
https://doi.org/10.1001/jamaneurol.2016.1637
https://doi.org/10.1001/jamaneurol.2016.5933
https://doi.org/10.1212/NXI.0000000000000453
https://doi.org/10.1212/NXI.0000000000000061
https://doi.org/10.1177/1352458516678474
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Borisow et al. NMOSD and MOG-Encephalomyelitis

209. Jacob A, Matiello M, Weinshenker BG, Wingerchuk DM, Lucchinetti C,

Shuster E, et al. Treatment of neuromyelitis optica with mycophenolate

mofetil: retrospective analysis of 24 patients.Arch Neurol. (2009) 66:1128–33.

doi: 10.1001/archneurol.2009.175

210. Chen H, Zhang Y, Shi Z, Feng H, Yao S, Xie J, Zhou H. The Efficacy

and tolerability of mycophenolate mofetil in treating neuromyelitis optica

and neuromyelitis optica spectrum disorder in Western China. Clin

Neuropharmacol. (2016) 39:81–7. doi: 10.1097/WNF.0000000000000131

211. Yang Y, Wang CJ, Wang BJ, Zeng ZL, Guo SG. Comparison of efficacy and

tolerability of azathioprine, mycophenolate mofetil, and lower dosages of

rituximab among patients with neuromyelitis optica spectrum disorder. J

Neurol Sci. (2018) 385:192–7. doi: 10.1016/j.jns.2017.12.034

212. Chen H, Qiu W, Zhang Q, Wang J, Shi Z, Liu J, et al. Comparisons of

the efficacy and tolerability of mycophenolate mofetil and azathioprine

as treatments for neuromyelitis optica and neuromyelitis optica spectrum

disorder. Eur J Neurol. (2017) 24:219–26. doi: 10.1111/ene.13186

213. Viswanathan S, Wong AHY, Quek AML, Yuki N. Intravenous

immunoglobulin may reduce relapse frequency in neuromyelitis optica. J

Neuroimmunol. (2015) 282:92–6. doi: 10.1016/j.jneuroim.2015.03.021

214. Elsone L, Panicker J, Mutch K, Boggild M, Appleton R, Jacob A. Role

of intravenous immunoglobulin in the treatment of acute relapses of

neuromyelitis optica: experience in 10 patients. Mult Scler. (2014) 20:501–4.

doi: 10.1177/1352458513495938

215. Tackley G, O’Brien F, Rocha J, Woodhall M, Waters P, Chandratre S,

et al. Neuromyelitis optica relapses: Race and rate, immunosuppression

and impairment. Mult Scler Relat Disord. (2016) 7:21–5.

doi: 10.1016/j.msard.2016.02.014

216. Kitley J, Elsone L, George J, Waters P, Woodhall M, Vincent A, et al.

Methotrexate is an alternative to azathioprine in neuromyelitis optica

spectrum disorders with aquaporin-4 antibodies. J Neurol Neurosurg

Psychiatry (2013) 84:918–21. doi: 10.1136/jnnp-2012-304774

217. Ramanathan RS, Malhotra K, Scott T. Treatment of neuromyelitis

optica/neuromyelitis optica spectrum disorders with methotrexate. BMC

Neurol. (2014) 14:51. doi: 10.1186/1471-2377-14-51

218. Papeix C, Vidal JS, de Seze J, Pierrot-Deseilligny C, Tourbah A,

Stankoff B, et al. Immunosuppressive therapy is more effective

than interferon in neuromyelitis optica. Mult Scler. (2007) 13:256–9.

doi: 10.1177/1352458506070732

219. Palace J, Leite MI, Nairne A, Vincent A. Interferon Beta treatment in

neuromyelitis optica: increase in relapses and aquaporin 4 antibody titers.

Arch Neurol. (2010) 67:1016–7. doi: 10.1001/archneurol.2010.188

220. Ayzenberg I, Schöllhammer J, Hoepner R, Hellwig K, Ringelstein M, Aktas

O, et al. Efficacy of glatiramer acetate in neuromyelitis optica spectrum

disorder: a multicenter retrospective study. J Neurol. (2016) 263:575–82.

doi: 10.1007/s00415-015-7991-1

221. Kleiter I, Hellwig K, Berthele A, Kümpfel T, Linker RA, Hartung HP, et al.

Failure of natalizumab to prevent relapses in neuromyelitis optica. Arch

Neurol. (2012) 69:239–45. doi: 10.1001/archneurol.2011.216

222. Kowarik MC, Hoshi M, Hemmer B, Berthele A. Failure of alemtuzumab as

a rescue in a NMOSD patient treated with rituximab. Neurol Neuroimmunol

Neuroinflamm. (2016) 3:e208. doi: 10.1212/NXI.0000000000000208

223. Gelfand JM, Cotter J, Klingman J, Huang EJ, Cree BAC. Massive

CNS monocytic infiltration at autopsy in an alemtuzumab-treated

patient with NMO. Neurol Neuroimmunol Neuroinflamm. (2014) 1:e34.

doi: 10.1212/NXI.0000000000000034

224. Fujihara K, Nakashima I. Secondary progression and innate immunity in

NMO: A possible link to alemtuzumab therapy? Neurol Neuroimmunol

Neuroinflamm. (2014) 1:e38. doi: 10.1212/NXI.0000000000000038

225. Azzopardi L, Cox AL, McCarthy CL, Jones JL, Coles AJ. Alemtuzumab use in

neuromyelitis optica spectrum disorders: a brief case series. J Neurol. (2016)

263:25–9. doi: 10.1007/s00415-015-7925-y

226. Kira JI. Unexpected exacerbations following initiation of disease-

modifying drugs in neuromyelitis optica spectrum disorder: Which

factor is responsible, anti-aquaporin 4 antibodies, B cells, Th1

cells, Th2 cells, Th17 cells, or others? Mult Scler. (2017) 23:1300–2.

doi: 10.1177/1352458517703803

227. Yoshii F, Moriya Y, Ohnuki T, Ryo M, Takahashi W. Fingolimod-

induced leukoencephalopathy in a patient with neuromyelitis

optica spectrum disorder. Mult Scler Relat Disord. (2016) 7:53–7.

doi: 10.1016/j.msard.2016.03.004

228. Min JH, Kim BJ, Lee KH. Development of extensive brain lesions

following fingolimod (FTY720) treatment in a patient with

neuromyelitis optica spectrum disorder. Mult Scler. (2012) 18:113–5.

doi: 10.1177/1352458511431973

229. Yamout BI, Beaini S, Zeineddine MM, Akkawi N. Catastrophic

relapses following initiation of dimethyl fumarate in two patients with

neuromyelitis optica spectrum disorder. Mult Scler. (2017) 23:1297–300.

doi: 10.1177/1352458517694086

230. Gahlen A, Trampe AK, Haupeltshofer S, Ringelstein M, Aktas O, Berthele

A, et al. Aquaporin-4 antibodies in patients treated with natalizumab

for suspected MS. Neurol Neuroimmunol Neuroinflamm. (2017) 4:e363.

doi: 10.1212/NXI.0000000000000363

231. Cabre P, Olindo S, Marignier R, Jeannin S, Merle H, Smadja D, et al.

Efficacy of mitoxantrone in neuromyelitis optica spectrum: clinical and

neuroradiological study. J Neurol Neurosurg Psychiatry (2013) 84:511–6.

doi: 10.1136/jnnp-2012-303121

232. Kim SH, Kim W, Park MS, Sohn EH, Li XF, Kim HJ. Efficacy and safety of

mitoxantrone in patients with highly relapsing neuromyelitis optica. Arch

Neurol. (2011) 68:473–9. doi: 10.1001/archneurol.2010.322

233. Stroet A, Hemmelmann C, Starck M, Zettl U, Dörr J, Friedemann P,

et al. Incidence of therapy-related acute leukaemia in mitoxantrone-treated

multiple sclerosis patients in Germany. Ther Adv Neurol Disord. (2012)

5:75–9. doi: 10.1177/1756285611433318

234. Dörr J, Bitsch A, Schmailzl KJG, Chan A, von Ahsen N, Hummel

M, et al. Severe cardiac failure in a patient with multiple sclerosis

following low-dose mitoxantrone treatment. Neurology (2009) 73:991–3.

doi: 10.1212/WNL.0b013e3181b878f6

235. Paul F, Dörr J, Würfel J, Vogel HP, Zipp F. Early mitoxantrone-

induced cardiotoxicity in secondary progressive multiple sclerosis. J

Neurol Neurosurg Psychiatry (2007) 78:198–200. doi: 10.1136/jnnp.2006.0

91033

236. Bichuetti DB, Oliveira EML, Boulos Fde C, Gabbai AA. Lack of response to

pulse cyclophosphamide in neuromyelitis optica: evaluation of 7 patients.

Arch Neurol. (2012) 69:938–9. doi: 10.1001/archneurol.2012.545

237. A Double-masked, Placebo-controlled Study With Open Label Period to

Evaluate MEDI-551 in Neuromyelitis Optica and Neuromyelitis Optica

Spectrum Disorders - Full Text View - ClinicalTrials.gov. Available online at:

https://clinicaltrials.gov/ct2/show/NCT02200770 (Accessed April 18, 2018).

238. Chen D, Gallagher S, Monson NL, Herbst R, Wang Y. Inebilizumab, a

B Cell-Depleting anti-CD19 antibody for the treatment of autoimmune

neurological diseases: insights from preclinical studies. J Clin Med. (2016)

5:E107. doi: 10.3390/jcm5120107

239. Cree BA, Bennett JL, Sheehan M, Cohen J, Hartung HP, Aktas

O, et al. Placebo-controlled study in neuromyelitis optica-

Ethical and design considerations. Mult Scler. (2016) 22:862–72.

doi: 10.1177/1352458515620934

240. Pittock SJ, Lennon VA, McKeon A, Mandrekar J, Weinshenker BG,

Lucchinetti CF, et al. Eculizumab in AQP4-IgG-positive relapsing

neuromyelitis optica spectrum disorders: an open-label pilot study.

Lancet Neurol. (2013) 12:554–62. doi: 10.1016/S1474-4422(13)7

0076-0

241. Paul F. Hope for a rare disease: eculizumab in neuromyelitis optica. Lancet

Neurol. (2013) 12:529–31. doi: 10.1016/S1474-4422(13)70089-9

242. An Open Label Extension Trial of Eculizumab in Relapsing NMO Patients -

Full Text View - ClinicalTrials.gov. Available online at: https://clinicaltrials.

gov/ct2/show/NCT02003144 (Accessed April 17, 2018).

243. Araki M, Matsuoka T, Miyamoto K, Kusunoki S, Okamoto T, Murata

M, et al. Efficacy of the anti-IL-6 receptor antibody tocilizumab

in neuromyelitis optica: a pilot study. Neurology (2014) 82:1302–6.

doi: 10.1212/WNL.0000000000000317

244. Ringelstein M, Ayzenberg I, Harmel J, Lauenstein AS, Lensch E, Stögbauer F,

et al. Long-term therapy with interleukin 6 receptor blockade in highly active

neuromyelitis optica spectrum disorder. JAMA Neurol. (2015) 72:756–63.

doi: 10.1001/jamaneurol.2015.0533

245. Tanaka M, Yanagida H, Suzumura A. Treatment for paraneoplastic

neuromyelitis optica spectrum disorder (NMOsd): Probable effects of

Frontiers in Neurology | www.frontiersin.org October 2018 | Volume 9 | Article 88836

https://doi.org/10.1001/archneurol.2009.175
https://doi.org/10.1097/WNF.0000000000000131
https://doi.org/10.1016/j.jns.2017.12.034
https://doi.org/10.1111/ene.13186
https://doi.org/10.1016/j.jneuroim.2015.03.021
https://doi.org/10.1177/1352458513495938
https://doi.org/10.1016/j.msard.2016.02.014
https://doi.org/10.1136/jnnp-2012-304774
https://doi.org/10.1186/1471-2377-14-51
https://doi.org/10.1177/1352458506070732
https://doi.org/10.1001/archneurol.2010.188
https://doi.org/10.1007/s00415-015-7991-1
https://doi.org/10.1001/archneurol.2011.216
https://doi.org/10.1212/NXI.0000000000000208
https://doi.org/10.1212/NXI.0000000000000034
https://doi.org/10.1212/NXI.0000000000000038
https://doi.org/10.1007/s00415-015-7925-y
https://doi.org/10.1177/1352458517703803
https://doi.org/10.1016/j.msard.2016.03.004
https://doi.org/10.1177/1352458511431973
https://doi.org/10.1177/1352458517694086
https://doi.org/10.1212/NXI.0000000000000363
https://doi.org/10.1136/jnnp-2012-303121
https://doi.org/10.1001/archneurol.2010.322
https://doi.org/10.1177/1756285611433318
https://doi.org/10.1212/WNL.0b013e3181b878f6
https://doi.org/10.1136/jnnp.2006.091033
https://doi.org/10.1001/archneurol.2012.545
https://clinicaltrials.gov/ct2/show/NCT02200770
https://doi.org/10.3390/jcm5120107
https://doi.org/10.1177/1352458515620934
https://doi.org/10.1016/S1474-4422(13)70076-0
https://doi.org/10.1016/S1474-4422(13)70089-9
https://clinicaltrials.gov/ct2/show/NCT02003144
https://clinicaltrials.gov/ct2/show/NCT02003144
https://doi.org/10.1212/WNL.0000000000000317
https://doi.org/10.1001/jamaneurol.2015.0533
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Borisow et al. NMOSD and MOG-Encephalomyelitis

tocilizumab for both cancer and NMOsd. Mult Scler Relat Disord. (2018)

20:82–3. doi: 10.1016/j.msard.2017.12.002

246. Tocilizumab vs Azathioprine in Neuromyelitis Optica Spectrum

Disorders - Full Text View - ClinicalTrials.gov. Available online at:

https://clinicaltrials.gov/ct2/show/NCT03350633 (Accessed August

14, 2018)

247. Efficacy and Safety Study as Add-on Therapy of SA237 to Treat NMO and

NMOSD - Full Text View - ClinicalTrials.gov. Available online at: https://

clinicaltrials.gov/ct2/show/NCT02028884 (Accessed April 18, 2018).

248. Steinman L, Bar-Or A, Behne JM, Benitez-Ribas D, Chin PS, Clare-

Salzler M, et al. Restoring immune tolerance in neuromyelitis

optica: part I. Neurol Neuroimmunol Neuroinflamm. (2016) 3:e276.

doi: 10.1212/NXI.0000000000000276

249. Bar-Or A, Steinman L, Behne JM, Benitez-Ribas D, Chin PS, Clare-

Salzler M, et al. Restoring immune tolerance in neuromyelitis

optica: Part II. Neurol Neuroimmunol Neuroinflamm. (2016) 3:e277.

doi: 10.1212/NXI.0000000000000277

250. Paul F, Murphy O, Pardo S, Levy M. Investigational drugs in

development to prevent neuromyelitis optica relapses. Expert Opin

Investig Drugs (2018) 27:265–71. doi: 10.1080/13543784.2018.14

43077

251. Hodecker SC, Stellmann JP, Rosenkranz SC, Young K, Holst B, Friese

MA, et al. Ruxolitinib treatment in a patient with neuromyelitis optica:

a case report. Neurol Neuroimmunol Neuroinflamm. (2017) 4:e328.

doi: 10.1212/NXI.0000000000000328

Conflict of Interest Statement: FP serves on the scientific advisory board for

Novartis; received speaker honoraria and travel funding from Bayer, Novartis,

Biogen Idec, Teva, Sanofi-Aventis/Genzyme, Merck Serono, Alexion, Chugai,

MedImmune, and Shire; is an academic editor for PLoS One, is an associate

editor for Neurology R© Neuroimmunology & Neuroinflammation; consulted for

Sanofi-Genzyme, Biogen Idec, MedImmune, Shire, and Alexion; received research

support from Bayer, Novartis, Biogen Idec, Teva, Sanofi-Aventis/Genzyme,

Alexion, Merck Serono, German Research Council, Werth Stiftung of the City of

Cologne, German Ministry of Education and Research, Arthur Arnstein Stiftung

Berlin, EU FP7 Framework Program, Arthur Arnstein Foundation Berlin, Guthy

Jackson Charitable Foundation, and National Multiple Sclerosis of the USA. SK

serves as a Deputy Editor of Journal of Neurology, Neurosurgery, and Psychiatry

and an Editorial Board member of Journal of the Neurological Sciences.

The remaining authors declare that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential

conflict of interest.

Copyright © 2018 Borisow, Mori, Kuwabara, Scheel and Paul. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Neurology | www.frontiersin.org October 2018 | Volume 9 | Article 88837

https://doi.org/10.1016/j.msard.2017.12.002
https://clinicaltrials.gov/ct2/show/NCT03350633
https://clinicaltrials.gov/ct2/show/NCT02028884
https://clinicaltrials.gov/ct2/show/NCT02028884
https://doi.org/10.1212/NXI.0000000000000276
https://doi.org/10.1212/NXI.0000000000000277
https://doi.org/10.1080/13543784.2018.1443077
https://doi.org/10.1212/NXI.0000000000000328
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


REVIEW
published: 10 October 2018

doi: 10.3389/fneur.2018.00841

Frontiers in Neurology | www.frontiersin.org October 2018 | Volume 9 | Article 841

Edited by:

Johann Sellner,

Universitätsklinikum Salzburg, Austria

Reviewed by:

Andrea Harrer,

Paracelsus Medizinische

Privatuniversität, Austria

Patrick Joseph Waters,

University of Oxford, United Kingdom

*Correspondence:

Romana Höftberger

romana.hoeftberger@

meduniwien.ac.at

Specialty section:

This article was submitted to

Multiple Sclerosis and

Neuroimmunology,

a section of the journal

Frontiers in Neurology

Received: 12 July 2018

Accepted: 18 September 2018

Published: 10 October 2018

Citation:

Ricken G, Schwaiger C, De Simoni D,

Pichler V, Lang J, Glatter S, Macher S,

Rommer PS, Scholze P, Kubista H,

Koneczny I and Höftberger R (2018)

Detection Methods for Autoantibodies

in Suspected Autoimmune

Encephalitis. Front. Neurol. 9:841.

doi: 10.3389/fneur.2018.00841

Detection Methods for
Autoantibodies in Suspected
Autoimmune Encephalitis

Gerda Ricken 1, Carmen Schwaiger 1, Desiree De Simoni 1, Valerie Pichler 1, Julia Lang 1,

Sarah Glatter 1, Stefan Macher 2, Paulus S. Rommer 2, Petra Scholze 3, Helmut Kubista 4,

Inga Koneczny 1 and Romana Höftberger 1*

1 Institute of Neurology, Medical University of Vienna, Vienna, Austria, 2Department of Neurology, Medical University of

Vienna, Vienna, Austria, 3Department of Pathobiology of the Nervous System, Center for Brain Research, Medical University

of Vienna, Vienna, Austria, 4Center for Physiology and Pharmacology, Medical University of Vienna, Vienna, Austria

This review provides an overview on different antibody test methods that can be applied

in cases of suspected paraneoplastic neurological syndromes (PNS) and anti-neuronal

autoimmune encephalitis (AIE) in order to explain their diagnostic value, describe

potential pitfalls and limitations, and discuss novel approaches aimed at discovering

further autoantibodies. Onconeuronal antibodies are well-established biomarkers for

PNS and may serve as specific tumor markers. The recommended procedure to detect

onconeuronal antibodies is a combination of indirect immunohistochemistry on fixed

rodent cerebellum and confirmation of the specificity by line assays. Simplification of

this approach by only using line assays with recombinant proteins bears the risk to miss

antibody-positive samples. Anti-neuronal surface antibodies are sensitive and specific

biomarkers for AIE. Their identification requires the use of test methods that allow the

recognition of conformation dependent epitopes. These commonly include cell-based

assays and tissue based assays with unfixed rodent brain tissue. Tissue based assays

can detect most of the currently known neuronal surface antibodies and thus enable

broad screening of biological samples. A complementary testing on live neuronal cell

cultures may confirm that the antibody recognizes a surface epitope. In patients with

peripheral neuropathy, the screening may be expanded to teased nerve fibers to identify

antibodies against the node of Ranvier. This method helps to identify a novel subgroup

of peripheral autoimmune neuropathies, resulting in improved immunotherapy of these

patients. Tissue based assays are useful to discover additional autoantibody targets that

play a role in diverse autoimmune neurological syndromes. Antibody screening assays

represent promising avenues of research to improve the diagnostic yield of current assays

for antibody-associated autoimmune encephalitis.

Keywords: paraneoplastic neurological syndrome, autoimmune encephalitis, onconeuronal antibodies, test

methods, cell-based assay, tissue-based assay, anti-neuronal antibodies
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INTRODUCTION

Autoimmune diseases in the brain may affect different parts
of the nervous system including neurons, glial cells or
components of the blood-brain barrier. The pathobiology can be
predominantly driven by T-cells or B-cells that recognize cerebral
antigens. The field of autoantibody mediated autoimmune
diseases of the nervous system has been expanding in the
recent years, propelled by the discovery of autoantibodies against
synaptic or extrasynaptic membrane antigens that lead to a new
approach in diagnosing and treating patients with suspected
autoimmune neurological diseases (1). While autoimmune
responses against intracellular antigens are mainly associated
with paraneoplastic or idiopathic neurological syndromes with
poor neurological outcome, patients with surface autoimmunity
show substantial response to immunotherapy (1). Cell-mediated
immune attack by T-cells resulting in progressive destruction
of cells is a hallmark of paraneoplastic neurological syndromes
(PNS) and may explain the limited response to immunotherapy
(2). Although some pathogenic impact has been described for
anti-amphiphysin antibodies (3), the mechanisms and functions
of other autoantibodies that evolve in the context of classical
paraneoplastic syndromes (so called onconeuronal antibodies)
are still poorly understood and they are rather considered
as an epiphenomenon. However, the antibodies indicate the
paraneoplastic etiology of the associated neurological syndrome
and may serve as biomarkers for recognizing an underlying
malignancy (Table 1) (4). In contrast, autoantibodies against
surface antigens may directly mediate the disease (e.g., by
antigenic modulation or by recruitment of immune cells or
components of the complement system), among the antibodies
against neuronal membrane antigens, these effects are often
reversible and explain the good response to immunotherapy.
Autoantibodies against cell surface antigens on neurons and
glial cells can be tumor associated but derive more frequently
from an idiopathic origin (1). To date, more than 16 such
autoimmune syndromes are known and are summarized in
Table 2. These diseases occur worldwide in diverse ethnicities
and cultures. Among the anti-neuronal surface antibodies, anti-
NMDAR are probably the most common ones, followed by anti-
LGI1 with a reported annual incidence of 0.83 per million in
one Dutch study (7). Other antibodies seem to be less frequent
or their incidence has to be defined in prospective experience.
Many autoimmune neurological or demyelinating syndromes
are currently considered as antibody negative despite some
evidence that they are antibody-mediated. Among these are
patients with suspected but yet unknown antigenic targets, and
further studies are required to discover these. Nevertheless, a

Abbreviations: AMPAR, amino-3-hydroxy-5-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor; CASPR1/2, contactin-associated protein-like

1/2; CNTN1, contactin1; D2R, dopamine-2 receptor; DPPX, dipeptidyl-peptidase-

like protein-6; GABA A/B R, gamma-aminobutyric acid A/B receptor; GAD,

glutamic acid decarboxylase; GlyR, Glycine receptor; LGI1, leucine-rich glioma-

inactivated 1; mGluR1/5, metabotropic glutamate receptor type 1/5; NF155,

neurofascin155; NMDAR, N-methyl-D-aspartate receptor; P/Q-type VGCC,

P/Q-type voltage-gated calcium channel; VGKC, voltage-gated potassium

channel.

substantial fraction of seronegative patients may harbor known
autoantibodies that could be detected with a more thorough
testing strategy. The following review gives an overview of the
most widely used test methods and their limitations in the
detection of autoantibodies and provides an outlook on possible
novel approaches that are able to broaden the spectrum of
identifyable antibodies.

AUTOANTIBODIES IN CLASSICAL

PARANEOPLASTIC AND

NON-PARANEOPLASTIC NEUROLOGICAL

SYNDROMES

Background
Since the 1980s, detailed clinical and immunological studies
revealed several autoantibodies against intracellular antigens
that are associated with specific paraneoplastic or idiopathic
neurological syndromes (8–15). Antibodies directed against
intracellular antigens usually recognize linear epitopes that can
be detected by methods such as western blot analysis, line assays,
enzyme-linked immunosorbent assay (ELISA), fixed tissue-
(fixed TBA) or cell-based assays (CBA), or radioimmunoassay
(RIA). In clinical laboratories, line assays and fixed TBAs are
used most frequently. For line assays, purified recombinant
proteins (e.g., paraneoplastic antigens such as Yo, Hu, Ri,
CV2/CRMP5, and others) are applied on blot strips and
incubated with the patient’s serum or CSF. Line assays are
commercially available and include most of the currently
known well-characterized autoantibodies that are screened
within one test run. The fixed TBAs use paraformaldehyde-
fixed rodent (mouse or rat) or monkey tissue (cerebellum
and enteric nervous system). The fixation is necessary for the
intracellular antigen retrieval. Autoantibodies are defined as
well-characterized if the serum or CSF produces a recognizable
staining pattern in the fixed TBA (e.g., selective staining of
Purkinje cells with Yo-positive patient’s serum) (Figures 1A–J)
and the antibody specificity is confirmed with the recombinant
line assay (16).

Challenges in Antibody Detection
Well-Characterized Onconeuronal Antibodies
To provide highest sensitivity and specificity for onconeuronal
antibody testing, it is recommended to combine a fixed TBA
and a line assay (16). Line assays may be more sensitive in
some patients than indirect immunohistochemistry (17), in
addition they can help to specify the onconeuronal antibody.
Using the TBA alone has the disadvantage that concomitant
antibodies such as anti-nuclear antibodies may mask the
immunohistochemical staining pattern. On the other hand,
commercial line assays may sometimes produce reactivity in
control sera without reported cancer (18) and the clinical
significance is unclear. Moreover, a recent study reported that the
use of commercial line assays with recombinant protein harbors
the risk to miss autoantibodies as it has been shown in 4 out of 53
patients with CV2/CRMP5-antibodies (19). It was hypothesized
that the epitope repertoire of the CV2 antibodies that were
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TABLE 1 | Antibodies targeting intracellular antigens.

Intracellular antigen Associated tumor Main syndrome Most widely used test methods

CLASSIC ONCONEURONAL ANTIBODY

Hu (ANNA1) SCLC Enzephalomyelitis, PCD, LE, brainstemencephalitis Fixed TBA, LA/IB

Ri (ANNA2) Mammary, SCLC Brainstemencephalitis, OMS Fixed TBA; LA/IB

Yo (PCA1) Ovary, mammary PCD Fixed TBA; LA/IB

CV2 (CRMP5) SCLC, thymoma Encephalomyelitis, optic neuropathy, PCD, LE Fixed TBA; LA/IB; fixed CBA

Amphiphysin SCLC, mammary SPS, rigidity, encephalomyelitis Fixed/unfixed TBA; LA/IB

Ma-1/2 Testis, adenocarcinoma lung LE, brainstemencephalitis Fixed TBA; LA/IB

DNER/TR Hodgkin PCD Fixed/unfixed TBA; LA/IB; fixed CBA

NON-PARANEOPLASTIC ANTIBODY

GAD65/67 Rarley SPS, cerebellar ataxia, LE, epilepsy Fixed TBA; LA/IB, fixed CBA, RIA, ELISA

TUMOR MARKERS

SOX1 (AGNA) SCLC Encephalomyelitis, PCD Fixed TBA; LA/IB

ZIC4 SCLC Cerebellar ataxia Fixed TBA; LA/IB

ANNA, anti-neuronal nuclear antibody; SCLC, small cell lung cancer; PCD, paraneoplastic cerebellar degeneration; LE, limbic encephalitis; TBA, tissue based assay; LA/IB, line

assay/immunoblot; OMS, opsoclonus-myoclonus syndrome; PCA, purkinje cell autoantibody; CRMP, collapsin response mediator protein; SPS, stiff-person syndrome; DNER,

delta/notch-like epidermal growth factor-related receptor; CBA, cell-based assay; GAD65, glutamic acid decarboxylase 65; RIA, radioimmuno assay; ELISA, enzyme-linked

immunosorbent assay; AGNA, anti-glial nuclear antibody; ZIC4, zinc-finger protein 4.

missed in the line assay may be different from the typical CV2
antibodies (19).

Tumor- and Non-tumor Associated Intracellular

Antibodies
Importantly, the fixed TBA is also able to detect rare antibodies
such as for example anti-protein-kinase Cgamma (PKCgamma)
(20), anti-carbonic anhydrase-related protein VIII (CARP VIII)
(21) or anti-rhoGTPase-activating protein 26 (ARGHAP26) (22)
that bind intracellular proteins highly expressed in Purkinje
cells and were originally identified in patients presenting with
subacute autoimmune cerebellar ataxia. Currently, the detection
of these antibodies is only possible with in-house assays and
the results of the TBA can either be confirmed with in-house
immunoblots or fixed cell-based assays. The PKCgamma, CARP
VIII and ARGHAP26 are potentially paraneoplastic antibodies
and a positive antibody-test should prompt tumor search.
Recently, a novel astrocytic IgG autoantibody targeting glial
fibrillary acidic protein (GFAP) has been identified in the CSF
and serum of 16 patients with relapsing steroid-responsive
meningoencephalitis with or without myelitis and was clinically
characterized in a series of 102 patients (23, 24). The antibody was
identified in the TBA showing an immunofluorescence staining
of a subpopulation of astrocytes confined to pia, subpia, midbrain
foci, periventricular region and rostral migratory stream and
subsequently characterized in the fixed CBA as GFAP-specific.
An underlying tumor can be found in 22% of patients, which
include teratoma, carcinoid, salivary pleomorphic adenoma,
prostate carcinoma, and melanoma. Some patients may have
coexisting antibodies such as anti-NMDAR or aquaporin-4
(AQP4) antibodies, which may indicate an underlying teratoma.
Although the antigen is intracellularly located, patients show
good response to immunotherapy. Future investigations are
necessary to clarify the role of antibodies in disease evolution,

give insight into T-cell antigen specificities, and reveal possible
genetic factors.

Anti-GAD Antibodies
The glutamic acid decarboxylase (GAD) is an enzyme that
catalyzes the transformation of glutamate into gamma-amino-
butyric-acid (GABA). Two isoforms have been described, the
65 and the 67 kDa isoform. Both can be found in GABAergic
neurons in the brain, the 65 kDa isoform is additionally expressed
in islet cells of the pancreas. Low titers of GAD65 antibodies
can occur in about 1% of healthy controls and in up to 80% of
patients with diabetes mellitus type I (25). Currently available
commercial test methods focus on the detection of the GAD65
isoform and include ELISA, radioimmunoassay, TBA, and line
assays. The ELISA and RIA are more sensitive than TBA or
line assays and can detect very low titers of GAD65, however,
only high titers (usually >2,000 U/ml) are considered to be
associated with autoimmune neurological disorders including
stiff-person syndrome, ataxia, epilepsy, limbic encephalitis, and
other syndromes (25). It has long been believed that screening
for GAD65 antibodies is sufficient for identifying patients with
GAD-autoimmunity. Interestingly, a recent study with GAD65-
antibody positive patients with neurological disorders reported
that GAD67 antibodies were present in the CSF even if the serum
was negative for GAD67 antibodies, indicating an intrathecal
antibody synthesis (26). Later it has been shown that few patients
harbor antibodies only against the GAD67 isoform. The clinical
picture of patients with GAD67 antibodies in serum and/or CSF
is currently believed to be indistinguishable from the phenotype
associated with GAD65 antibodies but the patients would be
missed if GAD65 specific assays are employed such as line assays
or RIA (27). Currently GAD67 can only be detected by in-
house assays that either use TBA, in-house immunoblots or fixed
cell-based assays.
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TABLE 2 | Antibodies against surface antigens.

Antigen Tumor Main clinical symptoms Predominant

antibody subclass

Most widely used test

methods

CENTRAL NERVOUS SYSTEM

NMDAR Ovarian teratoma (58% in

patients >18 years)

Encephalitis IgG1 Unfixed TBA; live/fixed CBA

LGI1 Rarely (thymoma) LE, faciobrachial dystonic seizures,

hyponatremia

IgG4/IgG1 Unfixed TBA; live/fixed CBA

CASPR2 Thymoma (38%) LE, cerebellar ataxia, Morvan syndrome,

peripheral nerve hyperexcitability

IgG4/IgG1 Unfixed TBA; live/fixed CBA

AMPAR SCLC, breast, thymoma (60%) LE, psychosis IgG1 Unfixed TBA; live/fixed CBA

GABABR SCLC (50%) LE, ataxia IgG1 Unfixed TBA; live/fixed CBA

GABAAR Thymoma, others (25%) Status epilepticus, seizures, encephalitis IgG1 Unfixed TBA; live CBA

mGluR1 Hematologic diseases (30–40%) Cerebellar ataxia NA Unfixed TBA; live/fixed CBA

mGluR5 55% paraneoplastic (Hodgkin,

SCLC)

Limbic dysfunction, movement disorders; IgG1/IgG3 Unfixed TBA; live/fixed CBA

DPPX (Kv4.1) Follicular B cell lymphoma, CLL Hallucinations, agitation, myoclonus,

tremor, seizures, diarrhea

IgG4/IgG1 Unfixed TBA; live/fixed CBA

IgLON5 – Non-REM and REM-sleep disorder,

brainstem and limbic dysfunction

IgG4/IgG1 Unfixed TBA; live/fixed CBA

GlyR Lung cancer SPS, PERM, epilepsy IgG1 Unfixed TBA; live CBA

Dopamine 2R – Basal ganglia encephalitis, Sydenham’s

Chorea

NA Unfixed TBA; live CBA

Neurexin3alpha – Seizures, orofacial dyskinesias IgG1 Unfixed TBA; fixed CBA

PQ-type VGCC SCLC LEMS, PCD NA RIA

ANTIBODIES IN DEMYELINATION

AQP4 Rarely NMOSD, LETM, ON IgG1 Unfixed TBA; live/fixed CBA;

ELISA

MOG – ADEM, ON, LETM (conus), TM, NMOSD,

seizures

IgG1 Live/fixed CBA

Antigen Associated diseases Main syndrome Predominant

antibody subclass

Most widely used test

methods

PERIPHERAL NERVOUS SYSTEM

Neurofascin155 Atypcial CIDP with distal sensomotoric

neuropahty, tremor, ataxia,

CNS-demyelination

IgG4 Unfixed TBA; fixed CBA;

teased fibers; ELISA

Neurofascin186 IgG4-related disease; nephrotic

syndrome

Subacute onset, severe phenotype,

sensory ataxia

IgG4/IgG3 Fixed CBA; teased fibers;

ELISA

Contactin1 Rarely nephrotic syndrome Atypical CIDP with GBS-like onset, tremor,

ataxia

IgG4/IgG3* Unfixed TBA; fixed CBA;

teased fibers; ELISA

CASPR1 CIDP, GBS, neuropathic pain IgG4, IgG3* Unfixed TBA; fixed CBA;

teased fibers

* IgG3 were found in patients with GBS or in the acute phase of CIDP and may switch to IgG4 in the chronic phase of the disease (5, 6). NMDAR, N-methyl-D-aspartate receptor;

TBA, tissue based assay; CBA, cell-based assay; LGI1, leucine-rich glioma-inactivated 1; LE, limbic encephalitis; CASPR2, contactin-associated protein-like 2; AMPAR, amino-3-

hydroxy-5-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; GABA A/B R, gamma-aminobutyric acid A/B receptor; mGluR1/5, metabotropic glutamate receptor type 1/5; NA, not

available; DPPX, dipeptidyl-peptidase-like protein-6; CLL, chronic lymphatic leukemia; GlyR, Glycine receptor; SPS, stiff-person syndrome; PERM, progressive encephalomyelitis with

rigidity and myoclonus; P/Y-type VGCC, P/Q-type voltage gated calcium channel; LEMS, Lambert-Eaton myasthenic syndrome; RIA, radioimmuno assay; AQP4, aquaporin 4; NMOSD,

neuromyelitis spectrum disorder; LETM, longitudinally transverse myelitis; ON, optic neuritis; MOG, myelin oligodendrocyte glycoprotein; ADEM, acute disseminated encephalomyelitis;

TM, transvers myelitis; CIDP, chronic inflammatory demyelinating polyneuropathy; GBS, Guillain-Barré syndrome.

AUTOANTIBODIES IN ANTI-NEURONAL

AND ANTI-GLIAL SURFACE

AUTOIMMUNITY

Background
Autoantibodies directed against surface antigens often recognize
conformation dependent epitopes and their detection depends

on methods that preserve the three-dimensional structure of
the antigen such as CBA or unfixed/postfixed TBA. In clinical
laboratories, CBAs are used most frequently. The CBA consists
of human or murine cells that are transfected with human
complementary DNA (cDNA) and express the target antigen on
their surface. Sera or CSF from patients are evaluated for the
presence of antibodies by binding to these expressed antigens.
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FIGURE 1 | Staining pattern of antibodies targeting intracellular antigens. Indirect immunohistochemistry (avidin-biotin peroxidase method) on rat cerebellum shows a

specific staining pattern of intracellular antibodies: (A) Anti-Hu-antibodies label the cytoplasm and nuclei of Purkinje and granule cells. (B) Anti-Yo antibodies show

labeling of the cytoplasm of Purkinje cells (arrows) and stellate and basket cells in the molecular layer. (C) Anti-Ri-antibodies show the same staining pattern like

Hu-antibodies in the cerebellum (differentiation is possible by staining enteric neurons of the gut that are positive with anti-Hu but negative with anti-Ri-antibodies). (D)

Anti-Tr/DNER antibodies strongly label the Purkinj cell somata and dendrites (arrows). (E) Anti-amphiphysin antibodies show an intensive synaptic staining pattern in

the molecular layer of the cerebellum. (F) Anti-CV2-antibodies mark a subgroup of oligodendrocytes in the cerebellar cortex and white matter (arrows). (G)

Anti-Ma1/2-antibodies show a dot-like staining pattern in large neurons of the brainstem (arrows). (H) Anti-GAD65-antibodies display a dot-like staining of the base of

Purkinje cells and a rosette-like staining pattern in the granular layer of the cerebellar cortex (I) Anti-SOX1-antibodies stain the nuclei of Bergmann glia in the cerebellar

cortex (arrows). (J) Serum of a healthy control remains negative. Magnification: (A–J): x400.

CBAs are commercially available and either offered as set that
allows screening of several autoantibodies within one test run
[e.g., combined testing of NMDAR, AMPAR, GABA(B)R, LGI1,
CASPR2, and DPPX] or as individual tests (e.g. IgLON5). The
unfixed/postfixed TBAs use rodent (mouse or rat) brain tissue
that contains the hippocampus and cerebellum. Sera or CSF
from patients are evaluated for the presence of antibodies by
binding to the rodent brain tissue and subsequently visualized
either via an avidin-biotin method and light microscopy or
immunofluorescence. This approach has been successful in
discovering most of the autoantibodies described in the past
decade. The TBAs for testing surface antibodies are commercially
available or can be produced in-house and can be used as
screening tool or to confirm the results of the CBA.

Challenges in Antibody Detection
Selection of the Appropriate Assay
One of the first neurological autoimmune diseases that were
defined by the presence of pathogenic surface autoantibodies
was myastenia gravis associated with anti-acetylcholine receptor
antibodies (AChR) (28). Later, surface antibodies to the P/Q
type voltage-gated calcium channel (PQ-type VGCC) were
identified in patients with Lambert-Eaton myasthenic syndrome
(LEMS) (29, 30). Both antibodies were discovered by using
RIA assays in which the antigens were labeled with 125I-specific
neurotoxins and precipitated with patient’s antibodies (31).

Synthetic peptide binding studies in LEMS patients demonstrated
that three epitope regions of the external linker peptides S5-S6
of domain II and IV of the alpha-1A subunit of the PQ-type
VGCC were essential for creating reactivity in 9/12 patients.
These epitopes are considered to be linear and test methods
that lack correct membrane topology are suitable for their
detection (32). In contrast, other pathogenic surface antibodies
mostly recognize conformational epitopes and test methods that
measure antibodies against linear or refolded epitopes often
produce contradictory results, including variable frequencies of
seropositivity in patients with diverse clinical syndromes and
healthy controls. The RIA may give false positive results due
to two issues: (1) the availability of intracellular epitopes may
pick up irrelevant antibodies. For example only 56% of the
serum samples that were tested positive in a RIA for voltage-
gated potassium channel (VGKC) complex antibodies contained
antibodies against the extracellular domain of LGI1 or CASPR2,
while a considerable amount of LGI1/CASPR2-negative samples
were directed against cytosolic epitopes of the VGKC (33, 34).
(2) False positive results may also derive from the presence of
autoantibodies against the 125I-neurotoxin itself (33) and false
negative results may derive from an overlap of the antibody
binding epitope with the binding site for the 125I-neurotoxin, a
known phenomenon in mysthenia gravis and AChR antibodies
(35–37). These difficulties emphasize the importance of test
validation with different screening methods that ensure the
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exclusive recognition of the conformational epitope of the
respective antigen and excludes interference with confounding
components in the assay such as neurotoxins. The CBA allows the
screening for conformation-dependent antibodies and enables
the unequivocal identification of a specific surface antibody. The
sensitivity of the CBA can be increased with different strategies
such as 1. Using live CBAs instead of fixed cells as fixation
methods may damage some epitopes (see Table 1), 2. Clustering
of the antigen at high densitiy for example by co-transfecting
clustering proteins such as rapsyn in the clustered AChR
antibody assay (38) or 3. Increasing the number of recognizable
antigens by adding further subunits of a receptor such as e.g., the
gamma2 subunit of the GABA(A)R (39). The disadvantage of live
CBAs is that they are technically demanding and time-consuming
and their use is limited to specialized centers. The commercial
CBAs are used by most clinical laboratories, however, not all
antibodies can be tested with this method so far, either because
the antibodies were only recently discovered and commercial
CBAs may not be (readily) available, or the development of
commercial assays is challenging due to methodological issues
or the lack of sufficient numbers of positive controls. Another
method that allows the screening for conformation-dependent
antibodies is the unfixed/postfixed TBA. The TBA is a highly
sensitive test method and can be used for initial screening and
subsequent confirmation of positives by an antigen-specific CBA,
may help to confirm the result of the CBA in case of doubtful
results and is able to identify novel antibodies. A systematic
comparison of the sensitivity and specificity of TBA and CBAwas
performed in a single-center study for anti-NMDAR antibodies
and found an equal sensitivitiy for TBA and CBA (100%) in CSF,
while in serum TBA was more sensitive (91.6%) than fixed CBA
(86.8%) (40). Multicenter studies will be necessary to compare
different assays for more target antigens and to evaluate assay
reliability and reproducibility.

Search for Antigenic Targets in Autoimmune

Neurological Diseases
Some patients with autoimmune neurological syndromes
remain antibody negative despite some evidence that they
are antibody-mediated. Unfixed/postfixed TBAs can detect
most of the currently known surface antibodies involved in
autoimmune encephalitis such as NMDAR, AMPAR, LGI1,
CASPR2, GABA(B)R, GABA(A)R, mGluR1, mGluR5, DPPX,
Tr/DNER, Neurexin3alpha, and IgLON5 (41). In addition,
anti-glial antibodies such as AQP4 antibodies can be detected
(42). One limitation may be that the unfixed TBA is based
on rodent brain, and antibodies that recognize only human-
specific epitopes may not be detected. This is the case in
most patients with anti-myelin-oligodendrocyte-glycoprotein
(MOG)-antibodies (43). Furthermore, some limitations in the
detection by unfixed/postfixed TBA have been described for
autoantibodies against the dopamine2 receptor (D2R), glycine
receptor (GlyR), and P/Q-type VGCC that are only poorly visible
with this technique (41) As a consequence, it is recommended
to use specific CBAs (GlyR, MOG, D2R) (44–46) or a RIA
(P/Q-type VGCC) (47) for the detection of these antibodies. A
potential limitation may be that some antibodies require the

use of live CBAs and fixation-dependent staining protocols are
inappropriate to reveal a specific antigenic epitope (see Table 2).

Search for Antigenic Targets in Demyelinating

Diseases
Anti-AQP4- and anti-MOG-antibodies are autoantibodies
against glial cells that are associated with a specific spectrum
of demyelinating diseases. Anti-AQP4-antibodies were the first
antibodies with a clearly defined target that were identified
in patients with demyelinating diseases (48) and now serve
as biomarker for the diagnosis of patients with neuromyelitis
optica spectrum disorders (NMOSD) (49). The incidence of
AQP4-antibody positive NMO ranges from 0.05 to 0.4 per
100,000 (50). The antibodies were originally discovered by using
indirect immunofluorescence on rodent brain tissue showing
a characteristic staining pattern of astrocyte end feet around
blood vessels, along the pial surfaces and Virchow-Robin spaces
(48, 51). Meanwhile, the standard for most clinical laboratories
for testing AQP4-antibodies is the use of CBAs either in form of
commercially available fixed CBAs with the AQP4-M1 isoform
or in-house live CBAs using the AQP4-M23 isoform. A large
multicenter study systematically compared different AQP4 assays
including CBAs, TBAs, flow cytometry, and ELISA and found the
CBA asmost sensitive and specific test method, with some benefit
of using the AQP4-M23 isoform and additionally described high
sensitivity and specificity for immunohistochemistry and
flow cytometry in some specialized centers (52). Recently,
the search for novel antibodies in demyelinating diseases by
using monoclonal recombinant antibodies from patients with
NMOSD revealed an anti-endothelial cell antibody against the
endoplasmic reticulum chaperon GRP78 that may compromise
the blood-brain barrier (53). Further studies will be necessary to
clarify a potential role in initiating the inflammatory cascade and
disease activity of NMOSD.

Anti-MOG antibodies were defined in patients with acute
disseminated encephalomyelitis (ADEM), uni- or bilateral optic
neuritis, transverse myelitis, longitudinally extensive transverse
myelitis, and neuromyelitis optica. In children, one third of
patients with an acute demyelinating syndrome are MOG-
antibody positive (44, 54, 55). Most of the patient’s antibodies
recognize a human-specific epitope and TBAs based on rodent
tissue are not suitable for their detection. Human MOG-
antibodies were recently tested on human brain tissue and
88% of samples showed a staining of white matter (56), this
approach could provide a promising screening tool in the search
for novel antibodies. Currently anti-MOG-antibodies are either
tested with commercial or in-house live CBAs employing HEK
cells transfected with full-length human MOG (57–59). Further
multicenter studies of different assays will be necessary to
compare the sensitivity and specificity and identify difficulties in
different test methods.

Search for Antigenic Targets in Paranodopathies—A

Novel Subgroup of Autoimmune Peripheral

Neuropathies
In patients with autoimmunity that primarily affects nervous
tissue outside the CNS, the TBA can be expanded to the
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respective target region. For example, in patients with peripheral
neuropathy, screening on teased sciatic nerve fiber preparations
from rodents can detect antibodies against proteins in the node
of Ranvier (Figures 2A–C) (5, 60, 61). The node of Ranvier is
a highly specialized structure that is important for the saltatory
conduction of impulses in myelinated nerve fibers. A large
number of adhesion molecules are involved in the formation
of the axon-myelin junctions and compartmentalization of
voltage-gated potassium channels and serve as potential target
for autoimmunity (62). Autoimmune diseases associated with
antibodies against proteins in the paranodal region of the node
of Ranvier are subsumed as paranodopathies and define an
exciting group of autoimmune peripheral neuropathies clinically
presenting as atypical chronic inflammatory demyelinating
polyneuropathy (CIDP) or Guillain-Barré-syndrome (GBS)
that may benefit from treatment with rituximab (Table 2)
(63). Based on results of teased nerve fiber screening, it is
supposed that up to 40% of CIDP patients harbor antibodies
against components of the myelin or the axon (64). Some
antibodies such as anti-neurofascin155 or anti-contactin1 are
detectable in teased nerve fibers and in the unfixed TBA
(hippocampus and molecular layer of cerebellum) (6, 61, 65),
while others may only be detectable in teased nerve fibers
(5).

Significance of Primary Cell Cultures in Suspected

Autoimmune Encephalitis
A complementary method to the screening of surface antibodies
on tissue based assays are live cultures of neurons. These neurons
can be used to identify a binding between an individual’s
antibody and a specific surface peptide on the intact neuronal
membrane. A positive staining of the cells gives evidence that
the detected autoantibody recognizes a surface antigen and
is likely to play a pathogenic role in the disease (41). This

method is used in research laboratories and may (1) help
in the diagnostic procedure to differentiate between surface
or intracellular reactivity in samples with doubtful results
in the TBA and (2) can be used to identify the target
antigen by performing immunoprecipitation of the patient’s
serum together with the cell culture and subsequently identify
the co-precipitated target antigen by mass spectrometry. Rat
hippocampal neurons are the most frequently used cell culture
system for the visualization of anti-neuronal surface antibodies,
however, not all neuronal surface proteins are expressed in
these cells and the absence of binding should not necessarily
imply the absence of surface reactivities. Moreover, anti-glial
antibodies are not displayed. Alternatively, other neuronal or
mixed glioneuronal cell cultures may be useful to demonstrate
a neuronal or glial surface autoantibody. Anti-contactin1
and anti-CASPR1 antibodies were shown to label both rat
hippocampal neurons and dorsal root ganglion cells (5, 66),
in contrast, anti-AQP4-antibodies may only be detectable in
glioneuronal cell cultures including rat retinal cell cultures that
contain Mueller cells (Figures 3A–O) (67, 68). The screening of
samples with suspected seronegative autoimmune encephalitis
on different live cell cultures might enable to broaden the
spectrum of identifyable antibodies and provide a promising
approach for discovering novel autoantibodies against surface
antigens.

SELECTION OF APPROPRIATE SAMPLE

TYPES

A critical step to successfully detect anti-neuronal or anti-
glial antibodies is the combined testing of serum and CSF
in an individual patient. This has several reasons. First,
the detectability of specific antibodies may differ between

FIGURE 2 | Screening of autoantibodies on teased nerve fibers in patients with peripheral neuropathies. Rat sciatic nerve fibers were immunostained with a polyclonal

rabbit anti-CASPR2 antibody (red) and serum from a patient with (A) anti-CASPR2 antibodies (green), (B) anti-contactin1 antibodies (green), and (C)

anti-neurofascin155/186 antibodies (green). CASPR2 labels the juxtaparanodal region of the node of Ranvier, contactin1 the paranodal and neurofascin155/186 the

paranodal and nodal region. CNTN1, contactin1; NF155/186, neurofascin155/186; Scale bar = 10µm.

Frontiers in Neurology | www.frontiersin.org October 2018 | Volume 9 | Article 84144

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Ricken et al. Diagnostic Methods for Autoantibody Testing

FIGURE 3 | Comparison of reactivity of different antibodies against cell surface antigens on different primary neuronal and glioneuronal cell cultures. (A) The serum of

a patient with anti-IgLON5 antibodies shows an intensive labeling of live nonpermeabilized rat hippocampal neurons, (B) rat dorsal root ganglion cells (DRGs), and (C)

dissociated rat retinal cell culture. In contrast, (D) the serum of a patient with anti-GABA(B)R antibodies labels hippocampal neurons but not (E) DRGs. (F) The retinal

cell culture is strongly GABA(B)R positive. (G–I) A serum of a patient with anti-contactin1 antibodies labels all three types of cell cultures. A serum of a patient with (J)

anti-aquaporin4 antibodies is negative on hippocampal neurons and (K) DRGs, but (L) labels the end feet membranes of GFAP-positive Müller cells (red: rabbit

polyclonal anti-AQP4 antibody; green: serum of a patient with AQP4 antibodies; blue: mouse monoclonal anti-GFAP antibody). (M–O) A healthy control is negative.

HCN, hippocampal neurons; DRG, dorsal root ganglion cells; retinal culture, dissociated rat retinal cell culture; CNTN1, contactin1; AQP4, aquaporin-4; CO, healthy

control; Scale bar = 10µm.

serum and CSF. Some antibodies may be easier identifyable
in CSF than serum, for example antibodies against the
NMDAR, GABA(B)R or AMPAR. In a study of 577 patients

with anti-NMDAR encephalitis, in one out of 7 patients
antibodies were only detectable in CSF and testing restricted
to serum would have misdiagnosed the patients as seronegative
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(69). Other autoimmunities may present with a substantial
systemic autoantibody production such as patients with GAD65
antibodies, but they may additionally harbor antibodies against
the GAD67 isoform in CSF and few cases were described with
a restricted autoimmunity to GAD67. It will be important
to collect more cases with exclusive GAD67 reactivity to see
whether they present specific neurological features. Finally,
some antibodies are more prevalent in serum than in CSF.
These are for example anti-AQP4 or anti-MOG-antibodies (44).
ADEM may be an important differential diagnosis for anti-
neuronal autoimmune encephalitis and the testing for anti-
MOG-antibodies only in CSF may lead to false negative results
and delay in diagnosis.

Second, serum and CSF might harbor different sets of
antibodies and in this constellation the antibodies in CSF may
correlate better with the neurological symptoms than those
in serum, as it has been shown in a study of patients with
GABA(A)R antibodies (70).

Third, testing of serum and CSF may have methodological
implications. It has been shown that testing of antibodies
only in serum harbors the risk for increased background
and unspecific cross-reactivity that may result in contradictory
test interpretations (71, 72). To avoid misinterpretations or
delay in diagnosis the testing of both serum and CSF is
recommended (73).

TESTING OF THE SPECIFIC

IMMUNOGLOBULIN ISOTYPES

Antibodies in human plasma belong to different isotypes
according to their type of heavy chains and include IgG, IgA,
IgM, IgE, and IgD. The IgG is the most abundant antibody
isotype and can be classified into four subclasses IgG1, 2, 3,
and 4. Pathogenic mechanisms in anti-neuronal autoimmune
encephalitis were mainly associated with antibodies of the IgG
isotype that can have different effects on the targeted antigen.
The IgG1-3 subclasses may alter the synaptic structure by
cross-linking and internalization of the receptor such as in
anti-NMDAR (74) or anti-AMPAR encephalitis (75), serve as
antagonist of baclofen in anti-GABA(B)R autoimmunity (41), or
reduce the amount of receptor at the synapse such as in anti-
GABA(A)R autoimmunity (70). In contrast, antibodies of the
IgG4 subclass mainly seem to mechanically interfere between the
receptor-ligand interaction resulting in the blockade of protein-
protein interaction (76). Recently, antibodies of the IgA and IgM
isotype against the NMDAR were found in up to 22% of patients
with different neurological diseases and in healthy controls by
using fixed CBAs and it was hypothesized that the symptomatic
relevance of the antibodies is related to a compromised blood-
brain barrier that allows access to the brain (77–81). Moreover,
it was demonstrated that NMDAR antibodies regardless of
the clinical presentation of the donor (healthy or ill) and
immunoglobulin class could provoke receptor internalization
in human-induced pluripotent stem cell-derived neurons and

reduced the glutamate-evoked currents in NMDAR expressing
Xenopus oocytes (79). However, the functional significance of
IgA and IgM NMDAR antibodies and their ability to internalize
the NMDAR could not be confirmed in a subsequent study
using CBAs, unfixed TBAs, and immunostaining of live primary
hippocampal neurons (82). Since robust association with anti-
NMDAR encephalitis was only shown for IgG antibodies, the
antibody testing in clinical practice should be focused on the IgG
antibodies.

SUMMARY

The expanding field of antibody-mediated autoimmunity allows
the identification of a vast range of neuronal and glial
autoantibodies, which enables amore precise diagnosis of specific
syndromes and disease subtypes. It is important to know that
testing for onconeuronal antibodies requires other methods
(line assays, fixed TBAs) than surface antibodies (CBAs and
unfixed/postfixed TBAs). The highest sensitivity and specificity
of a test result can be achieved by cross-validation with different
test methods and the combined testing of serum and CSF
samples. Test results should always be interpreted in context
with the clinical presentation. In case of an unexpected positive
or negative result, re-testing of the sample or performing
confirmatory tests might be considered. The screening for surface
antibodies on unfixed TBA can detect a large number of anti-
neuronal and some anti-glial antibodies with some limitation
for anti-GlyR, anti-D2R, and anti-MOG-antibodies. In patients
with peripheral neuropathies, the screening can be expanded
to teased nerve fibers to detect antibodies against proteins of
the node of Ranvier. Moreover, the staining of primary cultures
of neurons or glioneuronal cell cultures may give evidence
that the detected autoantibody recognizes a surface antigen
and enables the characterization of novel surface antibodies.
The accurate and rapid detection of autoantibodies in CSF
and serum may initiate immunotherapies to improve patients
outcome.
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In recent years, new antibodies have been discovered which mediate autoimmune

encephalitis. This immunological response can be triggered by an infection or a tumor.

Classical onconeuronal antibodies are directed against intracellular neuronal agents but

recently, a novel group of antibodies to neuronal cell-surface and synaptic antigens

associated with different CNS-syndromes, has been discovered. Interestingly, the

syndromes in this group can be successfully treated with immunotherapy and frequently

do not have underlying tumors. The aim of this review is to describe the current state

of knowledge about autoimmune encephalitis, in order to provide clinicians with a

concise, up-to-date overview. Thus, a comprehensive literature search was performed

in medical databases. The literature was carefully studied and new findings focusing on

the symptoms, diagnosis and treatment were summarized and interpreted. Even though

it might be challenging in some cases, the awareness of certain symptom constellations

and demographic information, in combination with laboratory- and MRI-results, allows

clinicians to make the diagnosis of probable autoimmune encephalitis at an early stage.

Treatment can therefore be initiated faster, which significantly improves the outcome.

Further investigations could define the underlying pathogenic mechanisms. Randomized

controlled trials, paired with increasing clinical experience, will be necessary to improve

the identification of affected patients, treatment strategies, and outcomes in the years to

come.

Keywords: autoimmune encephalitis, antibodies, surface antigens, clinical relevance, treatment

INTRODUCTION

Autoimmune encephalitis (AIE) may be associated with the presence of specific autoantibodies.
In cases in which an autoantibody is detected in the CSF or serum, AIE can be divided into
two groups, depending on the localization of the target antigen. In addition to the “well”-defined
classical paraneoplastic syndromes with antibodies which target intracellular proteins (e.g., anti-
Hu, anti-Yo, anti-Ri), a new group of antibodies associated with AIE and their correlating
symptoms, have been defined. They interact directly with cell-surface neuronal receptors or
synaptic proteins (1, 2). In the case of classical, paraneoplastic syndromes, the disease is triggered
by an anti-tumor immune reaction and is considered to result primarily from a CD8+T-cell
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response with the antibodies being likely to arise secondarily
to the cellular T-cell-driven damage directed at the intracellular
molecules. The new group of antibodies against surface antigens,
seems to be directly pathogenic and may change their target’s
structure or function, with resulting consequences on its behavior
or tissue destruction, by receptor internalization or blockage,
redistribution from the synaptic to the extra synaptic site,
or interference with the ligand-receptor interaction. But the
underlying causes for the pathogenic pathways leading to
the antibodies accessing the CNS and the associated immune
response are, as yet, poorly understood. The role of T-cells has not
yet been fully established in detail (3, 4). Different mechanisms
have been proposed, one including various infectious triggers
which “prime” the immune system by activating T or/and B
cells against similar epitopes by way of molecular mimicry, as
in the case of Herpes simplex virus-encephalitis associated with
NMDA-R-encephalitis (5, 6). Unlike in classical paraneoplastic
syndromes, in cell-surface or synaptic antibody-syndromes the
presence of a tumor is variable, they respond to multimodal
immunotherapy and seem to have a better overall prognosis
(7, 8). Awareness and knowledge is emerging rapidly through
clinicians, due to a large number of case reports, as well
as the performance of retrospective data analysis. However,
in many cases, the diagnosis and the treatment remain
challenging.

In this review we therefore focus on the clinical perspective
of the symptoms, essential aspects of an early diagnosis and
differential diagnosis, as well as the treatment options in
adults.

CHARACTERISTIC CLINICAL
SYNDROMES

Initially, the clinical features of different types of AIE may
overlap. The symptoms include epileptic seizures, movement
disorders, psychiatric, and cognitive alterations (9).

AIE Associated With Antibodies Against
Neuronal Cell Surface Antigens
NMDA-R Encephalitis Prototype
To date, the best recognized subtype is N-methyl D-aspartate-
receptor (NMDA-R) encephalitis. About 80% of the patients
are young and female (median 20 years). Typically, symptoms
emerge in stages. Patients usually develop virus-like prodromal
symptoms, with headaches, lethargy and fever, followed by
progressive behavioral changes, memory deficits, confusion, and
psychosis within 2 weeks.

This progresses to language problems, epileptic seizures,
a range of movement disorders and eventually, global
encephalopathy, and dysregulation of autonomic functions
may occur, with severe complications such as hyperthermia,
cardiac arrhythmias, blood pressure instability, or coma (due
to decreased NMDA-R influence in the brainstem), requiring
intensive care unit management (2, 10). tumors can be found in
one third of the patients. Women of reproductive age are mainly

affected due to an ovarian teratoma while, in the elderly, it is
more often a carcinoma. Other tumors that have been described
are rare and include neuroblastoma, Hodgkin lymphoma,
tumors of the breast, thymus and lung (10). Most of the patients
require long-term hospitalization and subsequent rehabilitation.
Depending on the early diagnosis, beginning of full treatment
and time to tumor removal, full recovery usually takes up to 18
months. One group reported 75% with a modified ranking scale
from 1 to 2, in a cohort of 360 patients, in which symptoms like
memory or language deficits seemed to be the last to recover
(10).

The limbic system is a predilection in autoimmune
encephalitis and is the most consistently affected structure.
Target proteins associated with classical limbic encephalitis are
AMPA, GABAb, LGI1, and GAD. Additional clinical findings
may allow further differentiation between these different types
(11, 12).

Anti-AMPA-R (α-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid receptor) encephalitis typically progresses rapidly
but in some cases, only psychiatric symptoms are present.
Patients have a high risk of underlying tumors (lung, breast or
thymus) (10). Immunotherapy is often successful initially but
relapses occur frequently (1).

Patients with anti-GABAb encephalitis have a high
association with neoplasms, including small-cell lung cancer or
neuroendocrine tumors (11). Additional characteristic features
are early and frequent prominent seizures or status epilepticus.
Some patients might also exhibit ataxia and opsoclonus-
myoclonus-syndrome. The syndrome usually responds well to
immunotherapy (1, 10).

In addition to the symptoms of classical, limbic encephalitis,
common features of leucine-rich glioma-inactivated protein
1(LGI-1) encephalitis are hypernatremia and rapid-eye-
movement sleep disturbance. Prior to the encephalitis syndrome,
patients frequently have highly repetitive, unilateral faciobrachial
dystonic seizures (FBDS). The seizures are often refractory to
anticonvulsive treatment but improve with immunotherapy.
In comparison to NMDA-R-encephalitis, patients with LGI1-
encephalitis usually seem to respond faster at the beginning
of immunotherapy, although the long-term outcome tends
to be less favorable. tumors known to be associated with
LGI1-encephalitis are bronchial carcinoma and thymoma
(1, 7, 10).

Like GABAb, the GABAa-antibody type has a high risk of
severe seizures or often intractable status epilepticus, requiring
pharmacologically induced coma (8, 10). The MRI often shows
hyperintense lesions outside the limbic system, in contrast to all
other forms (11).

Antibodies directed against Glycine receptor (Gly-R)
and DPPX (dipeptidyl-peptidase-like protein-6) have
been described in patients with brainstem and spinal
cord hyperexcitability disorders, such as PERM-syndrome
(progressive encephalomyelitis with rigidity and myoclonus).
Gly-R antibodies were also found in a few cases of stiff-person-
syndrome. Prodromal diarrhea with substantial weight loss
is commonly reported in the DPPX- group (1). DPPX is also
expressed in the myenteric plexus (13).

Frontiers in Neurology | www.frontiersin.org September 2018 | Volume 9 | Article 70651

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Hermetter et al. Autoimmune Encephalitis: Syndromes, Diagnosis and Treatment

It is important to differentiate anti-contactin-associated
protein-2 (CASPR2) encephalitis from motor neuron diseases.
In rare cases, it is also associated with limbic encephalitis.
It is more commonly associated with Morvan syndrome, a
rare disease combining peripheral nerve hyperexcitability,
neuromyotonia, autonomic disturbance and sometimes
encephalopathy. Neuromyotonia is often associated with painful
peripheral neuropathy but bulbar weakness can also occur. The
same associated tumor entities have been described as for the
LGI1-type (7, 10, 13).

Antibodies against metabotropic glutamate receptor 5
(mGLUR5) have been found in patients with Hodgkin
lymphoma and Ophelia syndrome (limbic encephalitis with
predominate memory deficits) and antibodies against mGLUR1,
in cerebellar ataxia. Immunotherapy is often successful and full
recoveries are achieved (1, 13).

The Adenylate-kinase 5 antibody syndrome usually presents
with isolated, severe short-term memory loss. There is no
association with cancer but the response to immunotherapy is
poor (14).

AIE Associated With Antibodies Against
Intracellular Antigens
This group includes the classical onconeuronal antibodies
(e.g., anti-Hu, Ri, Yo, Ma2/Ta and Amphiphysin) with their
well-characterized syndromes, which will not be discussed any
further here (for a comprehensive overview we refer to excellent
review articles e.g., Paraneoplastic neurological syndromes and
autoimmune encephalitis Stich and Rauer, 2014) and the glutamic
acid decarboxylase 65 (GAD) antibodies.

High antibody titres against GAD65, a non-paraneoplastic
intracellular antigen, are associated with different neurological
symptoms including limbic encephalitis, seizures and cerebellar
ataxia. They are also common in stiff-person-syndrome. There is
usually no underlying tumor. Low titres of GAD antibodies can
also occur in healthy and in up to 80% of type 1 diabetes mellitus
patients (14).

Some of the neuronal antibodies are associated with
concurrent thyroid antibodies. Thyroid antibodies are not
specific and can also be present in 13% of healthy individuals.
SREAT (Steroid-responsive encephalopathy with autoimmune
thyroiditis) might be a differential diagnosis at disease onset,
since the symptoms can be similar, but it can ultimately be
excluded by the detection of neuronal surface antibodies (14).

Acute disseminated encephalomyelitis (ADEM) could be
associated with neuronal antibodies and is an important
differential diagnosis, as clinical and/orMRI findings can overlap.
In an epidemiological study of the prevalence of autoimmune
encephalitides, it was shown that MOG antibodies were among
the neuronal autoantibodies with high specificity and were
one of the most commonly detected (15). MRI can help to
further differentiate ADEM from other autoimmune encephalitis
particularly in the follow up, as ADEM should show no new
clinical or MRI findings 3 months after the onset of symptoms
(see Diagnostic criteria for ADEM Graus et al, 2017). In addition,
cases of autoimmune encephalitis combined with demyelinating
disorders have been reported many times. Therefore, patients

with atypical features like optic neuritis or demyelination in MRI
or otherwise prominent neuropsychiatric symptoms, should be
tested for concurrent disorders (AQP4- and MOG antibodies
plus NMDA-R antibodies) (14, 16, 17).

Other antibodies associated with encephalitis are listed in
Table 1, for the purpose of completeness.

DIAGNOSIS

The clinical diagnosis of AIE can be challenging. Initially, the
symptoms of different types of AIE can overlap. Occasionally,
combinations with headaches, mild hyperthermia, and frequent
CSF pleocytosis, can also mislead to empiric antiviral or
antibiotic treatment until the results for infectious encephalitis
are completed, or the diagnosis is delayed by the resemblance to
psychiatric illnesses (1, 8). Psychiatric disorders are generally the
most common symptoms at AIE onset (19). Their symptoms are
multiple and nonspecific; psychotic symptoms, hallucinations,
paranoid thoughts, catatonia, behavioral and mood disorders can
be present and can change during the course of the disease.
Physicians in general need to be aware of this and initiate
accurate diagnosis and treatment early on. Also, the benefits of
psychotropic drug treatment are very limited in cases of AIE.
Some medications, especially first-generation antipsychotics,
might be even harmful (20).

A careful history taking may be helpful, as prodromal
symptoms often occur (1, 8).

The following symptoms suggests a “probable” autoimmune
encephalitis before antibody detection: A combination of
characteristic clinical features in most cases but with different
severity or dominance, together with additional information and
specific findings such as age and gender, specific movement
disorders (e.g., facial-brachial dystonic seizures), accompanied
comorbidities (hyponatremia, diarrhea, and work-up or history
for tumor), neuroimaging findings or EEG patterns, good
empiric treatment response and no reasonable alternative
diagnosis (1, 11). Antibody detection is unlikely to be an early
diagnostic criterion because results take several days at least and
are not available at disease onset. It is a confirmatory diagnostic
test, however, the test can also be negative in up to 50% of
autoimmune encephalitis series (14, 17).

Possible complications include coma, hyperkinesia (injuries,
ventilation problems), autonomic dysfunction and prolonged
need for artificial respiration and intensive care treatment (2).

The most important differential diagnosis to rule out is
infectious encephalitis. If the clinical suspicion is high, an
initially negative PCR should be retested (e.g., HSV PCR can be
negative when tested within 24 h of onset) (14). Other differential
diagnoses include metabolic or endocrine encephalopathies,
psychiatric disorders, malignant neuroleptic syndrome, and
rheumatic diseases (Sjögren-Syndrome or Lupus) (2).

The following diagnostic criteria have been reviewed and
updated by a panel of experts in autoimmune encephalitis and
should guide clinicians in making an early diagnosis, which is not
dependent on the autoantibody status. In order to further classify
the subtype with comorbidities, the malignancy association, and
prognosis of autoantibodies remain crucial (14).
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TABLE 1 | Antibodies related to autoimmune encephalitis [onconeuronal antibodies are excluded; summarized from (7, 14, 18)].

Antibody Syndromes MRI: T2/Flair Sequences Tumor F/M Age (Median)

NMDA-R Prodromal stage, global encephalopathy Normal or transient non-region

specific changes (∼33%)

10–50%, (age dependent)

ovarian teratoma

4:1 1–85 (21)

LGI1 Faciobrachial dystonic seizures, limbic

encephalitis, hyponatremia, sleep

disorders, myoclonia

Hyperintense signal in medial

temporal lobes and basal ganglia

(>80%)

<10–20% Bronchial carcinoma,

thymoma

1:2 30–80 (60)

AMPA-R Limbic encephalitis (predominant

psychosis), seizures

Hyperintense signal in medial

temporal lobes (90%)

70% Bronchial- or Mamma

carcinoma, Thymoma

9:1 38–87 (60)

GABAb-R Limbic encephalitis, seizures Hyperintense signal in medial

temporal lobes (>60%)

60% Bronchial carcinoma,

neuroendocrine tumors

1:1 24–75 (62)

CASPR2 Morvan syndrome, neuromyotonia,

polyneuropathy, bulbar weakness, limbic

encephalitis

Normal or Hyperintense signal in

medial temporal lobes (∼40%)

<20–40% bronchial carcinoma,

thymoma

1:4 46–77 (60)

Glycine-R PERM, Myelopathy, Stiff person syndrome Normal or nonspecific changes

(∼10%)

∼10% Lymphoma, thymoma 6:5 5–69 (43)

mGLUR5 Ophelia syndrome Normal or hyperintense signal in

various brain regions (∼50%)

Hodgkin lymphoma 1:2 35

GAD* Stiff person syndrome, limbic encephalitis,

seizures, cerebellar ataxia

n/k 25% Thymoma, small cell lung

carcinoma

n/k n/k

GABAa-R Encephalitis with refractory seizures Hyperintense signal in multiple

cortical and subcortical regions

25% Thymoma n/k n/k

DPPX Encephalitis, diarrhea, hyperplexia Normal or nonspecific changes <10% Lymphoma n/k n/k

Dopamine-2-R Basal ganglia encephalitis with abnormal

movements, gait disturbance

Hyperintense signal in basal

ganglia

n/k 1:1 2–15 (6)

Neurexin-3 α Encephalitis Normal n/k n/k n/k

IgLON5 NREM and REM sleep disorder, brain

stem dysfunction

Normal n/k n/k n/k

mGLUR1 Cerebellar ataxia Normal or cerebellar atrophy A few cases described, Hodgkin

disease

n/k n/k

nACH-R Encephalitis, postural tachycardia

syndrome, Chronic intestinal

pseudo-obstruction

Not applicable 30% thymoma,

mamma/bladder/rectum/bronchial

carcinoma, lymphoma

2:1 20–76 (58)

MOG Acute disseminated encephalomyelitis Diffuse, poorly demarcated, large

(>1–2 cm) lesions predominantly

in the white matter

0% n/k n/k

Adenylate-kinase 5 Isolated severe short-term memory loss,

no seizures

Not applicable No association n/k n/k

*Intracellular target, all other antibodies listed have cell-surface/synaptic targets. Abb.:n/K not known.

Diagnostic criteria for possible autoimmune encephalitis

1. subacute onset (usually within a fewweeks but less than 3months) with change

in personality or level of consciousness and symptoms suggesting involvement

of the limbic system including working memory deficits, psychiatric symptoms

and seizures.

2. At least one of the following:

– A new focal clinical CNS event

– EEG with epileptic or slow-wave activity

– CSF pleocytosis

– MRI findings suggestive of encephalitis∗

3. Reasonable exclusion of alternative causes∗∗.

∗Hyperintense signal on T2-weighted/FLAIR highly restricted to one or both medial

temporal lobes or in multifocal areas involving gray or white matter compatible with

demyelination or inflammation (see below), ∗∗CNS infections, septic encephalopathy,

metabolic encephalopathy, drug toxicity, cerebrovascular disease, neoplastic disorders,

Creutzfeldt-Jakob disease, epileptic disorders, rheumatologic disorders, mitochondrial

diseases [summarized from (14, 17, 21)].

Diagnostic criteria for definite autoimmune encephalitis

1. Subacute onset (usually within a few weeks but less than 3 months) with

change in personality or level of consciousness and symptoms suggesting

involvement of the limbic system including working memory deficits, psychiatric

symptoms and seizures.

2. At least one of the following:

– EEG with epileptic or slow-wave activity

– CSF pleocytosis.

3. Typical MRI findings: Bilateral hyperintensities on T2-weighted/FLAIR sequence

highly restricted to the medial temporal lobes.

4. Reasonable exclusion of alternative causes.

If all of the above criteria match, the definitive diagnosis can be made (14).
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Diagnostic criteria for autoantibody-negative possible autoimmune

encephalitis

1. Rapid progression (less than 3 months) of working memory deficits, psychiatric

symptoms, altered mental status.

2. At least two of the following:

– MRI findings suggestive of encephalitis

– Brain biopsy showing inflammatory infiltrates and excludes other disorders

– CSF pleocytosis, CSF-specific oligoclonal bands and/or elevated CSF IgG

Index.

3. Exclusion of well-defined syndromes of autoimmune encephalitis (e.g., ADEM,

Bickerstaff’s encephalitis).

4. Reasonable exclusion of alternative causes.

If all of the above criteria match, the definitive diagnosis can be made (14).

Obligatory Diagnostic Tools
At onset of the symptoms, CSF and serum analysis show amild to
moderate lymphocytic pleocytosis (<100 cells/µl) in 60–80% of
patients. One third of patients show mild to moderate increased
protein concentration, and 50% of patients show oligoclonal
bands (1, 14). However, unremarkable CSF findings do not
exclude the diagnosis (22).

The sensitivity of antibody testing has only been investigated
in a few types of AIE, primarily in NMDA-R-encephalitis.
Different studies have shown that patients with NMDA-R
encephalitis had no detectable antibodies in serum in 14% of
cases, but they all had them in CSF. The situation seems to be
similar for other autoantibodies. LGI1-encephalitis is exceptional
and often shows normal CSF findings (1, 6, 14).

Therefore, both serum AND CSF should always be tested for
antibodies.

Antibody titres may correlate with clinical severity, but
determining the clinical relevance of an antibody based on the
titre is not recommended. The clinical picture and additional
comorbidities are more reliable for evaluating a treatment
response, course and prognosis (23).

The IgG-antibody subtype is classified as being pathogenic in
most of the established syndromes. IgA and IgM-antibodies have
unclear significance and have also been described in many other
psychiatric disorders and in healthy controls (8).

In summary, antibody testing can never replace clinical
judgement; the finding of antibodies only in serum or non-
IgG-isotypes together with an atypical clinical picture for the
identified antibody, should be interpreted cautiously (21).

Clinicians need to be aware of the pitfalls in antibody testing,
like those mentioned above in respect of GAD antibodies
and thyroid antibodies. Another example are the voltage-
gated potassium channel (“VGKC”) antibodies. VGKC complex
antibodies were the first surface receptor antibodies associated
with AIE to be detected. Recent studies have differentiated LGI1
and Caspr2 antibodies related to VGKC complex antibodies.
They are associated with a limited subset of syndromes, whereas
other VGKC antibodies have an unknown specificity and might
occur in any type of cell damage. They are also described in
patients with non-autoimmune, pre-existing conditions. One
group investigated the clinical relevance of VGKC positivity
in patients without LG1 and Caspr2 antibodies in comparison
with VGKC negatives, according to clinical criteria, in order
to determine evidence for autoimmune inflammation in both

groups. When antibodies to LG1/Caspr2 were lacking, there
were no differences between the groups, implying that VGKC
positivity is not a clear marker for autoimmune-mediated
pathogenesis and does not contribute to diagnosis in clinical
practice (4, 24).

MRI is frequently normal or shows only slight alterations.
Common findings are not specific but typically show high uni- or
bilateral T2/Flair-signals, especially in the medial temporal lobe
with extrahippocampal cortical or subcortical lesions, without
restricted diffusion or hemorrhage (11). A definitive distinction
between infectious (e.g., HSV, tuberculosis) and autoimmune
encephalitis is usually not possible from MRI alone (7, 8, 17).
HSV encephalitis is less restricted to the limbic system and often
shows restricted diffusion abnormalities and contrast uptake
(14). In the case of LG1 encephalitis, hyperintensities in the basal
ganglia are common (22). Figure 1 shows commonMRI findings
in different types of encephalitis.

The EEG is often abnormal. Apart from extreme delta
brush (a generalized rhythmic delta activity with superimposed
fast activity), which if present, is characteristic for NMDA-
R-encephalitis, there are no pathognomonic patterns (8).
Unspecific, frequent findings include general slowing, epileptic
potentials or status and periodic lateralized epileptiform
discharges (PLEDs) (17).

Tumor screening is essential. The range and frequency of
associated malignancies differs according to the autoantibody
detected. Depending on the autoantibody or clinical syndrome,
specific tests (ultrasound, CT orMRI) should be performed based
on their sensitivity (8). All patients may need chest, abdomen
and pelvic-CT scans. Females should also undergo gynecological
exams, breast, and ovarian ultrasound, and if negative, pelvic
MRI for small teratomas. Males should undergo urological
evaluation and ultrasound. Positive antibody-detection is highly
associated with malignancies in older patients (>60 years). If
CT/MRI and ultrasound do not yield any findings, a whole-
body 18F-Fluorodeoxyglucose (FDG)-PET should be considered
(17, 22, 26).

PET neuroinflammation imaging might play an important
role in the future, as new radiotracers are currently being
developed in clinical studies; their potential in assessing
neuroinflammation still requires evaluation but might provide
deeper insights into the complex immunopathology (27, 28).

The early detection of tumors is important, not only for the
prognosis but also as treatments with immunotherapy could
complicate tumor detection (e.g., lymphoma) (8).

Infections as Possible Triggers
Herpes-simplex-encephalitis (HSE) is usually monophasic.
Nevertheless, around 25% of cases that have been successfully
treated with antiviral therapy show relapse after several weeks.
In some cases, this might be due to viral reactivation but in
others, especially those which presented with new symptoms,
the new CSF samples showed NMDA-R antibodies without viral
reactivation and the symptoms resolved after immunotherapy.
Therefore, HSE patients that worsen after resolved infectious
encephalitis, should be tested for infectious and autoimmune
encephalitis (12).
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FIGURE 1 | (A) Typical MRI of limbic encephalitis with bilateral hyperintensities in the medial temporal lobe on T2-weighted fluid–attenuated inversion recovery

imaging (B) typical MRI of ADEM (14). (C,D) Herpes simplex virus encephalitis: bilateral symmetric cortical swelling and hyperintensity on T2 weighted image involving

the anteromedial temporal lobes, insular cortex, orbital gyri (black arrows) with restricted diffusion in the involved areas (white arrows) (25).

Untreated Campylobacter jejuni infections can induce
ganglioside-autoantibody mediated diseases, including Guillain-
Barré-syndrome, Miller-Fisher-syndrome and in the CNS,
Bickerstaff encephalitis. Characteristic findings are subacute
onset, progressive impairment of consciousness, ataxia, and
ophthalmoplegia. MRI shows brainstem abnormalities in 23% of
cases, VGKC-antibodies may be present but are uncharacteristic
findings and also frequently detectable in non-autoimmune
diseases. Anti-GQ1b antibodies are confirmatory and make a
clear distinction possible (5, 14).

TREATMENT AND PROGNOSIS

There are currently no randomized, controlled trials based
on standard immunotherapy protocols, however, many
retrospective and some prospective studies have clearly suggested
the efficacy of immunomodulatory therapy. Seventy percent
of patients respond to gradual immunotherapy escalation.

Co-existing tumors, age, and delay in treatment are additional
factors which determine the outcome. In general, young patients
have a better outcome (5, 29).

First line therapy consists of corticosteroids plus IVIG
and/or plasma exchange (PLEX)/immunoadsorption. Previous
studies have shown that the use of high-dose corticosteroids
is initially associated with better clinical outcome. In contrast
to steroids, IVIG, and plasmapheresis/immunoadsorption are
unlikely to worsen infectious encephalitis. In cases where there is
a reasonable suspicion of autoimmune encephalitis, amultimodal
immunological treatment may be started prior to CSF-antibody
results, especially when the MRI findings reinforce the diagnosis
(2, 8).

Although in many studies corticosteroids appear to
be effective in AIE, the largely antibody-mediated disease
pathogenesis needs to be considered. The effect of corticosteroids
on B cells and Igs is limited and additional treatment may be
required (30).
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TABLE 2 | Immunomodulatory agents, dosing regime, and adverse effects.

Treatment Regimen Adverse effects

D
e
p
e
n
d
in
g
o
n
th
e
in
d
ivid

u
a
lc
lin
ic
a
lre

sp
o
n
se

a
n
d
to
le
ra
b
ility

FIRST LINE IMMUNOTHERAPY

Methylprednisolone AND/OR

NO CLEAR EFFECT AFTER

THE LAST DOSE

1 g/day for 3–5 days and sometimes

stepwise reduction over weeks

Insomnia, psychiatric, hyperglycaemia, electrolyte

imbalances, hypertension, peptic ulcera, infections,

osteoporosis, cataracts, Cushing syndrome

IVIG AND/OR 0,4 g/kg/day for 5 days, probably followed

by weekly or every 5 weeks

Headaches, renal failure, thrombotic events, anaphylaxis

(IgA-deficiency!)

PLEX/Immunoadsorption 1 Session every other day for

5–7 cycles

Hypotension, electrolyte imbalances, coagulopathy, due to

central line: pneumothorax, infection, hemorrhage,

thrombosis

SECOND LINE IMMUNOTHERAPY

NO EFFECT
AFTER ONE WEEK

Rituximab OR 375 mg/m2 weekly for 4 weeks Allergic reaction, opportunistic infection, reactivation of

infections(e.g. tuberculosis or hepatitis B), PML

Cyclophosphamide 750 mg/m2 monthly for 3–6 months Gastrointestinal, hair loss, mucositis, haemorrhagic cystitis,

myelosuppression, infertility

STEROID-SAVING AGENTS FOR MAINTENANCE THERAPY (IF STEROIDS LED TO CLINICAL IMPROVEMENT)

Mycophenolate OR Initially 500mg twice daily, target 1000mg

twice daily

Gastrointestinal, hypertension, infections, myelosuppression,

lymphoma, peripheral oedema, PML, cytomegalovirus

infection, skin malignancies

Azathioprine Initially 1,5 mg/kg once daily or divided

twice daily, target 2–3 mg/kg/day

Gastrointestinal, fever, rash, myalgias, hair loss, cytopenia,

hepatoxicity, lymphoma, infections, hypersensitivity reactions

ALTERNATIVE THERAPY* (IF INADEQUATE RESPONSES TO SECOND LINE THERAPIES)

Tocilizumab initially 4 mg/kg, followed by an increase to

8 mg/kg monthly based on clinical

response

Low-dose interleukin-2 1,5 million IU/day, 4 subcutaneous

injections with 3-week interval

*No clear recommendation! There are observational studies that resulted in clinical improvement with this alternative therapy, but these results remain to be confirmed, more evidence

is needed before making final conclusions (30).

So far, there is no strong evidence of a difference in efficacy
between IVIG and plasmapheresis. It must be considered in the
therapy plan that IVIG can be removed by PLEX. Therefore,
PLEX immediately after IVIG therapy is not recommended (22).

Selective immunoadsorption represents another extra-
corporal antibody depletion method which has been proven in a
few clinical studies to be effective as part of the multimodal
immunotherapy of AIE, leading to clinically relevant
improvement. Compared to PLEX, immunoadsorption allows a
more targeted removal of proteins and avoids the disadvantages
of plasma substitution (e.g., risk of infection or allergic reactions)
and the impact on coagulation. All coagulation factors were
significantly reduced by 50–70% after PLEX, whereas after
immunoadsorption, single factors were not or only moderately,
reduced. Documented side effects of immunoadsorption were
nonspecific and related to intravenous lines (22, 31).

IVIG is more convenient for the patient and is cost-effective,
compared to invasive options for antibody depletion. It is also
more readily available for immediate therapy.

If there is little or no clinical improvement, second-
line therapy should be implemented with Rituximab or
Cyclophosphamide, with the former having a favorable side
effect profile (8, 21). Different immunosuppressing drugs can
be considered for long-term treatment (7). As, so far, there is
no evidence to suggest the superiority of any specific regimen,
Table 2 provides an overview of the immunomodulatory

treatments and possible adverse effects, to support clinicians in
the decision-making process for the individual patient.

The optimal duration of these treatments is unknown. The
clinical picture and issue of relapse rates (e.g., known high relapse
rates in LGI1-R-encephalitis) should be considered and might
lead to a longer or continuous treatment with Rituximab or
Cyclophosphamide. Relapses should be treated with the same
treatment scheme as the first clinical presentation (2).

In tumor-associated autoimmune encephalitis, surgical
treatment should be initiated as soon as possible. It can relieve
the symptoms effectively and favors the long-term outcome
(2). A worsening of symptoms could, in contrast, suggest
an incomplete resection, recurrence or secondary metastasis
(5, 21).

Seizures may be very difficult to control and
pharmacologically induced coma is frequently needed until
the autoimmune disease regresses (6). So far, there is no evidence
that one anticonvulsive medication is more efficacious than
others. Due to the neuropsychiatric side effects of Levetiracetam,
it might be difficult to determine whether, for example, acute
agitation is due to the disease or pharmacologically reinforced.
Lamotrigine, Benzodiazepines and Lacosamide can be used,
as they do not seem to have a strong impact on cognitive
function (22).

Follow up measurement of antibody titres during therapy,
especially in serum, are not useful for treatment decisions, as
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they can test low in the initial analysis, even if the patient is in a
coma. They can persist for years, even when the patient has fully
recovered. However, in cases of relapses, it might be helpful to
determine the course of the antibody titre (1).

Overall, encephalitis cases associated with surface-antibodies
have a better prognosis than those associated with intracellular
antibodies. However, in all cases, early stage treatment is crucial
(1, 2).

Clinicians need to be aware that neurological symptoms
may appear a long time before a tumor is detectable (e.g.,
micro teratomas), therefore, if the initial screening was negative,
repeated follow-ups must be performed. Surveillance imaging at
intervals of 4 to 6 months for at least 4 years are suggested (7, 17).

CONCLUSION

The recognition of certain symptom constellations is crucial.
When patients present with a clinical picture of encephalitis
or sudden altered mental state, it is extremely important to

consider an underlying autoimmune pathogenesis early on. If
the listed criteria support the diagnosis of possible autoimmune
encephalitis, treatment can be implemented early and prior
to the onset of severe complications. Once the antibody
results are available, the treatment can be re-evaluated and
adapted.

The underlying mechanisms for activation and autoimmune
response in the CNS are still unclear. Further investigations
are needed to gain sufficient insights into how immune
mechanisms affect nervous system functions. In addition,
randomized, controlled trials could help to establish
more specific therapies for the different subtypes of
AIE.
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Subir Das 6, Caleb G. Chen 3,7, Chiao-Chicy Chen 3,4* and Kate Hsu 5*

1Division of Pediatric Neurology, Department of Pediatrics, MacKay Children’s Hospital, Taipei, Taiwan, 2MacKay Junior

College of Medicine, Nursing, and Management, New Taipei City, Taiwan, 3MacKay Medical College, New Taipei City,

Taiwan, 4Department of Psychiatry, MacKay Memorial Hospital, Taipei, Taiwan, 5MacKay Memorial Hospital Transfusion

Medicine & Immunogenetics Laboratories, Tamsui, Taiwan, 6 Institute of Biophotonics, National Yang-Ming University, Taipei,
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Anti-N-methyl-D-aspartate receptor (anti-NMDAR) encephalitis is one of the most

frequently encountered autoimmune encephalitis. The pathogenesis of both anti-NMDAR

encephalitis and schizophrenia involve down-regulation of NMDA receptors. Whether

autoantibody-mediated destruction of neuronal NMDA receptors is associated with

schizophrenia or first-episode psychosis (FEP) remains unclear, as the current findings

from different groups are inconsistent. The main culprits are likely due to heterogeneity

of autoantibodies (autoAbs) in a patient’s blood or cerebrospinal fluid (CSF), as well

as due to limitation of the current detection methods for anti-NMDAR autoAbs. Here,

we optimized the current diagnostic method based on the only commercially-available

anti-NMDAR test kit. We first increased detection sensitivity by replacing reporter

fluorophore fluorescein isothiocyanate (FITC) in the kit with Alexa Fluor 488, which is

superior in resisting photobleaching. We also found that using an advanced imaging

system could increase the detection limit, compared to using a simple fluorescence

microscope. To improve test accuracy, we implemented secondary labeling with a

well-characterized mouse anti-NR1 monoclonal antibody (mAb) after immunostaining

with a patient’s sample. The degree of colocalization betweenmouse and human antisera

in NMDAR-expressing cells served to validate test results to be truly anti-NMDAR positive

or false-positive. We also incorporated DNA-specific DAPI to simultaneously differentiate

autoAbs targeting the plasma membrane from those targeting cell nuclei or perinuclear

compartments. All the technical implementation could be integrated in a general hospital

laboratory setting, without the need of specialized expertise or equipment. By sharing our

experience, we hope this may help improve sensitivity and accuracy of the mainstream

method for anti-NMDAR detection.

Keywords: Anti-N-methyl-D-aspartate receptor (anti-NMDAR) encephalitis, autoantibody (autoAb), autoimmune

encephalitis, schizophrenia, diagnostic test, fluorescein isothiocyanate (FITC), Alexa Fluor 488, antigen (Ag)
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INTRODUCTION

Diagnosis of anti-NMDAR autoimmune encephalitis requires
identification of pathogenic anti-NMDAR autoAbs in a clinical
sample (1). Because anti-NMDAR autoAbs could target neuronal
receptor and impair glutamatergic transmission, psychotic and
cognitive disturbing symptoms are prominent in anti-NMDAR
encephalitis (2–5). Not surprisingly, early presentation of anti-
NMDAR encephalitis shares symptoms of schizophrenia. For
neuropsychiatrists, it has been an intriguing research topic
to determine whether autoantibodies against NMDA receptor
might contribute to the pathogenesis of a subset of schizophrenia
through autoimmune-mediated neuroinflammation.

In an early study of 571 patients diagnosed with anti-
NMDAR autoAbs, 23 of them (4%) presented no neurological
symptoms but isolated psychiatric episodes (6). As many patients
with anti-NMDAR encephalitis are first seen by psychiatrists
for their initial prominent psychiatric symptoms, these 4%
of the anti-NMDAR-positive patients with only psychiatric
symptoms conceivably might be diagnosed as psychosis or
even schizophrenia in psychiatric clinics. In our hospital
psychiatric clinics in Taiwan, we have identified anti-NMDAR
autoAbs in first-visited patients who showed abrupt and
atypical psychosis with autonomic disturbance. After the
correct diagnosis, their psychiatric symptoms were eventually
cured by immunosuppressive treatments, emphasizing
the extreme importance of correctly sorting out these
patients (7, 8).

Similar results were found by research teams inU.K. and Japan
(9–11). In U.K., Zandi and colleague reported the presence of
serum anti-NMDAR autoantibodies in 6.5% of the patients with
schizophrenia (9); Lennox et al. reported anti-NMDAR IgG in
3% of 228 patients with FEP and not in the blood samples of
105 healthy controls (11). In Japan, Tsutsui and colleague found
anti-NMDAR autoAbs in the sera of four out of 51 patients with
schizophrenia and schizoaffective disorder (7.8%) (10). However,
there are contradicting findings from groups in Germany (0.7%
anti-NMDAR IgG in 1081 schizophrenic patients and 0.4% in
1272 healthy subjects) (12), in another Taiwan hospital (0% in 78
patients with first-episode schizophrenia and 0% in 234 patients
with chronic schizophrenia) (13), and in Turkey (0% in 49
schizophrenic patients and 0% in 48 healthy subjects) (14). Thus,
whether anti-NMDAR autoantibodies could be associated with
pure psychiatric illness (e.g., schizophrenia) remains an open
question.

Though autoantibodies present in autoimmune patients
are intrinsically complex and heterogeneous with a diverse
range of specificities and affinities to autoantigens, the
root of these controversies likely also involves the various
detection approaches that different research groups took. The
current detection methodology for anti-NMDAR autoAbs,
whether developed commercially or in-house in individual
academic labs, all utilizes NR1/NR2-expressing cultured cells
for immunofluorescence labeling (9–11, 15). In this approach,
negative controls are untransfected or untransduced cultured
cells; tester cells are NR1/NR2-expressing cultured cells. A test
result is considered positive if the blood or CSF sample from

a patient shows reactivity to heterologously-expressed NMDA
receptor, and not to negative-control cells.

Research groups that incorporate their in-house
immunostaining protocols generally reported higher occurrence
rates of anti-NMDAR autoAbs in patients with schizophrenia or
psychosis, and absence or lower frequencies of the antibodies in
healthy controls (9, 11, 15–17). Because the in-house protocols
generally use live NR1/NR2b-expressing cultured cells, they
provide a broader and more realistic range of antigenic sites
than chemically-fixed cells from a commercial kit. However,
heterologous expression of NMDA receptor in cultured cells
requires ketamine, which is inaccessible to most laboratories
including ours. So we also used the conventional kit for
anti-NMDAR tests.

As suggested in recent Commentaries and Replies to journal
articles, the different results from different groups might also be
related to the imperfect performance of the commercial kit that
many of them relied on (4, 9, 17–22). Based on our experience
with the commercial reagents, there were definitely rooms for
improvement. In our early trials with these reagents, we noticed
that the fluorescent signals that reported antibody-antigen
(Ab-Ag) interaction quenched quickly under a conventional
fluorescence microscope. We initially often had to repeat a test
several times, especially for clinical samples that were eventually
determined to have low titers of anti-NMDAR autoAbs. This
report described our approaches to increase sensitivity and
accuracy of anti-NMDAR detection based on the conventional
approach.

MATERIALS AND METHODS

Ethics Statement
The study was carried out in accordance with the principles of the
Declaration of Helsinki, and was approved by the Institutional
Review Board (IRB) of Taiwan Mackay Memorial Hospital
(MMH)(MMH-IRB registration numbers: 14MMHIS068 &
14MMHIS282). Written informed consent was obtained from all
participating subjects.

Optimization for Detection of Anti-NMDAR
AutoAbs
Optimization was based on the recommended protocol
of the anti-Glutamate Receptor (type NMDA) IIFT
kit (EUROIMMUN, Lubeck, Germany). Similar to the
Manufacturer’s Instruction, 30 µl of a clinical sample (either
undiluted or 1:2 diluted CSF, or 10-fold diluted blood serum
or plasma) was incubated with a pair of Tester and Negative-
Control BIOCHIPs for 1 hour at room temperature, followed
by two washes with PBS-Tween 20 (all provided by the kit)
for 5min. Tester and Negative-Control BIOCHIPs are mini
chips coated with fixed, NMDAR-expressing cultured cells and
unexpressed cells, respectively. These paired chips are embedded
on a microscope slide. In the protocol provided by the kit, ab-ag
interaction was probed by secondary labeling with 25 µl of
FITC-conjugated anti-human antisera (included in the kit) for
30min at room temperature, followed by washes.
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To increase detection sensitivity, we substituted secondary
FITC-conjugated anti-human antisera (provided in the kit)
with Alexa fluor 488-conjugated anti-human immunoglobin
(1:100 dilution; Jackson ImmunoResearch Laboratories, West
Grove, PA, USA). Detailed optimization for the concentration of
detection probe Alexa Fluor 488, incubation time, and dilution of
clinical samples was provided in the online Supplemental Figures.
Figure S1 showed the optimal dilution of Alexa Fluor 488-
conjugated anti-human immunoglobin to be 1:100. Figure S2
showed the optimal length of time for incubating a clinical
sample with BIOCHIPs to be 1 hour. Figure S3 showed how an
autoAb titer is determined using a blood plasma sample. For
titer determination, a plasma/serum sample is generally diluted
at 1:10, 1:32, 1:100, 1:320, and up to 1:640. An autoAb titer is
the highest possible dilution that still allows for visualization of
the fluorescence signals from the antibody-antigen interaction.
Figure S4 showed the ideal dilution of a CSF test to be 1:2 or
no dilution (the latter identical to the manufacturer’s suggestion)
using our immunostaining protocol.

Double Immunolabeling With Mouse
Anti-NR1 mAb
For clinical samples with ambiguous test results using the single-
labelingmethod (described above), the samples could be re-tested
or tried with the double-labeling method to verify the accuracy
of single-staining results. For double labeling, a specific mouse
anti-NR1 mAb is incorporated to mark subcellular locations that
express NMDA receptor. The rationale is that if a patient’s sample
does not react to the same subcellular regions as the mouse
mAb, then this patient does not have anti-NR1 autoAbs. The
first part of the double-labeling protocol was identical to single
labeling described above. Briefly, 30 µl of a clinical sample was
incubated with a pair of Negative-Control and Tester BIOCHIPs

for 1 hour, followed by washes. An optional fixative step with
0.01% glutaraldehyde for 30 seconds could be employed prior to
second labeling with mouse anti-NR1 mAb clone 54.1 (1:2000
dilution; Merck-Millipore, Temecula, CA, USA). The second
staining with this specific mouse mAb lasted for 1 hour, followed
by washes. Though human and mouse antisera were incubated
with BIOCHIPs sequentially, their individual labeling with
the detection fluorophores were administered simultaneously.
Specifically, after sequential probing with human and mouse
antisera, the BIOCHIPs were then incubated in 25µl of a mixture
of Alexa fluor 488-conjugated anti-human and Alexa fluor 568-
conjugated anti-mouse immunoglobin for 30min (both at 1:1000
dilution; both from Jackson ImmunoResearch Laboratories),
followed by washes.

For labeling of cell nuclei, instead of using glycerol from
the commercial kit, immunostained BIOCHIPs were sealed with
a glycerol-based mountant containing DAPI (Thermo Fisher
Scientific, Waltham, MA, USA).

Fluorescence Imaging and Calculation
The images were taken from (1) an inverted fluorescence phase
contrast microscope (OLYMPUS IX71) coupled with the SPOT
RT3 microscope digital camera and imaging processing system
(Diagnostic Instruments Inc., Sterling Heights, MI, USA); (2)
the TissueFAXS Cell Analysis System (TissueGnostics GmbH,
Vienna, Austria). In double-labeling experiments, the degree
of colocalization (Rcoloc) between green and red fluorescence
was calculated by the Colocalization Threshold plugin (ImageJ).
Rcoloc is the Pearson’s correlation coefficient for images above
thresholds: Rcoloc∼1 refers to a perfectly positive correlation;
Rcoloc∼0 refers to the complete absence of a correlation (23).
For verification of image-based test results, the batch number
of each BIOCHIP-embedded slide was recorded. Immunostained

FIGURE 1 | Replacement of secondary anti-human antisera-conjugated fluorophore FITC (left) with Alexa Fluor 488 (right) improved the sensitivity of anti-NMDAR

autoAb detection based on EUROIMMUN’s anti-Glutamate Receptor IIFT. The experimental procedure mostly followed the recommendation from the manufacturer.

Top: Comparison using a clinical sample with a low content of anti-NMDAR autoAbs (titer 1:10). Bottom: Comparison using a sample with a high titer of anti-NMDAR

antisera (titer 1:320). The right pairs are from the same patients after effective immunosuppressive treatments. Scale bars, 20µm.
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BIOCHIPs were examined independently by at least two lab
specialists under a fluorescence microscope. The criteria and
workflow for the optimized anti-NMDAR autoAb diagnostic test
are outlined at the end of this paper.

RESULTS

Improvement of Anti-NMDAR Detection
Sensitivity
To improve detection sensitivity, we compared the reporter
fluorescence probe provided in the kit, FITC, with functionally-
equivalent Alexa fluor 488. Though both fluorophores are
nearly identical in spectral properties (excitation max 490 nm
/ emission max 525 nm) and quantum yields (∼0.9), Alexa
fluor 488 is significantly more photostable and less sensitive
to environmental changes (e.g., pH), and has higher initial
brightness (24, 25). In Figure 1, labeling with either FITC or
Alexa fluor 488 gave strong signals for a sample with a high
titer of anti-NMDAR autoAbs (Figure 1, bottom). However, for
a sample with a low anti-NMDAR titer, labeling with Alexa
fluor 488 showed distinctive differences between negative-control
and NMDAR-positive BIOCHIPs, while that differences were
much less distinguishable with FITC (Figure 1, top). After
effective immunosuppressive treatments, both cases showed
visibly reduced titers of anti-NMDAR autoAbs (Figure 1, right
panels). For the patient with an initial low autoAb titer (1:10),
his autoAbs after the treatments became almost undetectable
even with more sensitive Alexa Fluor 488 (Figure 1, right
panels).

Table 1 showed that Alexa Fluor 488 replacing FITC as the
detection probe improved detection sensitivity, and generally
allowed higher sample dilution or titers. Labeling with more
sensitive Alexa fluor 488 also allows a broader range of autoAb
detection, as reflected by the broader range of autoAb titers in the
same patient samples that were also tested with FITC (Table 1).
We also tested 26 stable psychiatric patients (23 schizophrenia
and 3 bipolar disorder) from the hospital psychiatric day-care
center, and found anti-NMDAR autoAb present in one out of the
26 patients (with a weak blood titer at 1:32). This patient suffered
from chronic schizophrenia, and did not meet the criteria for
possible autoimmune encephalitis (1). Thus, we were able to
identify anti-NMDAR autoAb in ∼3.8% psychiatric patients
using the improved, kit-based method. Our positive rate for
anti-NMDAR autoAb in psychiatric patients was similar to the
rates reported by various groups using their more sensitive,
in-house-developed methods described in the Introduction
section (9, 10, 15–17). For comparison, our improved tests
on 101 healthy control samples did not yield a positive result
(Table 1).

From our early trials using five different types of fluorescent
microscopes/imaging systems in our department, we found that
the choice of an imaging system affected detection sensitivity.
Most of the imaging systems were able to resolve samples with
high antibody titers (e.g., 1:100 or higher) (Figure 2, middle). A
high-end optic/imaging system could further resolve relatively
weak signals from samples with low Ab titers (Figure 2, top).

TABLE 1 | Comparison of the sensitivity of anti-NMDAR test between the two

detection probes–FITC and Alexa Fluor 488.

Subject* Status of

anti-NMDAR

encephalopathy

Anti-NMDAR titer#

FITC Alexa Fluor

488

pt 1 Cured 1:10 1:32

pt 2 Cured 1:10 1:10

pt 3 Cured 1:10 1:32

pt 4 Recurrent 1:32 1:320

pt 5 Recurrent 1:32 1:100

pt 6 Cured Indeterminate 1:10

Psychiatric

day-care

patients** (n =

26)

– – 25 negative; 1

positive

(blood titer

1:32)##

Healthy controls

(n = 101)

– – All negative

(101/101)

*Patient (pt) subjects diagnosed of anti-NMDAR encephalitis fulfilled the diagnostic criteria

listed in Graus et al. (1).

**These were stable psychiatric patients attending programs at MMH Psychiatric Day-

Care Centre: 23/26 schizophrenia; 3/26 bipolar disorder.
#The anti-NMDAR titer was determined by the highest possible dilution of a patient’s

plasma or serum sample which could still reveal fluorescence signals from anti-NMDAR

autoAb labeling.
##The only blood anti-NMDAR-positive patient is a stable patient with schizophrenia,

whose symptoms do not meet the criteria for possible autoimmune encephalitis (1).

Improvement of Anti-NMDAR Detection
Accuracy by Co-labeling With a Mouse
Anti-NR1 mAb
There was a need to improve the accuracy of anti-NMDAR
detection. We occasionally encountered uncertain readouts that
showed no staining in the negative-control cells but positive
signals with unusual patterns in NMDAR-expressing cells. These
unusual staining patterns could appear punctate, absent from the
plasmamembrane, or present in unexpected subcellular locations
(e.g., cell nuclei). The percentage of fluorescence-labeled cells in
the BIOCHIPs could also be used to roughly assess the accuracy
of a test result.We estimated experimentally that not all but about
30–50% of the cells on the EUROIMMUN’s Tester BIOCHIP
express NMDA receptor. So experimenters should be alert when
only sporadic cells or over 50% of the cells on a Tester BIOCHIP
are fluorescently labeled.

To improve the accuracy of anti-NMDAR detection, it is
critical to verify whether ambiguously positive signals indeed
result from binding to NMDA receptor, and not from interaction
with cellular components other than NMDA receptor on a
Tester BIOCHIP. We implemented second labeling with a well-
characterized mouse anti-NR1 mAb clone 54.1 to specifically
locate heterologously-expressed NMDA receptor (15), after
labeling the BIOCHIP with a clinical sample. This mouse anti-
NR1 was stained with red fluorescent Alexa Fluor 568, while
bound human autoAbs were stained with green fluorescent
Alexa fluor 488 (Figure 3). Noticeably, for some clinical samples,
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FIGURE 2 | The choice of optic/imaging systems could affect resolution and sensitivity of anti-NMDAR detection. Clinical samples were tested with the IIFT kit, and

their images taken by a conventional fluorescence microscope (left) and by an advanced imaging system from TissueGnostics GmbH (right) were compared. Top:

images from a sample with a low anti-NMDAR titer (1:10). Middle: images from a sample with a high anti-NMDAR titer (1:320). Bottom: images from an

anti-NMDAR-negative sample. Scale bars, 20µm.

this mouse anti-NR1 might compete with a patient’s autoAbs
for binding to NMDA receptor, resulting in a low degree of
colocalization between the mouse and the human antisera. To
circumvent the issue, we added a brief fixative step following
clinical sample labeling and before labeling with mouse anti-
NR1. This fixative step could prevent mouse anti-NR1 from
outcompeting a patient’s autoAbs for binding to NMDA receptor
(Figure 3), since mouse mAb clone 54.1 generally exhibits
higher affinities to NMDA receptor than most human anti-
NMDAR antisera. In some tests, indeed this additional fixative
step increased % colocalization between mouse and human
anti-NMDAR antisera [Figure 4—patient A: Rcoloc ∼0 (without
fixation) vs. Rcoloc ∼0.17 (with fixation)].

By marking heterologously-expressed NMDA receptor with
red fluorescence on a Tester BIOCHIP, this double-labeling
approach allowed us to identify “false-positive” results. As
demonstrated in the second example in Figure 4, this initial

test result by single staining showed green fluorescent cells in
the Tester BIOCHIP and no signals in the Negative-Control
BIOCHIP. Our experimenter however noticed that almost
all the cultured cells on the Tester BIOCHIP were green
fluorescent, and decided to re-test this sample by double staining.
Experimentation with either double-labeling approaches, with
or without fixation following clinical sample labeling, failed to
identify any colocalization between the human sample and the
mouse mAb in NMDAR+ cells on the Tester BIOCHIP. This
clinical sample was thus considered “false-positive,” since the
green fluorescent signals shown on the Tester BIOCHIP did not
result from binding to NMDA receptor.

This double-labeling approach could also be used to verify
CSF test results. As demonstrated in the second example in
Figure 5, incorporation of a fixative step after staining with the
patient’s sample and before staining with the mouse anti-NR1
also increased % colocalization (Figure 5 bottom—patient B:
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FIGURE 3 | The diagrams illustrate our experimental approaches to validate anti-NMDAR test results by double labeling with a well-characterized mouse anti-NR1

mAb. (A) Single labeling with human blood or CSF samples (standard protocol); (B) sequential double labeling that starts with a human sample (green) and then a

mouse anti-NMDAR mAb (orange-red); (C) incorporation of brief fixation (blue bars indicating chemical crosslinkers) after clinical sample labeling. Mouse anti-NR1

mAb thus can no longer compete with human antisera for binding to NMDA receptor, as in (B). Fixed cell membrane and proteins were represented in darker hues.

Rcoloc ∼0.09 [without fixation]→ Rcoloc ∼0.28 (with fixation)).
Intriguingly, the CSF autoAbs of patient A exhibited similar
degrees of colocalization with the mouse anti-NR1, regardless
of whether there was a fixative step after initial sample labeling
[Figure 5 top—patient A: Rcoloc ∼0.51 (without fixation) vs.
0.46 (with fixation)]. But for the blood sample of patient A, the
degree of antibody colocalization was enhanced with fixation
(Figure 4, top). These differences suggest that the avidities or
the composition of anti-NMDAR autoAbs from the CSF and
from the blood samples of patient A were different, because they
were both compared experimentally to the samemouse anti-NR1
clone.

Differentiation of Anti-NMDAR From
Anti-nuclear AutoAbs
We also improved the accuracy of anti-NMDAR diagnostics
by adding DAPI. This allowed experimenters to evaluate
immunostaining patterns of clinical antisera, and to
simultaneously identify all cell nuclei and estimate the
percentage of positively-stained cells in a tester BIOCHIP.
As NMDA receptors are expressed on the plasma membrane
and the membranes of endoplasmic reticulum and the Golgi
apparatus, the degree of colocalization between anti-NMDAR
antisera and cell nuclei should be zero or extremely low (Figure 6
top: an NMDAR-positive sample with Rcoloc toDAPI ∼0).
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FIGURE 4 | The results of anti-NMDAR autoAb tests were confirmed by double labeling. The three experimental protocols utilizing the IIFT kit (as illustrated in

Figures 3A–C) were compared. The degree of green/red colocalization, represented by Rcoloc, was indicated beneath each dual-color merged image. Top—Patient

A: The degrees of colocalization between a diluted plasma sample from patient A and the mouse anti-NR1 mAb improved after incorporating glutaraldehyde fixation

following sample labeling (Rcoloc ∼0 → ∼0.17). Middle—False-positive: A diluted blood sample showed positive signals by the standard single-labeling protocol (left

images), and were later deemed “false-positive” by both double-labeling tests (right panels). This sample with “false-positive” results failed to colocalize with

heterologously-expressed NMDAR by either tests illustrated in Figures 3B,C. Bottom—anti-NMDAR-negative: No green fluorescence was shown in the Tester

BIOCHIPs by single or double labeling with an anti-NMDAR-negative plasma sample. Yellow arrowheads pointed to sites of colocalization of green and red

fluorescence (overlay in yellow-orange color). Scale bars, 20µm.
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FIGURE 5 | Double labeling with the mouse anti-NR1 mAb confirmed test results for clinical CSF samples. The left images were single-labeling results for the two CSF

samples. The right images were from the two double-stain protocols (as in Figures 3B,C). TOP: CSF test results from Patient A. BOTTOM: CSF test results from

patient B. Yellow arrowheads pointed to sites of colocalization of green and red fluorescence (overlay in yellow-orange color). Scale bars, 20µm.

By DAPI labeling, we had found an anti-NMDAR-positive
sample that also showed substantial colocalization to cell nuclei
in the Tester BIOCHIP (Figure 6 bottom: Rcoloc toDAPI ∼0.46),
but not to cell nuclei in the Negative-Control BIOCHIP. Notably,
heterologous expression of NMDA receptors requires NR2,
which is also an autoimmune target in neuropsychiatric systemic
lupus erythematosus (NPSLE) (26, 27). So we suggested further
testing and evaluation for this patient. Thus, incorporation

of DAPI stain in an anti-NMDAR test could potentially help
differentiate anti-NMDAR encephalitis from other types of
autoimmune insults in the CNS.

A Workflow for Lab Testing of Anti-NMDAR
AutoAbs
Table 2 summarizes anti-NMDAR tests performed with our
optimized single-labeling protocol and some further validated
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FIGURE 6 | Inclusion of DAPI stain in anti-NMDAR tests helped differentiate immunostaining patterns by anti-NMDAR antibodies from that by nucleic acid-reactive

substances. The degrees of colocalization between labeling of a clinical sample (green fluorescence) and labeling by DAPI (blue fluorescence) were expressed in

Rcoloc. The images from an anti-NMDAR (NR)-positive clinical sample (top example: Rcoloc toDAPI ∼0) and a clinical sample primarily reacting to cell nuclei (middle

example: Rcoloc toDAPI ∼0.46) were put together for comparison. The images from an anti-NMDAR-negative sample showed no green fluorescence (bottom

example). Scale bars, 20µm.

with the double-labeling protocols. For convenience and
consistency of lab testing, our workflow (Figure 7) utilized all
the reagents from the anti-Glutamate Receptor IIFT kit but the
secondary FITC probe and glycerol. We replaced FITC with
superior fluorophore Alexa Fluor 488 as the detection probe
(Figure 1). We also replaced glycerol with a DAPI-containing
mounting medium, which allowed assessment of % fluorescence-
labeled cells and correct interpretation of immunostaining
patterns (Figure 6).

Indeterminate results (Figure 7) may cast doubts on whether
some component in the clinical sample could indeed bind
specifically to NMDA receptor. So if a significant fraction of
the control cells that lack NMDAR expression (e.g., >5%) is
labeled with green fluorescence, this is NMDAR-independent
binding and could confound interpretation of the results from
NMDAR+ cells (Tester BIOCHIPs). If the fraction of fluorescent
cells exceeds 50% on the Tester BIOCHIP, this result should also
be dealt with caution since the fraction of NMDAR+ cells on
a commercial Tester BIOCHIP rarely exceeds 50% (Figure 7).
Additionally, if the fluorescent pattern is atypical that of the

normal expression of a surface receptor (e.g., lack of plasma
membrane expression), the fluorescent signal is likely NMDAR-
independent, too.

Our workflow is supplemented with a “double-labeling”
option in case when single-labeling experiments show
“indeterminate” results and require verification. Double labeling
with the well-characterized mouse anti-NMDAR mAb marks
the subcellular location of heterologously-expressed NMDA
receptor, allowing an experimenter to determine whether the
fluorescent signal is NMDAR-specific or not by direct visual
assessment of the merged image of green and red fluorescence
(Figure 7). As compiled in Table 2, the double-labeling tests
were performed either for validation of ambiguous results from
standard single stain, or for assessment of possible epitope shifts,
particularly in serious, recurrent patients.

DISCUSSION

The recent emergence of anti-NMDAR encephalitis (28), which
is frequently encountered in psychiatric services, reminds
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TABLE 2 | A summary of the anti-NMDAR autoAb tests done with our optimized approach for patients suspected of anti-NMDAR-related autoimmune encephalopathy.

Blood anti-NMDAR test results Number of blood

samples tested*

Number of CSF

samples tested*

Number of CSF

results matched to

blood results#

%CSF-blood

result matches

Number of

double-stain

tests performed

Positive** 37 20 17 85% (17/20) 5

initial titer 1:10 17 9 8 89% (8/9) 1

initial titer 1:32 13 4 3 75% (3/4) 1

initial titer 1:100 4 4 3 75% (3/4) 1

initial titer 1:320 3 3 3 100% (3/3) 2

Negative 39 8 8 100% (8/8) 2

*All patients suspected of anti-NMDAR encephalitis or referred by other hospitals were first tested with blood samples using our modified protocol based on EUROIMMUN IIFT (as

outlined in Figure 7). Suspected patients presenting milder symptoms (e.g., predominantly psychiatric presentation) did not usually provide CSF samples, unless their blood test results

later suggested a likelihood for the disease. So the number of CSF testing was lower than that of blood testing for the negative and lower titer groups.

**The initial titer was generally determined with the blood sample retrieved when a patient was first suspected of anti-NMDAR encephalitis or referred by other hospitals. We only provide

positive or negative findings for CSF samples.
#The three cases that show discordance between blood and CSF test results were all due to negative CSF findings but positive blood findings.

FIGURE 7 | An optimized workflow for anti-NMDAR diagnostic bioassay. *The anti-NMDAR autoAb test utilizes reagents from EUROIMMUN’s IIFT kit, with two

changes: (1) the detection probe FITC provided by the kit is replaced by Alexa fluor 488 for higher sensitivity; (2) glycerol provided by the kit is replaced by a

DAPI-containing mountant for marking cell nuclei. #An atypical cellular staining pattern does not reflect the normal subcellular localization of membrane receptor such

as NMDAR (e.g., fluorescent signals absent from the plasma membrane or present inside cell nuclei). **After reporting an indeterminate result to the physician in

charge, he or she may request re-testing using the same sample or using a newly-withdrawn sample.
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us the challenges in differential diagnosis of schizophrenia
spectrum disorders. The similar clinical presentations
between schizophrenia and the early phase of anti-NMDAR
encephalitis also raise questions on whether their pathobiological
mechanisms could overlap to a certain degree. But whether
anti-NMDAR autoAbs are significantly present in patients with
acute psychosis or schizophrenia remains highly controversial,
in part due to complexities of patient samples and mediocre
sensitivity/specificity of the current mainstream method for
anti-NMDAR diagnostic bioassay. Here, we tackled the latter
technical issue, and developed approaches to increase its
sensitivity and accuracy.

We experimentally showed that replacement of secondary
probe FITC with superior Alexa fluor 488 enhanced detection
sensitivity (Figure 1). From our experience, we also recommend
the use of an advanced fluorescence imaging system, which
generally provides higher image resolution and sensitivity than
a basic fluorescence microscope (Figure 2).

To improve the accuracy of anti-NMDAR diagnostics, we
developed two validation protocols for samples with initial
ambiguous results. Both protocols employed second labeling with
a mouse anti-NR1 mAb, after clinical sample labeling (Figure 3).
The ensuing colocalization test helped validate or disprove
uncertain results from the conventional single-stain method.
These two verification protocols not only helped identify cases
with “false-positive” results, but also allowed us to track whether
the binding affinities of autoAbs from different stages of the
disease had changed relative to the same mouse mAb (Figure 4
5). Simultaneous labeling with DAPI specified locations of cell
nuclei and helped validate or differentiate autoimmune targets at
the subcellular level (Figure 6). Last, these improvements on the
diagnostic sensitivity and accuracy should reduce the extra efforts
and cost required for repeated testing, especially for samples with
indeterminate results from single stain.

Our workflow (Figure 7) provides a general guideline for cell-
based detection of neuronal autoAbs. Because NMDA receptor
is a large membrane protein, ideally the protein retains its native,
membrane-bound conformation best when heterologously
expressed in an appropriatemammalian cell line. Non-cell-based,
conventional ELISA that requires purified NMDA receptor or its
protein fragment or peptide as the source of antigen conceivably
is not ideal for this purpose. Another emerging technology—
Meso Scale Discovery Electrochemiluminescence (MSD-ECL),
has the potential to detect multiple antibodies with ultra-
sensitivity. For detection of neuronal autoAbs, MSD-ECL also
needs to adopt cell-based expression systems for correctly-folded
membrane proteins (autoantigens), similar to the widely-used
BIOCHIP methodology. Despite all the technical difficulties
ahead, multiplex MSD-ECL is perhaps the only approach that

will allow simultaneous detection and differentiation of various
types of autoAb-mediated autoimmune encephalitis that is much
in need clinically.

LIMITATIONS

In this method paper, we implemented modification to
the mainstream anti-NMDAR autoAb diagnostic method to
improve detection sensitivity and accuracy. This was a study
aiming to optimize the current lab diagnostic protocols using
clinical samples primarily from patients suspected of anti-
NMDAR encephalitis referred by neurologists and psychiatrists.
We thus did not screen the prevalence of anti-NMDAR
autoAbs in a large cohort of psychiatric illness (such as
schizophrenia).

Test for the presence of anti-NMDAR autoAbs is critical
for the diagnosis of anti-NMDAR autoimmune encephalitis.
However, the presence of anti-NMDAR autoAbs in one’s body
fluid does not equate to anti-NMDAR-mediated disease, if
relevant clinical symptoms are lacking. This is because some
autoAbs may not be pathogenic if they never encounter the
antigen, or if their interaction with endogenous NMDA receptor
does not affect normal functions of the receptor or have any
pathophysiological impacts. AutoAbs can also be transient and
exhibit epitope shifts. So when a test outcome is unexpected,
because of the complexity of the disease or its lab diagnostics,
re-test or double-labeling verification should be considered
(Figure 7).
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Autoantibodies against the RhoGTPase-activating protein 26 (ARHGAP26) were

originally identified in the context of subacute autoimmune cerebellar ataxia. Further

studies identified a wider clinical spectrum including psychotic, affective, and cognitive

symptoms. Only a few patients reported so far had evidence of a tumor association.

A prospective analysis between January 2015 and December 2017 at the Dept. of

Neurology at Charité—Universitätsmedizin Berlin identified 14 patients with ARHGAP26

autoantibodies on a cell-based assay, of which three patients had additional brain

immunohistochemistry staining of cerebellar molecular layer and Purkinje cells, who were

therefore considered antibody-positive. In all three patients, ARHGAP26 autoantibodies

were associated with tumors. In two patients, an isolated cognitive impairment without

additional neurological deficits was observed. These cases thus further extend the

clinical spectrum associated with ARHGAP26 autoantibodies and strengthen a potential

paraneoplastic context.

Keywords: ARHGAP26, GRAF1, anti-Ca, medusa-head antibodies, neuronal autoantibodies, cognitive impairment

INTRODUCTION

Autoantibodies against the RhoGTPase-activating protein 26 (ARHGAP26) were originally
identified in patients with subacute autoimmune cerebellar ataxia (ACA). The first patient was
described in 2010 and presented with limb and gait ataxia, dysarthria and diplopia developing over
a period of 2 weeks, followed by hyperekplexia, depression, restlessness, and anxiety. Further tests
revealed normal CSF cell count, but intrathecal IgG synthesis and subsequent cerebellar atrophy
on MRI. No tumor was detected (1). Two more patients with ARHGAP26 autoantibodies and
cerebellar ataxia were reported 3 years later (2). In one of these patients, antibody detection lead
to the discovery of ovarian cancer, suggesting ARHGAP26 autoantibodies as a potential marker
of a paraneoplastic neurological syndrome (PNS). The other reported patient had weight loss, but
no further tumor workup was performed. In an additional case, ARHGAP26 antibodies were not
only associated with cerebellar ataxia, but also with cognitive and affective symptoms, indicating
a broader clinical spectrum (3). This notion was further supported by the report of a fifth case
with recurrent psychotic episodes, but no signs of cerebellar ataxia (4). Recently, two more cases
have been described including one with cerebellar ataxia and a history of both breast cancer and
melanoma and a second case with cerebellar ataxia, tremor, myoclonus, depression, and mild
cognitive deficits (5).
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In summary, ARHGAP26 autoantibodies were primarily
reported in patients with cerebellar ataxia, but have also been
associated with additional clinical features such as psychotic
symptoms, depression, and cognitive decline. A tumor was
detected in some of these patients, suggesting a potential
paraneoplastic etiology.

Here, we report three new cases with predominant cognitive
impairment and associated malignancy, further extending the
clinical spectrum associated with ARHGAP26 autoantibodies
and strengthening their potential paraneoplastic context.

METHODS

Patients
Patients with a suspected autoimmune-mediated brain
disorder seen at the Department of Neurology at Charité—
Universitätsmedizin Berlin and 1,055 additional tumor patients
were prospectively screened for neuronal autoantibodies
between January 2015 and December 2017. Tumor patients
had a confirmed diagnosis of melanoma, prostate, lung, breast,
gastric/esophageal, or colon cancers, leukemia, or lymphoma
and were recruited at the corresponding departments. Patient
charts were retrospectively reviewed. The study was approved
by the ethics committee of Charité—Universitätsmedizin Berlin
and all patients gave written informed consent for publication.

Antibody Detection
ARHGAP26 autoantibodies were detected by cell-based
assay (CBA) and immunohistochemistry. Patients were only
considered antibody-positive if both assays were positive.
The CBA used fixed human recombinant HEK293-cells
expressing ARHGAP26 (Euroimmun AG, Lübeck, Germany).
For immunohistochemistry, cryosections of brain tissue (rat
hippocampus, rat cerebellum, monkey cerebellum, Euroimmun
AG) were incubated with patient serum/CSF using indirect
immunofluorescence. The previously described IgG cerebellar
staining pattern of the molecular layer and Purkinje cells (PC)
was considered positive on immunohistochemistry (1).

CBA revealed 14 ARHGAP26-positive patients with
serum titers between 1:10 and 1:10,000. Of those, samples
from three patients showed typical cerebellar staining
on immunohistochemistry and were therefore considered
antibody-positive in this study.

Neuropsychological Assessment and

Cerebral MRI
Detailed cognitive assessment was performed using
neuropsychological tests evaluating working memory, verbal,
and visuospatial long-term memory, attention, language,
executive functions, and premorbid intelligence level. In case 2,
the Montreal Cognitive Assessment (MOCA) was performed,
including tests for short-term memory, visuospatial abilities,
executive function, attention, and language (6). In case 1, MRI
data was acquired on a 1.5T Symphony Vision scanner (Siemens,
Erlangen, Germany) using a coronal T2w TIRM sequence and a
contrast-enhanced MPGRAGE sequence.

RESULTS

Case 1
This 84 year-old patient presented with progressive
anterograde amnesia developing within a few weeks,
followed by Broca’s aphasia, loss of appetite, weight loss,
intermittent hyponatremia, gait ataxia, and emotional instability.
Neurological examination showed vertical and horizontal
saccadic eye movements with occasional ocular flutter,
generalized muscular atrophy, brisk tendon reflexes, gait
ataxia, marked dysdiadochokinesia, and impaired fine-motor
skills. Detailed neuropsychological testing revealed mild
cognitive impairment with deficits of attention, word fluency,
working, and anterograde verbal memory. Cerebral MRI showed
marked generalized atrophy and signs of microangiopathy
(Figures 1A,B). Basic CSF studies were unremarkable, protein
14-3-3 was negative. The patient had a medical history of
monoclonal gammopathy (MGUS) (IgM-lambda) and multiple
cardiovascular risk factors including arterial hypertension
(AHT), coronary artery disease (CAD) and minor posterior
circulation strokes without persistent neurological deficits.
Serological testing revealed ARHGAP26 autoantibodies with a
1:1,000 titer and a typical staining pattern on brain tissue, i.e.,
IgG staining of cerebellar molecular layer and PCs.

The patient was started on oral methylprednisone 500
mg/d for 3 days, followed by 40 mg/d for 4 weeks and
subsequent weekly reduction by 10mg. In light of a possible
PNS, further diagnostic workup was recommended. Follow-
up studies revealed a decrease in serum titer to 1:32 with
no antibodies detected in CSF. Again, CSF basic studies were
unremarkable, but CSF-specific oligoclonal bands (OCBs) were
positive. Phospho-TAU/TAU, beta-amyloid and beta-amyloid
ratio were unremarkable. Cerebral MRI remained unchanged
and a whole-body PET-CT revealed no tumor signs. The
patient received four cycles of plasmapheresis with mild
improvements of short-term memory and was discharged for
rehabilitation.

Three months later, the patient presented with agitation and
depression. At this point, serum testing showed an ARHGAP26
antibody titer of 1:100 and the previously documented MGUS
(IgM-lambda). Further hematologic work-up revealed a B-cell
lymphoma, for which the patient was started on obinutuzumab
and chlorambucil.

Case 2
This 73-year-old patient with prostate cancer presented with
slowly progressive memory decline over the last years, mainly
having trouble remembering new names and appointments.
He had been diagnosed with prostate cancer 10 years before
and hepatic metastases were detected a few months prior to
presentation. He had a history of asthma and migraine, but
had been without symptoms for over 20 years. At the time of
presentation, his prostate cancer was treated with docetaxel.

His neurological examination was unremarkable, except
for mild tandem gait imbalance. The Montreal Cognitive
Assessment (MOCA) revealed mild cognitive impairment with
22/30 points (normal ≥26) with deficits in language, abstraction,
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FIGURE 1 | (A, B) Cerebral MRI of case 1. (A) Coronal T2 TIRM image and (B) Contrast-enhanced MPGRAGE image showing whole brain atrophy apparent in the

frontal and parietal cortex as well as in the insular region with proportional atrophy of the hippocampus and the cerebellum as well as signs of microangiopathy.

(C–F) Immunohistochemistry, representative images of case 2. All images taken at 200x magnification. (C) Cell-based assay with recombinant ARHGAP26-expressing

HEK293-cells, 1:100 dilution, showing binding of patient serum IgG to ARHGAP26-expressing cells. (D) Empty-vector control cells after incubation with patient serum

(1:100 dilution) demonstrates no binding of patient IgG. (E) Cerebellum monkey, 1:100 dilution with patient serum IgG, showing staining pattern of molecular layer

(ML) and Purkinje cell layer (PCL). (F) Cerebellum rat, 1:100 dilution, Note patient serum IgG binding to molecular layer, Purkinje cell layer (PCL), but not white matter

(WM). ML, molecular layer; PCL, Purkinje cell layer; GL, granular layer; WM, white matter.

verbal memory, and orientation. ARHGAP26 antibodies were

detected in serum with a CBA (titer 1:3,200) (Figures 1C,D).

Immunohistochemistry identified the typical cerebellar staining

of the molecular layer and PCs (dilution 1:1,000) (Figures 1E,F).

Interestingly, rat hippocampal staining showed a fine granular-

to-smooth pattern (1:320). 6 month later, immunohistochemistry
remained highly indicative of ARHGAP26 (1:3,200), while
the CBA titer increased to 1:10,000. The patient received no

immunosuppressive therapy and died a few months later of
metastasized prostate cancer.

Case 3
This 77-year-old man with gastric adenocarcinoma und
lung metastases showed cognitive impairment in a detailed
neuropsychological work-up. He was diagnosed with
gastric carcinoma following abdominal pain 2 years prior
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to presentation. The patient, a smoker with 30 pack-years, had
a history of CAD, AHT, peripheral artery disease, and chronic
obstructive pulmonary disease. Staging revealed a pulmonary
nodule that was consistent with a distant metastasis of the
gastric adenocarcinoma on biopsy. The patient was started on
chemotherapy with four cycles of FLOT regimen (fluorouracil,
leucovorin, oxaliplatin, and docetaxel), followed by gastric
resection and radiotherapy of the lung metastasis with additional
four cycles of adjuvant FLOT chemotherapy.

At the time of presentation, there was no evidence of
local carcinoma recurrence. The pulmonary nodule remained
stable. Neurological examination was unremarkable. Cognitive
testing showed deficits in short-term memory, attention, and
executive function. Serum testing revealed autoantibodies against
ARHGAP26 on CBA (1:100) and immunohistochemistry (1:100).

Table 1 summarizes clinical and diagnostic features of all
previously reported ARHGAP26-positive patients including the
cases above.

DISCUSSION

We here describe three new ARHGAP26-positive cases with
isolated cognitive impairment in two patients and a tumor
association in all three cases, suggesting a broader clinical
spectrum and highlighting the importance to screen antibody-
positive patients for malignancies.

The previously described clinical spectrum associated with
ARHGAP26 autoantibodies includes cerebellar ataxia, but also
psychotic, affective and cognitive symptoms (1–5). In line with
the initial context of cerebellar ataxia, immunohistochemistry
revealed binding to cerebellar molecular layer and PC cytoplasm
and membrane (1). While a pathogenic role of ARHGAP26
autoantibodies remains unknown, tissue staining would be
consistent with a clinical effect of pure cerebellar syndrome.
However, other associated clinical symptoms such as depression,
psychotic behavior and cognitive deficits would be more difficult
to explain. Here, we observed predominant cognitive impairment
in three ARHGAP26-positive patients - with in fact isolated
cognitive deficits without other neurological symptoms in two
of the patients. Affected cognitive domains included attention,
short-term and workingmemory, verbal memory, semantic word
fluency, and executive function.

One possible explanation for cognitive deficits in
ARHGAP26-positive patients is that autoantibodies not
only bind to cerebellum, but also other brain structures
such as limbic regions including the hippocampus. Indeed,
ARHGAP26 was found to be expressed in a subset of
hippocampal neurons (4, 7). In a previous ARHGAP26-
positive case with isolated psychiatric symptoms the authors
concluded that the lack of cerebellar symptoms in that patient
suggests other brain regions to be involved (4). Furthermore,
they pointed out that in other antibody-associated neurological
disorders, a wide clinical spectrum of one single antibody
(e.g., anti-Hu, anti-AQ4) is common, presumably due to
widespread expression of the antigen. Interestingly, in our
case 2, immunohistochemistry revealed hippocampal staining,
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suggesting a potential autoimmune response to the limbic
system, although the presence of another, yet undefined antibody
cannot be excluded.

Alternatively, cognitive symptoms could directly be mediated
by cerebellar dysfunction, as conceptualized by the cerebellar
cognitive–affective syndrome (Schmahmann’s syndrome) (8–
10). Schmahmann’s syndrome occurs in patients with isolated
cerebellar disease and includes deficits of attention, working
and verbal memory, visuo-spatial cognition, executive function,
language as well as behavior and affect (11). It is therefore
well-suited to explain the cognitive and affective symptoms
in patients with ARHGAP26 antibodies. However, isolated
cognitive deficits in Schmahmann’s syndrome have not been
reported so far. Associated anatomical regions include large
bilateral or pancerebellar damage (8). Due to the lack of post-
mortem studies in ARHGAP26-positive patients, the targeted
cerebellar regions are unknown, but MRI studies revealed
generalized cerebellar atrophy. Therefore, it seems plausible that
isolated cognitive dysfunction could be part of a cerebellar
cognitive-affective syndrome in ARHGAP26-positive patients
(3).

An underlying tumor was only found in two of the seven
previously reported cases (2, 5), whereas all three of the here
described patients had a cancer diagnosis before or revealed on
further work-up. Autoantibodies targeting intracellular antigens
are frequently associated with underlying malignancy and can
precede cancer diagnosis by up to 15 months (12, 13). Therefore,
delayed tumor detection in previous cases cannot be excluded.
Indeed, repeated tumor screening in case 1 led to the diagnosis of
B-cell lymphoma 12 months after initial presentation. With these
three new cases, now 50% of all reported ARHGAP26-positive
patients had a tumor-association, emphasizing the importance
to screen for underlying malignancy. Interestingly, ARHGAP26
was found to be expressed in most samples of prostate cancer,
suggesting a possible trigger in case 2 (7).

Immunosuppressive therapy was only administered in one
patient. Here, mild improvement of short-term memory was
observed after steroids and plasmapheresis, even before tumor
detection and treatment. This suggests a potential benefit of
immunosuppressive therapy. Tumor treatment was initiated
or continued in all patients. While one patient died of his
prostate cancer, long-term outcome of the other patients
remains to be seen. Previous cases reported little effect of

immunosuppressive therapy at best, ideally stabilizing patients
with the existing deficits (5). Long-term clinical follow-up and
evaluation of patient outcome after immunosuppressive
and tumor therapy should be addressed in future
studies.

We considered patients antibody-positive only when being
positive in both assays, CBA and immunohistochemistry on
brain sections. Of the 11 patients that were positive on CBA only
(i.e., without the corresponding immunohistochemistry pattern),
three underwent neuropsychological assessment. Interestingly,
two of these patients also had isolated cognitive impairment. It
is unclear whether in these cases the CBA is more sensitive than
immunohistochemistry, similar to assays with other antibodies
such as against the NMDA receptor. Alternatively, antibodies
may bind to an epitope that is present only on recombinantly
expressed antigens in the CBA or which is lost on brain sections,
e.g., due to tissue processing including fixation. Further clinical
correlations with more patients are required to disentangle the
significance of isolated positive CBAs.

In summary, we here describe three new cases with
ARHGAP26 autoantibodies with tumor association that
presented with predominant cognitive impairment. This allows
for the following conclusions for clinical practice: (1) The
spectrum of ARHGAP26-associated symptoms is broader
than initially expected and also includes isolated cognitive
impairment; (2) A positive ARHGAP26 antibody-test should
prompt the search for an underlying malignancy; and (3)
ARHGAP26-mediated autoimmune encephalopathy is a
potential, yet rare differential diagnosis in patients with cognitive
impairment.
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Background: There is scanty guidance in the literature on the management of patients

with glutamic acid decarboxylase (GAD65) antibody associated autoimmune epilepsy

(GAD-epilepsy). GAD-epilepsy is a rare distinct neurological syndrome with a wide clinical

spectrum.We describe six GAD-epilepsy patients with special emphasis on the treatment

timing and the relationship between immunologic and anti-epileptic therapy.

Methods: Six patients diagnosed with GAD-epilepsy in Tampere University Hospital

who had received immunotherapy from 2013 to 2017 were retrospectively analyzed

from patient records. Data about symptom onset, including antibody levels, magnetic

resonance imaging (MRI), electroencephalograms, immunotherapy and anti-epileptic

treatment timing and treatment responses were collected and analyzed. Kruskall-Wallis

test was used in the statistical evaluation.

Results: All patients were female aged 9–54 at symptom onset. Three had

hypothyroidism, none had diabetes, two had migraine. Five patients had very high

(>2,000 IU/ml) and one had high (52–251 IU/ml) GAD65 antibody titers. All patients

presented with seizure disorders. Patients who received early initiation of immunotherapy

(3–10 months) responded well to treatment; patients in whom the immunotherapy

was started later (15–87 months) did not respond (p = 0.0495). The first patient was

seizure-free after 1 year of regular intravenous immunoglobulin and one antiepileptic drug

(AED). The second patient developed unilateral temporal lobe T2 signal changes in MRI;

she responded well to immunotherapy, experiencing a significant reduction in seizure

frequency and resolution of MRI abnormalities. However, seizures continued despite

trials with several AEDs. The third patient responded well to immunoadsorption and

rituximab with one AED, with lowering of GAD65 titers (from >2,000 to 300). There was

a long delay in the diagnosis of GAD-epilepsy in the three patients who had developed

refractory epilepsy, one with hippocampal sclerosis. They all received immunotherapy

but none responded. However, AED modification or vagus nerve stimulation

reduced the seizure frequency in two patients. Epilepsy surgery was ineffective.
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Conclusions: These results highlight the importance of early detection of GAD65

antibodies in refractory epilepsy as immunotherapy can be effective if administered in

the early stages of the disease when it can prevent permanent brain tissue damage.

Keywords: clinicalmanagement, glutamic acid decarboxylase antibody, limbic encephalitis, autoimmune epilepsy,

case series

INTRODUCTION

Autoimmunity is increasingly being recognized as a cause of
epilepsy (1). Glutamic acid decarboxylase 65-kilodalton isoform
(GAD65) antibodies have been associated with multiple non-
neurological and neurological syndromes including autoimmune
epilepsy (2).

GAD65 is an intracellular antigen, highly expressed in the
presynaptic terminals of inhibitory neurons in the central
nervous system (CNS) and in pancreatic β-cells (3). GAD65
antibodies possibly serve as a surrogate marker for organ
specific autoimmune disorders mediated by cytotoxic T cells
(4). However, there might also be some currently unknown
pathogenic surface-antigens targeted against hippocampi co-
existing with the GAD65 antibody and contributing to temporal-
lobe epilepsy (TLE) (5). Furthermore, the related pathological
processes can lead to hippocampal sclerosis and refractory
epilepsy (6). Moreover, widespread white matter changes have
been observed in GAD65 antibody related limbic encephalitis
(LE) (7).

Recently, anti-neuronal antibodies were detected in 20.5% of
epilepsies of unknown etiology and of these, 64% were high titer
GAD65 antibodies (8). Previously, it has been estimated that
between 1.7% (9) and 8.7% (10) of epilepsy patients are harboring
GAD65 antibodies.

GAD65 antibody associated autoimmune epilepsy (GAD-
epilepsy) is a rare but distinct neurological syndrome with a wide
clinical spectrum ranging from mild non-pharmacoresistant
epilepsy (10) to refractory TLE (11), LE (12), and also extra-
limbic encephalitis (ELE) (13). It seems that indolent GAD65
autoimmunity can develop into more severe forms over time
(14).

The literature contains only a few case reports dealing with
the management of refractory GAD-epilepsy (15). In addition
to anti-epileptic drugs (AEDs), a plethora of immunotherapies
has been tried with variable or unsatisfactory results (11, 15, 16).
Overall, the response to immunotherapy is poor and only a few
patients achieve seizure-freedom (17).

Since there is no clear guidance in the literature with respect to
the timing or on the combination of immunotherapy with AEDs
in the management of GAD-epilepsy, here we describe six GAD-
epilepsy cases treated with immunotherapy during different
disease stages and compare the results of immunotherapy with
those achieved by AEDs.

MATERIALS AND METHODS

Study Cohort
Patients treated in Tampere University Hospital Department of
Neurology for GAD-epilepsy between the years 2012 and 2017

were studied. The clinical data was analyzed retrospectively from
patient records. The initial diagnosis was suspected due to the
clinical symptoms and then supported by highly elevated titers
of serum GAD65 antibodies. Written informed consent was
obtained from the participants for the publication of this case
series.

Statistics
All statistical calculations were done in R version 3.4.3 (www.r-
project.org). Kruskall-Wallis test was used to compare treatment
results in immunotherapy responders vs. non-responders.

Laboratory and Imaging Studies
GAD65 antibody levels were analyzed in Fimlab laboratories
(Tampere, Finland) with standard clinical methods. In most
patients, Euroimmun (Luebeck, Germany) anti-GAD ELISA
(IgG) was used according to the manufacturer’s protocol. Prior
to 2014, the Medizym (Berlin, Germany) anti-GAD ELISA
(IgG) was used according to the manufacturer’s protocol. Most
serum and cerebrospinal fluid (CSF) neuronal autoantibody
panels were determined in Wieslab (Malmö, Sweden) with
standard methods. In patient 1, CSF neuronal antibodies were
analyzed in the Institut D’Investigacions Biomédiques August Pi
I Sunyer, (Hospital Clinic, University of Barcelona, Spain). Other
laboratory studies were undertaken with standard laboratory
methods at Fimlab laboratories. Brain magnetic resonance
images (MRI) were obtained according to a dedicated epilepsy
protocol on a 3 Tesla scanner. Electroencephalograms (EEG)
were obtained with standard protocols.

Therapeutic Interventions
Immunotherapy, including immunoadsorption, was
administered in all patients by following generally accepted
clinical principles. Accordingly, AED treatment was provided
to all patients in order to achieve maximum seizure control
and tolerability. Selective amygdalo-hippocampectomy (SAH)
and vagus nerve stimulator (VNS) were offered to some drug-
resistant patients after they had undergone comprehensive
pre-surgical diagnostics according to the current standards.

Treatment Outcomes
Outcome variables were the seizure or other main symptom
frequencies estimated from patient records such that an over
50% symptom reduction was considered as a good treatment
response; changes in the GAD65 antibody titer levels were also
determined.
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TABLE 1 | Individual patient characteristics, serological and cerebrospinal fluid studies.

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6

Age at onset, years 54 19 20 9 14 16

Sex Female Female Female Female Female Female

Symptom onset 2014/2 2012/7 2014/6 2007/12 2011/3 2014/1

Immunotherapy initiated 2014/5 2013/5 2014/10 2015/3 2012/6 2016/3

Comorbidities Hypothyroidism Migraine Hypothyroidism,

migraine

Hypothyroidism - -

GAD65 ab, serum, IU/ml 52–251 over 2,000 over 2,000 over 2,000 over 2,000 over 2,000

GAD65 ab, CSF Negative Positive Negative Negative Positive Not done

Serum studies, positive TPO, VGKC (low),

B2GP (low)*#£$%′′

All negative¤$#+x All negativeµ#−x&z ICA (5120 IU/ml)*£#
∧ i ANA*#£

∧x& ANA*#
′′c

CSF studies, positive VGKC (low)* All negative¤! All negativeµ All negative* All negative* All negative*

CSF (WBC, protein, IgG-index,

oligoclonal bands)

1, 1443-923, elevated,

no

11-3, normal, elevated,

yes

All normal Normal, normal,

normal, yes

Normal, elevated,

elevated, yes

6, normal, normal,

yes

The individual laboratory studies are indicated with superscripts; only positive results are shown.

ab, antibody; aCL, anticardiolipin ab; ANA, anti-nuclear antibody; ANCA, anti-neutrophil cytoplasmic antibody; AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; B2GP,

Beta-2 Glycoprotein 1 Antibodies; caspr2, contactin-associated protein-like 2; CCP, cyclic citrullinated peptide ab; CSF, cerebrospinal fluid; C, complement; DNA, Deoxyribonucleic acid;

ENA, Extractable nuclear antigen; GABA, gamma-aminobutyric acid; GAD65, Glutamic acid decarboxylase 65-kilodalton isoform; HbA1c, Hemoglobin A1c; HHV, Human herpesvirus;

HIV, Human immunodeficiency virus; HSV-PCR, herpes simplex virus polymerase chain reaction; ICA, islet cell antibodies; LGI1, leucine-rich glioma inactivated 1; mGluR, metabotropic

glutamate receptor; NMDA, N-Methyl-D-aspartate receptor; MPO, myeloperoxidase ab; PR3, anti-proteinase 3; RF, rheumatoid factor; RNP, ribonucleoprotein; SSA, anti-Sjögren’s-

syndrome-related antigen A; SSB, anti-Sjögren’s-syndrome-related antigen B; TPO, thyroid peroxidase; TSH, thyreotropin; TTGA, Tissue transglutaminase ab; VGKC, voltage gated

potassium channel; WBC, white blood cells; *AMPA-1, caspr2, GABA-B, LGI1, mGluR1, mGluR5, NMDA; #ampiphysin, ANA, ANCA, DNA, ENA $borrelia, aCL, B2GP; £CV2, Hu, Ma1,

Ma2, Ri, Sox1, Yo; ¤ NMDA,VGKC, AMPA-1, GABA-B, HHV-6; µNMDA, VGCK; %HIV, 14-3-3; +TTGA; −MPO; ′′TPO; ∧RNP, SSA, SSB; i ICA !HSV-PCR; xC3, C4; &RF; zCCP, HbA1c,

TSH, thyroxine; c, cryoglobulin.

RESULTS

All six patients were female aged 9–54 at symptom onset
(Table 1) and presented with seizure disorders (Table 2). Patients
1–3 displayed a positive response whereas patients 4–6 exhibited
a negative response to immunotherapy; in the former group, the
mean delay from symptom onset to immunotherapy initiation
was only 5.7 months (range= 3–10 months) whereas in the latter
group, it was significantly longer, 66 months (range = 15–87
months) p= 0.0495.

A 54-year-old woman (patient 1; Figure 1A) presented
in the emergency department with a few weeks’ history of
cognitive decline and fluctuating vertigo, aphasia and tremor.
The neurological examination detected a fine tremor in all
limbs and total aphasia. The EEG revealed non-convulsive status
epilepticus (NCSE) without definitive lateralizing or localizing
features and this was treated with intravenous immunoglobulin
(IVIg) and IV AEDs. The NCSE resolved within 24 h. However,
she experienced several relapses whichmostly started with speech
difficulties leading to total aphasia, confusion, anxiety, mild gait
abnormality and tremor. NCSE relapsed three times and of
these two were treated successfully with IVIg. One NCSE was
successfully treated with propofol. Ultimately, the patient was
suffering only a mild speech impairment and gait disturbance at
the end of her immunotherapy cycle. Because of no relapses for
3 years with IVIg, the gradual reduction of dosage and increase
of treatment interval is ongoing. The patient is still on AED
monotherapy.

A 19-year-old woman (patient 2; Figure 1B) was brought to
the emergency department with daily focal impaired awareness

seizures (FIAS) (18, 19) and complaints of memory impairment.
TLE was diagnosed and the patient was almost symptom-free for
6 months with one AED, experiencing only mild aura symptoms
once a month. Her seizure frequency increased and a second
AED was initiated but with no clear response. GAD-epilepsy
was diagnosed during further examinations and her response
to immunotherapy was dramatic, resulting in almost complete
resolution of seizures. A follow-up MRI revealed a novel left
temporomesial signal change and edema correlating with the
EEG findings (Figure 2). In later follow-up MRIs after repeated
immunotherapy, the signal changes had started to resolve and in
due course, disappeared completely. Amild memory impairment
was confirmed in the neuropsychological examination; this did
not respond to immunotherapy. The patient continued to have
only a few FIAS daily. Immunotherapy was eventually terminated
since it did not provide any further reduction in her seizure
activity and the MRI abnormalities had resolved. This caused
neither increase in seizure frequency nor worsening of her
condition. She is still experiencing regular FIAS and is being
treated with four AEDs.

A 20-year-old woman (patient 3; Figure 1C) presented in
the emergency department after focal to bilateral tonic-clonic
seizures (FBTCS). On arrival, she had mild left sided weakness
and aphasia which soon resolved and she was discharged. For
a few weeks before the seizure, she had experienced mild
cognitive symptoms, mainly confusion. Headache, left-sided
weakness and the feelings of confusion relapsed without there
being any seizures. GAD-epilepsy was diagnosed early and
immunotherapy initiated to prevent worsening of the symptoms.
AED was provided mainly for migraine prevention. There
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FIGURE 1 | Individual characteristics of treatment responses and therapies provided in the studied GAD-epilepsy patients are shown. X-axis shows the time-points in

months starting from symptom onset. The blue line displays seizures / no seizures. Dotted lines refer to the interventions. Orange dots are GAD65 antibody levels.

Discontinuation of therapies is shown in parenthesis. 4 wk means 4-week intervals. Patient 1 (A) responded well to early initiation of immunotherapy. With patient 2

(B), there was longer delay before immunotherapy and she continued to experience seizures even after several AED and immunotherapy trials. However, her MRI

pathology resolved. Patient 3 (C) responded well to immunoadsorption with decreasing of GAD65 antibody levels after every trial. Patients 4–6 (D–F) did not respond

to late immunotherapy. In patient 4, a vagus nerve stimulator ultimately reduced seizure levels. In patient 6, AED modification reduced her seizure levels. AED,

antiepileptic drugs; AZM, acetazolamide; AZP, azathioprine; CBZ, carbamazepine; CLB, clobazam; CP, Cyclophosphamide; ECZ, eslicarbazepine; GAD65, Glutamic

acid decarboxylase 65-kilodalton isoform; HCQ, hydroxychloroquine; IA, immunoadsorption; IVIG, intravenous immunoglobulin; LCM, lacosamide; LEV, levetiracetam;

LZP; lorazepam; MMF, mycophenolate mofetil; MP, methylprednisolone; OCZ, oxcarbazepine; PEH, phenytoin; PR, prednisolone; RTX, rituximab; SAH, selective

amygdalohippocampectomy; TPM, topiramate; VNS, vagus nerve stimulation: wk, week; VLP, sodium valproate; ZNS, zonisamide;.

was no clear response to the initial immunotherapies and
they had to be stopped due to adverse effects. The patient
started to suffer anxiety and fear-like emotions after a second
FBTCS. She was provided with secondary immunotherapy
with immunoadsorption (IA) and there was clear resolution
of symptoms and also a lowering of GAD65 antibody levels.
However, she continued to experience focal unaware seizures
(FAS) with mild right sided arm twitching and there was a
return of the high GAD65 antibody titer levels; therefore, IA was
repeated with a good response.

A 9-year-old girl (patient 4; Figure 1D) presented with
nausea, abdominal pain and excessive swallowing and TLE was
diagnosed. She was symptom-free with one AED for 1 year
until she started to have 40 FIAS on a monthly basis. Multiple
AEDs and epilepsy surgery did not reduce her seizure frequency.

High GAD65 antibody levels were detected when performing
an extensive serology panel before VNS implantation 7 years
after symptom onset. Since primary immunotherapy achieved
no effects, secondary immunotherapy with IA and rituximab
was tried but with no symptom relief and no effect on GAD65
antibody levels. Immunotherapy was discontinued and a VNS
implanted, which when combined with two AEDs, achieved an
initial response, i.e., the patient became seizure-free.

A 14-year-old girl (patient 5; Figure 1E) presented with FIAS
and TLE was diagnosed. Brain MRI revealed left hippocampal
sclerosis. Multiple AEDs and epilepsy surgery did not reduce
her seizure frequencies. GAD-epilepsy was diagnosed 15 months
after symptom onset. She received primary immunotherapy but it
offered no benefits. Some years later, IA and rituximab were tried
but these neither eased her symptoms nor reduced her antibody
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FIGURE 2 | (A) The coronal fluid attenuation inversion recovery (FLAIR) magnetic resonance (MRI) -image taken during the acute stage of the illness shows an

abnormally hyperintense and swollen head of the left hippocampus (arrow). (B) Five months later, the finding has mostly resolved, although slight hyperintensity of the

left hippocampal head can still be seen (arrow). (C) In a control image, 3 years and 8 months after the acute stage, the abnormal finding has totally resolved (arrow).

There are no signs of atrophy in the primarily affected area.

levels. She is still experiencing regular FIAS despite therapy with
three AEDs.

A 16-year-old girl (patient 6; Figure 1F) presented with
FBTCS, eczema and joint pain. Despite treatment with two
AEDs, she continued to experience FIAS and high serum GAD65
antibody levels were detected 26 months after symptom onset.
Primary immunotherapy had no effect on seizures and it was
discontinued due to adverse effects. Hydroxychloroquine eased
her joint symptoms and this therapy was continued but she still
experienced FIAS. With AED modification, her seizure levels
declined and thus secondary immunotherapy was not tried.

DISCUSSION

We have described the clinical management of six patients
with GAD-epilepsy. Three patients responded well to early
immunotherapy initiated within 10 months after symptom onset
and one patient’s brain MRI abnormalities resolved after regular
immunotherapy. Immunotherapy achieved no objective benefit
in three patients who already had developed refractory epilepsy.
Instead, AED modification or VNS implantation achieved better
clinical results than immunotherapy in patients in whom the
diagnosis of GAD-epilepsy had been delayed. Epilepsy surgery
was ineffective in these patients.

Even though the biological process is most likely a continuum,
our results suggest that the clinical course of GAD-epilepsy
forms three major stages. In the first stage, reversible acute
immunoactivation causes the first seizure (20). In this stage, the
main focus of management should be placed on immunotherapy
since this can prevent permanent brain tissue damage and
stop the epilepsy from becoming refractory, as was seen with
patients 1 and 3. In the second stage of GAD-epilepsy, there
is already subtle irreversible brain tissue damage (4), which
causes refractory epilepsy (Patient 2). During the second stage,
immunotherapy can still be highly effective as was seen with the
resolution of brain MRI abnormalities in patient 2. However, it
seems that after the resolution of the immunoactivation, the focus
in management should shift to managing the refractory epilepsy.
In the third stage, there has been progressive damage leading to
hippocampal sclerosis and to a more diffuse brain damage and

cognitive symptoms (7). In this stage, immunotherapy seems to
be ineffective and the emphasis should be on the management of
the refractory epilepsy.

All of the evidence surrounding the management of GAD-
epilepsy has been based on small case reports and the treatment
results have been variable (15). The patients in our study
largely resemble previous study populations with a female
sex predominance and young age. In patients with diabetes,
GAD65 antibody titer levels of over 200 IU/ml are considered
high (21). In GAD-epilepsy, both high and very high (over
1,000 IU/ml) GAD65 antibody titer levels have been detected
(2) which is in accordance with the findings in our patients.
CSF was abnormal in all but one of our patients. Especially
patients 2 and 5 showed significant immunoactivation in
the CSF. Malignancy is rarely associated with GAD-epilepsy
(15) as was also shown in our data. Many GAD65 antibody
positive patients harbor other autoantibodies indicative of
polyautoimmunity (22). Accordingly, two of our patients had
ANA and one harbored TPO-antibodies. GAD-epilepsy patients
can also develop diabetes or other neurological GAD65 antibody
associated syndromes (3) although this was not observed in our
patients. Even in non-diabetic patients, the GAD65 antibody
positivity is strongly associated with thyroid disease (23) which
was also present in 50% of our patients. Patient 1 had low titer
antibodies against the VGKC complex but tested negative for
Caspr2 and LGI1. This finding is of uncertain clinical value (24).
In our previous study, we did not detect the presence of VGKC
antibodies in GAD-epilepsy patients (25).

In most case reports, IVIg and MP are the standard first line
immunotherapies administered (11, 15, 26) in GAD-epilepsy as
was the case with our patients. Some patients have benefited
also from plasma exchange (PLEX) (26, 27). The effects of
IVIg and immunoadsorption have been usually unsatisfactory.
However, in many of these studies, there has been a long
delay from symptom onset to treatment (11, 26). We used
immunoadsorption successfully in patient 3. CSF-filtration has
also been tried, however with a long delay from symptom onset
(11). Second line therapy usually includes cyclophosphamide and
rituximab (11, 26). We administered rituximab as second line
therapy but not cyclophosphamide in view of its adverse effects in
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young female patients. Other immunosuppressive agents such as
azathioprine and mycophenolate mofetil (MMF) have often been
tried (11) with varying results, as also in our patients. Moreover,
natalizumab has been tried to block T-cell entry into the CNS
(11). In one case report, GAD-epilepsy was successfully managed
with basiliximab (28); this was attributed to a reduction in the
numbers of activated T-cells via interleukin-2 receptor blockade.
Rituximab has an indirect inhibiting effect on pathogenic T-cells
(29) which could in part explain its effect as the pathology of
GAD-epilepsy seems to be mediated by cytotoxic T cells (4).

It is generally accepted that immunotherapy in GAD-epilepsy
should be initiated as soon as possible (15), however there is no
clear evidence defining when immunotherapy will no longer be
effective. In many previous studies, there has been a long delay
to diagnosis and immunotherapy initiation. For example, when
there was a 4.5 (±0.4) year delay in immunotherapy, only every
fifth patient showed any improvement (26). Furthermore, when
the median disease duration was 18 months, it was reported that
treatment results were poor (11).

Our results suggest that one obtains optimal results when
immunotherapy is initiated during the early stages of acute
immunoactivation when no brain MRI changes are yet visible as
was seen with patients 1 and 3. In some case reports it has been
shown similarly that early initiation of immunotherapy provides
complete seizure freedom (30). Thus, there is convincing
evidence that early immunotherapy can be effective in the first
stage of GAD-epilepsy.

In the second stage of GAD-epilepsy, there is already
irreversible brain tissue damage causing refractory epilepsy as
was observed in patient 2 and in many previous case series which
have demonstrated a poor treatment response to immunotherapy
(11). However, we could show that the already developed
brain MRI abnormalities could be resolved after regular
immunotherapy. In some case reports, immunotherapy has also
achieved a similar resolution of the MRI abnormalities (16, 31).
There is one case report describing the empirical initiation of
MP, IVIg, plasmapheresis, rituximab and cyclophosphamide in
refractory status epilepticus which later proved to be GAD-
epilepsy (16). After 1 month, that patient was almost symptom-
free with only occasional breakthrough seizures with regular
rituximab infusions and 5 AEDs with resolution of the MRI
abnormalities (16). This evidence is suggesting that even during
the second stage of GAD-epilepsy, immunotherapy can reverse
brain tissue damage and possibly prevent a more severe clinical
course of GAD-epilepsy. However, in this stage, the management
of GAD-epilepsy shifts from immunotherapy to managing the
refractory epilepsy.

In third stage of GAD-epilepsy, there already has occurred
permanent progressive damage, possibly hippocampal sclerosis
and permanent cognitive symptoms. One of our patients with late
GAD-epilepsy diagnosis had developed hippocampal sclerosis, as
has often been shown before (6) as the cytotoxic process seems
to initially involve limbic areas (4). Moreover, widespread white
matter changes have been detected inGAD-LE (7) suggesting that
there is also a more widespread pathology. Late immunotherapy
in refractory GAD-epilepsy had little effect, which is in line
with previous evidence (26). However, there is one case report

which claimed that PLEX exerted a clear effect 7 years after
symptom onset even though MP and IVIg had no effect (27)
and in one study, basiliximab showed temporal resolution of
seizures also 7 years after diagnosis (28). For these reasons,
immunotherapy should be tried at least shortly, even in late
GAD-epilepsy diagnosis.

AED selection in GAD-epilepsy is undertaken according to
the normal clinically accepted principles in attempts to achieve
maximum seizure control and tolerability (15). Only a few GAD-
epilepsy patients become seizure-free exclusively with AEDs
(32). AEDs also have immunomodulatory effects which could
in part explain their effect on the autoimmune epilepsies (32).
All but one of our patients required multiple AEDs. However,
after the symptoms were controlled with immunotherapy, some
AEDs could be discontinued. Moreover, we recommend that
when immunotherapy is no longer effective, it is advisable to
concentrate on the management of epilepsy. One of our patients
responded well to VNS which has not been shown previously
in GAD-epilepsy patients. Epilepsy surgery was performed on
two of our patients but it exerted no clear effect on seizure
levels and this resembles the situation in other GAD-epilepsy
patients (6). The better response to VNS than to epilepsy surgery
might be because of the diffuse pathology in GAD-epilepsy (7).
In all three of our refractory patients, however, the epileptic
focus was eventually bilateral, pointing to an insidious continuing
cytotoxic process. It seems that early immunotherapy can halt the
destructive process and epilepsy surgery could be avoided.

A clear limitation of our study is the low number of patients
and the retrospective nature of the study design. However, GAD-
epilepsy is a rare entity and large patient materials are difficult
to obtain. Moreover, our patients showed varying symptoms.
Previously only GAD-TLE or GAD-LE patients have been
studied. In this study, we combined GAD-epilepsy patients with
different presentations and also the diagnoses had been made
with varying delays. However, this also shows that GAD-epilepsy
should be suspected in many different clinical scenarios and we
have provided new evidence on the timing of the treatments.

In conclusion, these results highlight the importance of
early detection of GAD65 antibodies in refractory epilepsy as
immunotherapy can be effective during the early stages of the
disease and it can possibly prevent the development of permanent
brain tissue damage.
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Background: The differential diagnosis of autoimmune and infectious encephalitis is

notoriously difficult. For this study, we compare the presenting clinical symptoms and

paraclinical test results of autoimmune and infectious encephalitis patients. A clinical

algorithm for the diagnosis of autoimmune encephalitis has recently been published. We

test these Graus criteria on our cohort for diagnostic sensitivity and specificity within the

first week of presentation.

Methods: We included all patients seen at our department within a 10-year-period who

were diagnosed with encephalitis. The discharge diagnoses served as the reference

standard for testing the clinical algorithm for two conditions: use of all the clinical

information available on a patient during the first week of hospital admission assuming

undefined autoantibody status and microbiological test results (C1) vs. consideration

of all the information available on a patient, including the results of serological and

microbiological testing (C2).

Results: Eighty-four patients (33 autoimmune, 51 infectious encephalitis) were included

in the study. Fifty-one (17 autoimmune, 34 infectious) had a definite clinical diagnosis. The

two groups differed significantly for the presence of headache, fever, epileptic seizures,

and CSF cell-count at presentation. Application of the clinical algorithm resulted in a low

sensitivity (58%) and very low specificity (8%) for the diagnosis of possible autoimmune

encephalitis. The latter increased considerably in the subgroups of probable and definite

autoimmune encephalitis. Whereas the sensitivity of the individual diagnostic categories

was clearly time-dependent, the specificity rested foremost on the knowledge of the

results of microbiological testing. Anti-CASPR2- and -LGI1-associated autoimmune

encephalitis and tick-borne virus encephalitis presented particular diagnostic pitfalls.

Conclusions: We define clinical symptoms and paraclinical test results which

prove valuable for the differentiation between infectious and autoimmune encephalitis.

Sensitivity and specificity of the clinical algorithm clearly depended on the amount of time
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passed after hospital admission and knowledge of microbiological test results. Accepting

this limitation for the acute setting, the algorithm remains a valuable diagnostic aid for

antibody-negative autoimmune encephalitis or in resource-poor settings. The initiation of

immune therapy however should not be delayed if an autoimmune etiology is considered

likely, even if the diagnostic criteria of the algorithm are not (yet) fulfilled.

Keywords: encephalitis, autoimmune disease, limbic encephalitis, neuroinfectiology, neuroimmunology

INTRODUCTION

Encephalitis is an inflammatory process affecting the cerebral
parenchyma. It is associated with considerable morbidity and
mortality, causing focal neurological deficits, cognitive and

neuropsychiatric defects, and epilepsy (1–6). The etiology can
be infectious (most often viral) or autoimmune. This field has
been a very dynamic one during the last decade due to the
rapidly expanding spectrum of antibodies causing autoimmune
encephalitis [AE; (7)] as well as to the discovery of new

infectious agents or redistribution of the geographic range
of known pathogens (8). The diagnosis of AE is frequently
difficult as the paraclinical testing is often unremarkable: the

rate of false negative magnetic resonance imaging (MRI) and
cerebrospinal fluid (CSF) analysis is particularly high in the
elderly with antibodies against CASPR2 and LGI1 (9). An
abnormal MRI has been described in only 30% of patients
with anti-NMDA-receptor-encephalitis (NMDARE) and with

CASPR2-associated AE, an abnormal CSF in 20–40% of AE
patients with CASPR2- and LGI1-antibodies (10). Furthermore,
about 50% of all AE patients are antibody-negative (11).
But unremarkable cerebral imaging and CSF analysis may
also occur in infectious encephalitis (IE), particularly in the
immunocompromised (12, 13). Despite of advanced molecular
and serological diagnostic techniques, the causative pathogen
cannot be detected in up to 60% (14). Hence, the etiology
of encephalitis remains unresolved in ∼50% of all cases
(15, 16).

This poses a significant dilemma as AE and IE require opposite
therapeutic strategies and the early institution of therapy is
associated with a more favorable outcome (17–21). In a position

paper published in 2016, Graus et al. acknowledge the importance
of enabling the clinician to define an early diagnosis and ground
it on clinical symptoms at the time of presentation and standard

paraclinical tests that are readily available (22). The authors
developed an algorithm allowing for a diagnosis of probable or
even definite AE solely on the grounds of clinical presentation,
MRI, CSF analysis, and EEG. The aim of this paper is to test
the sensitivity and specificity of this algorithm on our cohort of
encephalitis patients. In particular, we aim to elucidate whether it
is helpful in distinguishing AE and IE during the early stage (i.e.,
first week) of hospital admission.We also compare the prevalence
of individual presenting symptoms and results of paraclinical
tests between the two etiological groups so as to define additional
markers distinguishing between them early in the course of the
disease.

METHODS

Patients
We included all patients seen at our department from
2007 to 2017 who were diagnosed with a recognized sero-
clinical encephalitic syndrome (such as brachiofacial dystonic
seizures with detection of LGI1-antibodies) or fulfilled the
criteria of the Consensus Statement of the International
Encephalitis Consortium (23) for possible, probable or confirmed
encephalitis:

• Major Criterion (required):

Patients presenting to medical attention with altered mental
status (defined as decreased or altered level of consciousness,
lethargy or personality change) lasting ≥24 h with no alternative
cause identified.

• Minor Criteria (2 required for possible encephalitis; ≥3
required for probable or confirmed encephalitis):

- Documented fever ≥38◦C (100.4◦F) within the 72 h before
or after presentation

- Generalized or partial seizures not fully attributable to a
preexisting seizure disorder

- New onset of focal neurologic findings
- CSF WBC count≥5/cubic mm
- Abnormality of brain parenchyma on neuroimaging
suggestive of encephalitis that is either new from prior
studies or appears acute in onset

- Abnormality on electroencephalography that is consistent
with encephalitis and not attributable to another cause

All patient records at our department were reviewed by an
experienced neurologist (JW). The relevant information was
extracted from our electronic clinical information system.
Patients were included in the study if they had

a) The diagnosis of definitec IE or AE: defined by detection
of the causative pathogen/ antibody in a patient with an
appropriate clinical picture OR

b) The diagnosis of a probablec infectious or autoimmune
encephalitis: defined by a typical clinical course—i.e.,
monophasic <4 weeks ± prodromal symptoms in infectious
and polyphasic/undulating/monophasic >4 weeks in
autoimmune encephalitis and/or a clear response to either
antimicrobial or immunosuppressive therapeutic agents

Qualifiers such as “probable,” “possible,” “definite” are specified
with a superscript “c” if they refer to the clinical criteria
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delineated above and with “a” if they refer to the algorithm by
Graus et al.

Patients were excluded if they had a purulent
encephalomeningitis, if the diagnosis did not meet the level
of certainty specified above or if the diagnosis made after
reviewing the entirety of a patient’s records differed from the
initial diagnosis at discharge.

All analyses were performed separately on the group of
patients with a definitec diagnosis as well as on the entire
cohort (probablec + definitec). Unless otherwise specified, results
pertain to the former group.

Study Definitions
The confirmed discharge diagnosis was used as the reference
against which the clinical algorithm was tested. We defined two
conditions:

- Condition C1: the clinical information available on a patient
during week 1 of his or her hospital admission was
considered; their autoantibody status and the results of specific
microbiological tests were assumed to be unknown

- Condition C2: all the information available on a patient
was considered, including the results of serological and
microbiological testing

T0 was defined as the time of onset of symptoms as reported by
the patient or his family. T1 was the time of admission to our
hospital. In case the patient was transferred from another hospital
and all the information was available to us, we would consider T1
to refer to the external admission.

Diagnostics
Autoantibody testing was performed using immunofluorescence
and line blotting for intracellular antibodies and
immunofluorescence on commercially available cell-based assays
for extracellular antibodies. Immunofluorescence was carried out
on EUROIMMUN tissue biochips for paraneoplastic neuronal
antibodies and EUROIMMUN biochips with transfected cells
for antibodies against neuronal receptors. Antibodies against
intracellular antigens were also tested with EUROIMMUN line
blot. For Ganglioside IgG- and IgM-antibodies detection the
“Buhlmann GanglioCombi” enzyme-linked immunosorbent
assay was used. Standard laboratory procedures were followed
according to the manufacturer’s instructions. The assays were
evaluated by experienced neuropathologists. The diagnostic
panels represented the standard selection of antigens described
at the respective points in time (for details see Supplementary
Table 1). Currently, immunological testing comprises antibodies
against Hu, Yo, Ri, PNMA2 (Ma2/ta), CV2, amphiphysin, PCA2,
TR, SOX1, Zic4, Recoverin, GAD, Myelin, Titin, MAG, GM1,
GM2, GD1a, GD1b, GQ1b, and anti-glial nuclear antibodies as
well as NMDAR-/CASPR2-/GABA B-/LGI1-/AMPA-GluR1/2-
and DPPX-antibodies. Antibody screening was performed in all
patients discharged with the diagnosis of AE and in 11 patients
with the final diagnosis of IE. Standard microbiological screening
comprised PCR and/or serology for herpes simplex virus type
1 and 2 (HSV1, HSV2), cytomegalovirus (CMV), varicella
zoster virus (VZV), Epstein-Barr virus (EBV), tick-borne

encephalitis virus (TBEV), borrelia and cultures for bacteria
and mycobacteria (CSF and serum). It was performed in all IE
cases and in all but two patients with a diagnosis of AE. Further
microbiological testing was guided by clinical judgement. MRI,
EEG and CSF analyses were performed according to standard
protocols.

Statistical Analysis
Excel andMedCalc statistical software were used for evaluation of
patient data. We calculated absolute frequencies and percentages
for categorical variables and themedian and range for continuous
variables. Sensitivity, specificity, positive predictive value (PPV),
and negative predictive value (NPV) were calculated for different
categories defined by Graus et al. using our confirmed discharge
diagnoses as a reference standard. For further sensitivity and
specificity analyses, a receiver operating characteristic (ROC)
curve analysis was performed. Groups were compared using the
Chi-Square- and Mann–Whitney-U-Test. Statistical significance
was assumed for p < 0.05.

The study was approved by the ethics committee of Upper
Austria.

RESULTS

Eighty-four (44 male) patients seen in our department between
January 2007 and December 2017 fulfilled the inclusion criteria.
In 71 patients the discharge diagnosis was made before the
publication of the diagnostic algorithm by Graus et al. making
a bias unlikely. Thirty-three were diagnosed with autoimmune
encephalitis (17 definitec AE), 51 with infectious encephalitis
(34 definitec IE). Diagnoses in antibody negative AE included
parainfectious AE/ADEM (3), Bickerstaff encephalitis (2), and
seronegative limbic/autoimmune encephalitis (11).

Epidemiological and Clinical Data for the
Entire (Probablec + Definitec) Cohort
Median age was 58 years (AE; range 13–87) and 57 years (IE;
range 14–83), respectively. Median time lapse between T0 and
T1 was 5 days (range 1–270) for AE and 3 days (range 1–100)
for IE, median time to last follow-up defined as lapse between
T1 and the last time the patient was seen at our department for
any reason was 427 (range 5–2,364) for AE and 44 days (range 3–
2,510) for IE. Eight (AE) and 2 (IE) patients were diagnosed with
neoplastic disease: 1 patient each with Non-Hodgkin Lymphoma
and chronic lymphatic leukemia in IE and cancer of unknown
primary (2 patients), ovarial teratoma (2 patients), pulmonary
adenocarcinoma (1 patient), pulmonary neuroendocrine tumor
(1 patient), mesothelioma (1 patient), and prostate carcinoma (1
patient) in AE. A subset of our AE patients have been described
before (24, 25).

Epidemiological and Clinical Data for the
Definitec Cohort
This cohort included 51 patients (34 IE; 26 male). Median age
was 57 years (AE; range 13–73) and 61 years (IE; range 16–
77), respectively. Median time lapse between T0 and T1 was 10
days (range 1–270) for AE and 4 days (range 1–100) for IE,
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median time to last follow-up defined as lapse between T1 and
the last time the patient was seen at our department for any
reason was 920 (range 46–2,364) for AE and 58 days (range
3–2,510) for IE. Baseline characteristics of the two diagnostic
groups are summarized in Table 1, the microorganisms and
autoantibodies detected in those patients with definite IE/AE are
listed in Tables 2A,B.

Signs and Symptoms (Condition C1;
Definitec)
The majority of patients with IE presented with fever (94%),
headache (56%), quantitative alterations of consciousness (56%),
and psychiatric symptoms (including personality changes and
psychomotor retardation; 82%). Speech disorders (24%), focal
neurological deficits (29%), and epileptic seizures (21%) were
frequently encountered as well. Focal neurological signs in IE
comprised central paresis (4 patients), cerebellar symptoms (3
patients), cranial nerve palsies (4 patients) and oculomotor
system disturbances (3 patients; some patients displayed two or
more focal neurological symptoms).

In AE, headache, fever, alterations of consciousness and
psychiatric symptoms were significantly less prevalent at
presentation (0, 12, 12, and 47%, respectively). Epileptic seizures
were frequently encountered (88%), rendering them the most
common presenting symptom in AE. Signs and symptoms in IE
and AE are summarized in Table 3.

Diagnostic Tests (Condition C1; Definitec)
All patients were investigated by cranial MRI and CSF
examination, and 17/17 (AE) and 27/34 (IE) by EEG at least once
during the hospital stay. Comparison of the results of paraclinical
testing performed during the first week after hospital admittance
revealed that increased CSF cell count was significantly more
common in IE patients. On further analysis of those patients
who had CSF pleocytosis (i.e., 5 or more cells/µl), the IE group
displayed a significantly higher median of CSF total cells. At a
criterion value of≤36 cells/µl—chosen by ROC curve analysis to
maximize the Youden’s index—the sensitivity of diagnosis of AE
was 75%, the specificity 87.5%. The rate of positive oligoclonal
bands and intrathecal immunoglobulin synthesis did not differ
significantly between AE and IE patients, neither did the number
of patients with pathological results on cranial MRI and EEG
(regional and general slowing as well as epileptic discharges
were considered pathological). The most common location of
supratentorial (sub)cortical MRI changes in AE patients were
the mesial temporal lobes (5/17 patients), whereas extratemporal
T2-alterations in IE patients were more frequent (7/34 patients)
than mesio-temporal lesions (6/34 patients). Lesions in IE were

predominantly localized in the thalamus and brain stem and
most often found in tick-borne encephalitis. The results of the
diagnostic tests are summarized in Tables 4, 5.

Signs, Symptoms, and Diagnostic Tests in
the (Probablec + Definitec) Cohort
All evaluations delineated above were performed in the
(probablec + definitec) cohort as well. The main difference to the
analysis of the definitec cohort alone pertains to the frequency
of cognitive symptoms and alterations of consciousness as
presenting symptoms in AE vs. IE. The preponderance of patients
presenting with cognitive symptoms in the entire AE cohort
became significant at p= 0.03, whereas the difference concerning
alteration of consciousness lost significance. Otherwise, all trends
remained the same.

Diagnostic Algorithm (Condition C1) –
(Probablec + Definitec) Cohort
Among 33 AE patients (17 definitec AE/16 probablec AE),
19 fulfilled the criteria for possiblea AE according to Graus
et al., 12 patients in whom well characterized autoantibodies

TABLE 2A | Antibodies detected in patients with definitec AE.

Antibody n

NMDAR 5

LGI1 4

CASPR2 3

Ma2 2

Ri 1

GabaB 1

SOX1* 1

Amphiphysin* 1

The antibodies marked with an asterisk were found in the same patient.

TABLE 2B | Microorganisms detected in patients with definitec IE.

Microorganism n

Tick-borne encephalitis virus 25

Herpes simplex virus type 1 5

Ebstein-Barr virus 2

Tropheryma whippelii 1

Varicella zoster virus 1

TABLE 1 | Characteristics of patients (definitec ) contained in the two diagnostic groups of autoimmune (AE) and infectious (IE) encephalitis.

Diagnostic group Total (male) Age (median, range) Days T0 to T1 (median, range) Days—follow-up (median, range) Tumor n (%)

Autoimmune encephalitis 17 (9) 57 (13;73) 10 (1;270) 920 (46;2364) 6 (35)

Infectious encephalitis 34 (17) 61 (17;77) 4 (1;100) 58 (3;2510) 0 (0)

T0 specifies the time of symptom onset, T1 the time of hospital admission.
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TABLE 3 | Clinical symptoms of definitec AE and IE patients during week 1 of hospital admission.

Diagnostic

group

Headache

n (%)

Fever n

(%)

Psychiatric

symptoms

n (%)

Cognitive

symptomes

n (%)

Alteration of

consciousness

n (%)

Movement

disorders

n (%)

Speech

disorders

n (%)

Autonomic

dysfunction

n (%)

Focal

signs n

(%)

Epileptic

seizures n

(%)

Autoimmune

encephalitis

0 (0) 2 (12) 8 (47) 6 (35) 2 (12) 2 (12) 1 (6) 4 (24) 5 (29) 15 (88)

Infectious

encephalitis

19 (56) 32 (94) 28 (82) 5 (15) 19 (56) 2 (6) 8 (24) 7 (21) 10 (29) 7 (21)

p-value 0.0001 <0.0001 0.01 0.003 <0.0001

Symptoms differing significantly between the two diagnostic groups are shaded in gray. P-values of these comparisons are given at the bottom of the table.

TABLE 4 | Results of paraclinical tests of definitec AE and IE patients during week 1 of hospital admission.

Diagnostic group Pleocytosis

n (%)

Total CSF cell count per

µl (median; range)

OCB positive and/or

i.th. IgG-synthesis (%)

Pathology in

EEG n (%)

Pathology

on MRI n (%)

Autoimmune encephalitis 8 (47) 33 (5; 200) 35 14 (82) 8 (47)

Infectious encephalitis 32 (94) 86 (7; 705) 35 23 (68) 17 (50)

p-value 0.0001 0.005

Results differing significantly between the two diagnostic groups are shaded in gray. P-values of these comparisons are given at the bottom of the table. For total CSF cell count, only

those patients showing a pleocytosis (i.e., ≥ 5 cells/µl) were considered.

TABLE 5 | Localization of hyperintense lesions on T2-/FLAIR-weighted MRI

performed within 1 week of hospital admission for definitec AE and IE patients.

MRI changes (FLAIR) Infectious

encephalitis

Autoimmune

encephalitis

Supratentorial extra-temporal 7 3

Latero-temporal 2 0

Mesio-temporal 6 5

Basal ganglia except thalamus 2 1

Thalamus 8 0

Cerebellum 0 0

Brain stem 7 0

Multiple entries per patient possible.

were detected did not enter the algorithm at this point, either
because they did not meet the time criterium (i.e., progression
of symptoms of <3 months) or the main clinical criterium
(i.e., presentation with working memory deficits, altered mental
status, or psychiatric symptoms). Three patients in this group had
CASPR2-antibodies, four patients had LGI1-antibodies, and one
patient each had Ma2-/Ri-/GabaB-/NMDAR- and a combination
of SOX1- and amphiphysin-antibodies. They either presented
with subtle cognitive deficits or personality changes after several
months of symptom progression or reported seizures—rather
than mental deficits—as the presenting feature. The clinical
features of these 12 patients are summarized in Table 6.

Three of the remaining 19 AE patients qualified for the
category definitea autoimmune limbic encephalitis due to quasi-
pathognomonic bilateral, strictly mesial changes of the temporal
lobe on T2-/FLAIR (fluid-attenuated inversion recovery)-
weighted MRI or bilateral, mesio-temporal hypermetabolism on

FDG-PET as an alternative imaging criterium approveded by
Graus et al. for the diagnosis of definitea limbic encephalitis.

All three cases (3 females, age 29–61 years) were autoantibody-

negative.
One patient with the clinical diagnosis of ADEM fell into

the probablea autoimmune category as the definite diagnosis
of ADEM according to the algorithm would have required the

absence of new clinical or MRI findings 3 months after symptom
onset. Hence, this diagnosis cannot be made during the first week

by definition.
3 patients fulfilled the criteria of clinical NMDARE,

therefore being considered probablea autoimmune. In one
of these NMDAR-antibodies could be detected, the other

two patients were finally considered as autoantibody-negative
AE (both tested negative for NMDAR-antibodies on 1 and

5 occasions, respectively). Four oligosymptomatic NMDAR-

antibody-positive patients did not exhibit the minimum
number of major symptom groups during the first week of

hospital admission and therefore remained in the possiblea AE
category.

Two patients diagnosed with probable Bickerstaff encephalitis

did not enter the algorithm as they failed the clinical criteria
of possiblea AE due to lack of cognitive, mental or psychiatric

symptoms. They exclusively presented with ataxia and central
oculomotor symptoms. GM1, GD1b and GD1a antibodies—but
no GQ1b antibodies—were detected in both patients’ serum.

The categories “cell-surface/onconeuronal antibodies” and
“thyroid antibodies” were not considered at this point as per
study design. Finally, two patients with the clinical diagnosis
of antibody-negative AE actually fulfilled the corresponding
criteria of the algorithm, leaving a total of 10 AE patients in the
“reconsider diagnosis” category.
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Almost all IE patients (92%) qualified for the diagnosis of
possiblea AE under the premise that the results of microbiological
testing were unknown. Four fulfilled the criteria for “clinical
NMDARE—probablea AE” and 13 for “antibody-negative AE.”

Our analysis resulted in a sensitivity of 58% and a specificity
of 8% for the “possiblea AE” category during the first week
of admission under the assumption of ignorance of the
autoantibody status/ microbiological test results, corresponding
to a PPV of 29% and a NPV of 22%. The category “clinical
NMDARE—probablea AE” resulted in a sensitivity of 20% and
a specificity of 92% (PPV = 14%, NPV = 95%), the category
“definitea limbic AE” in a sensitivity of 13% and a specificity
of 100% (the 23 AE patients not diagnosed with parainfectious
encephalitis/ADEM, NMDARE or Bickerstaff encephalitis were
considered as limbic encephalitis). In total, 9 (1/8) of all AE
patients were diagnosed as probablea or definitea AE under
condition C1, corresponding to a sensitivity of 27%.

Diagnostic Algorithm (Condition C1) –
Definitec Cohort
Among 17 definitec AE, 5 fulfilled the criteria for possiblea AE
according to Graus et al., 1 patient fulfilled the criteria of clinical
NMDARE, therefore being considered probablea autoimmune.
None of the remaining patients fulfilled the criteria of antibody-
negative AE.

Almost all IE patients (94%) qualified for the diagnosis
of possiblea AE under the premise that the results of
microbiological testing were unknown. Three fulfilled the criteria
for “clinical NMDARE—probablea AE.” They were diagnosed
with HSV1 encephalitis (2 patients) and TBE (1 patient). Ten
patients fulfilled the criteria for “antibody-negative AE” (HSV1
encephalitis in 2 patients, TBE in 8 patients).

The subanalysis of the definitec group of patients only
rendered a sensitivity of 29% and a specificity of 6% for the
“possiblea AE” category during the first week of admission
under the assumption of ignorance of the autoantibody status/
microbiological test results, corresponding to a PPV of 14% and
a NPV of 14%. The category “clinical NMDARE - probablea AE”
resulted in a sensitivity of 20% and a specificity of 91% (PPV =

25%, NPV = 91%). In total, 1 of all definitec AE patients was
diagnosed as probablea AE under condition C1, corresponding
to a sensitivity of 6%.

Diagnostic Algorithm (Condition C2) –
(Probablec + Definitec) Cohort
Permitting all clinical information obtained for each patient—
including test results from autoantibody and microbiological
testing—to be taken into consideration, 36 IE patients were
excluded from the algorithm by the “reasonable exclusion of
alternative causes” criterium. Hence, the specificity of “possiblea

AE” increased to 71%. The sensitivity of this criterion changed
only marginally (58–61%), whereas the sensitivity for the
diagnosis of all probablea or definitea AE increased from 27 to
45% and for “clinical NMDARE - probablea AE” from 20 to
80%. The latter increase was due to three NMDARE patients
developing one or more major symptoms after 3, 4, and 6 weeks.

One NMDARE patient did not meet the “possiblea AE” criteria
due to lack of mental/psychiatric symptoms and would therefore
not have been considered in the NMDARE category when strictly
following the algorithm in a successive fashion. The NMDARE
diagnostic panel applied in isolation would have resulted in a
sensitivity of 100% under condition C2. For a graphic illustration
of the application of the clinical algorithm see Figures 1, 2.

Diagnostic Algorithm (Condition C2) –
Definitec Cohort
With all clinical information taken into consideration, all 34
definitec IE patients were excluded from the algorithm by the
“reasonable exclusion of alternative causes” criterium. Hence, the
specificity of “possiblea AE” increased to 76%. The sensitivity of
this criterion was 35%. All 6 patients diagnosed as possiblea AE
went on to be diagnosed as probablea or definitea AE due to their
positive antibody status. The sensitivity for “clinical NMDARE -
probablea AE” remained at 80%.

DISCUSSION

The differential diagnosis of IE and AE is notoriously difficult,
particularly at an early stage after symptom onset. Hence, the
first aim of our analysis was to define a subset of presenting
symptoms and paraclinical test results in order to facilitate
distinguishing between these two entities. We found that they
differed significantly in respect to epileptic seizures, fever,
headache, psychiatric symptoms, alteration of consciousness, and
CSF pleocytosis during the first week of hospital admission.

In concordance with our results, previous studies found
seizures to be less frequent in IE than in AE individuals (13,
26, 27). Fever and headache have been reported to occur more
often in IE patients (13). Another study showed mixed results
though, with fever being less common in AE individuals than
in patients with HSV1 encephalitis, but slightly more frequent
than in patients with VZV encephalitis (27). The same group
reported headache to be slightly more common in AE than in
HSV1 encephalitis, but less frequent than in VZV encephalitis.
These inconsistencies between different studies and our results
are most likely due to the heterogeneity of the pathogenic agents
included in the analyses. They may also result from our focus on
the symptoms at the time of a patient’s initial presentation rather
than on all symptoms during the entire course of the disease.

Whereas alterations of consciousness are common to both
IE and AE patients (13, 26), these former studies revealed a
higher incidence of psychiatric symptoms in AE, seemingly
contradicting our results. This is most likely due to our wide
definition of psychiatric symptoms, including psychomotor
slowing and lethargy. Previous reports have shown the latter to
be frequent symptoms in AE as well as in IE (27).

As to the paraclinical tests, previous publications support our
claim that CSF pleocytosis is less frequent and milder in AE
than in IE. Comparing a cohort of NMDARE with IE patients,
Gable et al. reported a higher median cell count in those with
IE for most infectious pathogens with the exception of rabies
(13, 26). Their findings as to the prevalence of MRI changes in
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FIGURE 1 | Flow chart of AE patients following the clinical algorithm suggested by Graus et al. (22). Framed figures adhere to the following sequence: all AE

patients/definitec AE patients/probablec AE patients (condition C1). Where applicable, the last box (shaded in gray) provides the respective figure for all AE patients

under condition C2. *11 antibody-positive patients are included in this number. They would eventually have been diagnosed with AE based on antibody-status.

However, as antibody-status does not feature in the “possible AE” criteria, they were excluded at this point.

AE patients (46%) closely resemble our results as well (13). The
rate of MRI pathologies in IE reported by this group ranges from
40 to 100%, dependent on the specific pathogen. The majority of

their patients displayed some form of EEG pathology (AE and
IE), again confirming our findings. The relatively low percentage
of oligoclonal bands/intrathecal immunoglobulin synthesis in
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FIGURE 2 | Flow chart of IE patients following the clinical algorithm suggested

by Graus et al. (22). Framed figures adhere to the following sequence: all IE

patients/definitec IE patients/probablec IE patients (condition C1). Where

applicable, the last box (shaded in gray) provides the respective figure for all IE

patients under condition C2.

our cohort is most likely due to us reporting the CSF analysis
performed during the first week of admission, when intrathecal
immunoglobulin production may not yet have started.

The next step of our approach was to apply the Graus
algorithm to encephalitis patients under the condition C1. We
tested the definitec patients alone as well as the (probablec

+ definitec) patients to obtain both the best scientific rigor
possible as well as the conclusions drawn from a larger and more
heterogeneous cohort, including clinical pictures considered in
the algorithm that frequently (ADEM in the adult) or always
(antibody-negative encephalitis) lack definite confirmation by
immunological testing. Both sensitivity and specificity were
low or very low for the diagnosis of “possiblea AE,” “clinical
NMDARE - probablea AE,” and AE of all levels of diagnostic
confidence for both the definitec and the (probablec + definitec)
cohort. The respective sensitivity increased under the condition
C2, particularly so for “clinical NMDARE - probablea AE.” The
same is true for the specificity, mainly due to the exclusion of IE
cases with positive microbiological testing in the first step of the
algorithm.

In an approach similar to ours, the algorithm was evaluated
by a Chinese group on 95 patients, 64 of whom had AE (28).
The remaining 31 cases included viral encephalitis (14 cases),
purulent encephalitis (2), tuberculous meningoencephalitis (2),
CNS tumor (3), and epileptic disorders (10). Their selection
with a ratio of only 45% viral IE is most likely partially
responsible for their much higher specificity of the “possiblea

AE” diagnosis (83% at days 0–14 of admission, increasing to 92%
afterwards), as viral encephalitis seems to be the most difficult
to be distinguished from AE compared to encephalopathies of
other origin. The overall sensitivity reported by Li et al. for
possiblea AE was higher (84%) than the one we calculated in
our entire collective either under condition C1 or C2. This
is probably due to a higher ratio of NMDARE cases (61% of
all AE) in their collective, for which the algorithm seems to
have a particularly high sensitivity (29). Notably, the sensitivity
reported by Li et al. for possiblea AE, definitea limbic AE,
and probablea NMDARE for the time period of up to 14 days
after admission very closely resembles our data for condition
C1 in the entire patient group: 60 vs. 58% (possiblea AE),
10 vs. 13% (definitea limbic AE), and 16 vs. 20% (probablea

NMDARE).
In an Australian cohort of 29 children with NMDARE,

the authors found a time-dependent sensitivity of the Graus
diagnostic criteria for “clinical NMDARE - probablea AE” of
24% after 1 week of symptoms, rising to 90% when the entire
time of inpatient hospital admission was taken into account (29).
The median time to fulfilling the diagnostic criteria was 2 weeks.
Three children with IE (enterovirus, mycoplasma) fulfilled the
criteria as well, again demonstrating the difficulties in delimiting
AE from non-granulocytic IE.

Both studies and our own data confirm that the sensitivity
of the clinical algorithm for the diagnosis of AE is clearly
time-dependent, restricting its usefulness in the acute setting.
However, it remains a valuable diagnostic aid for antibody-
negative AE or in resource-poor settings, where access to
advanced serological diagnostics is limited. Furthermore,
the specificity of “clinical NMDARE - probablea AE” and
“definitea limbic AE” is high, encouraging the initiation of
immunosuppressive therapy if the respective criteria apply –
even in the absence of serological proof. Considering the low
sensitivity at initial presentation and the importance of early
therapy, however, therapy should not be withheld until all
criteria are fulfilled but rather started if an AE is deemed likely
(29).

CASPR2- and LGI1-antibody associated encephalitis poses
a particular diagnostic challenge. Not only are CSF and MRI
unremarkable in many cases, these were also the AE to most
frequently escape detection by the clinical algorithm due to
their often subtle evolution. Furthermore, commercially available
cell-based assays used for antibody detection seem to have
the lowest sensitivity for CSF CASPR2- and LGI1-antibodies
when compared to anti-GABAB, -GAD65, and -NMDAR (30).
The sensitivity was higher when testing the serum, although
this may introduce more unspecific results. These findings
should motivate to persist with the diagnostics—i.e., involve
a research laboratory for further serological testing—when the
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clinical suspicion of anti-CASPR2-/LGI1-encephalitis remains
high despite negative diagnostics.

An interesting secondary finding pertains to the 3 patients
diagnosed as “definite limbic encephalitis” on the grounds
of the Graus algorithm. All of them were antibody-negative,
young to middle-aged (29–61 years) women who presented with
epileptic seizures (refractory epileptic status in one patient).
Epidemiologically, this cohort resembles previous patient groups
diagnosed with NORSE [new-onset refractory status epilepticus;
see for example (31)]. However, they significantly differ from an
antibody-negative AE cohort recently described, which mainly
consisted of elderly males presenting with short-memory loss
(32). These divergent findings insinuate that the manifestation of
antibody-negative AE comprises distinct pathologies.

On the part of IE, TBE was particularly difficult to distinguish
from AE. Albeit very sensitive, there may be pitfalls associated
with the specific serology if TBE-virus antibodies are determined
very early during the course of the disease, due to cross-reactivity
with other flavivirus or to previous TBE-vaccination (33, 34).
The encephalitic form of TBE virus infection often goes along
with psychiatric symptoms such as psychomotor slowing and
decreased vigilance. In some cases, speech disorders, epileptic
seizures and/or movement disorders occur, rendering the
clinical picture similar to NMDARE. Furthermore, TBE patients
frequently show bilateral basal ganglia/thalamic involvement,
fulfilling the Graus criteria of “MRI features suggestive of
encephalitis,” which they define as “brain MRI hyperintense
signal on T2-weighted fluid-attenuated inversion recovery
sequences [. . . ] in multifocal areas involving gray matter, white
matter, or both compatible with demyelination or inflammation”
(22). If the serology is equivocal, TBE may therefore easily be
mistaken for autoantibody-negative AE as reflected by the high
proportion of TBE-patients in this group under condition C1.
It would be interesting to investigate whether this is true for
other flaviviruses as well. The high prevalence of TBE in our
sample certainly contributed further to the low specificity of the
algorithm.

Limitations of our study include that not all IE patients were
investigated with the immunological panel. This is particularly

relevant in the light of recent discoveries of AE being triggered
by viral infection, such as post-HSV-encephalitis NMDARE
(35). Similar restrictions apply to AE patients: although all of
them were tested for antineuronal antibodies, the extent of
the panels varied according to the respective knowledge at the
time of testing. We attempted to overcome these limitations
by conducting all analyses not only on the entire cohort, but
also on the subgroup of those patients, in whom definite
diagnoses had been possible. The conclusions pertaining to
presenting clinical signs, symptoms and paraclinical test results
were very similar in both groups. The problem of a low
sensitivity and specificity of the Graus algorithm was more
pronounced in the subgroup containing only patients with
positive immunological/microbiological test results.

As to the survey of presenting symptoms, cognitive symptoms
may have been underestimated in both diagnostic groups for
difficulty of assessment in patients suffering from psychiatric
symptoms or altered consciousness. Furthermore, mild
psychiatric or cognitive changes may have been underdiagnosed
if underreported by the patient and his family and unrecognized
by the physician at admission. Further shortcomings result
from the heterogeneity of AE and IE aetiologies in our
rather small cohort as well as the retrospective nature of
the study. Prospective larger investigations are warranted to
further explore the intricate challenge of early diagnosis in
encephalitis.
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IgLON5-associated encephalitis is a syndrome with different clinical presentations con-
sisting of sleep dysfunction, bulbar dysfunction, chorea, and progressive supranuclear 
palsy-like symptoms whereas dysautonomy and cognitive decline usually appear in later 
stages of the disease. We report a case of a patient with IgLON5-associated encephalitis 
presenting with rapidly progressive cognitive decline and atypical inflammatory lesions 
on brain magnetic resonance imaging, oligoclonal bands on cerebrospinal fluid, anti- 
IgLON5 antibodies exclusively of the IgG1 class, and a fierce inflammatory reaction on 
brain biopsy, who responded favorably to immunotherapy.

Keywords: brain inflammation, IgLoN5, autoimmune encephalitis, rapidly evolving dementia, akathisia, dyskinesia

INtRoDUCtIoN

A 75-year-old female patient was admitted to the geriatric ward in March 2016 with acute confu-
sion, somnolence, verbal aggression, and fever (see Figure  1 for a timeline of this case report). 
Brain magnetic resonance imaging (MRI) showed spotty enhancement in the right temporal and 
frontal lobes with focal leptomeningeal enhancement and edema (Figure 2). An extensive workup 
under suspicion of leptomeningeal metastasis was negative for a primary neoplasm. A brain biopsy 
performed to exclude a lymphoma showed signs of severe white matter destruction with many 
macrophages and lymphocytosis, but no malignancy, nor signs of vasculitis (Figure 3). Neurological 
consultation nor cerebrospinal fluid (CSF) analysis was performed at this stage. Oral corticosteroid 
treatment led to significant regression of the symptoms, and a follow-up MRI in August 2016 showed 
a significant decrease in the volume of the lesions with disappearance of gadolinium enhancement.

During a second episode of acute confusion, apraxia, visual hallucinations, and somnolence 
in December 2016, brain MRI remained unchanged in comparison to the brain MRI performed 
in August. Electro-encephalography (EEG) showed large amounts of delta waves but no epileptic 
activity. CSF analysis showed a normal cell count, a mildly elevated protein level (48.4 mg/dl) and 
15 oligoclonal bands of which 3 were matched between serum and CSF. Polymerase chain reaction 
analysis on CSF showed no evidence for the presence of DNA of herpes simplex 1 and 2 virus 
and varicella zoster virus. Metabolic and infectious etiologies were ruled out. Under suspicion of 
an autoimmune encephalitis, anti-IgLON5 antibodies were detected in the serum (titer 1:10,000) 
while other autoantibodies remained negative [the antibodies against the following antigens were 
tested: Hu, Yo, Ri, CV2, amphiphysin, Ma2/Ta, Zic4, GAD65, Tr(DNER), Recoverin, Sox1—method: 
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FIgURe 1 | A timeline displaying synthetically the evolution of our case: in the red boxes, the clinical events have been reported; in the blue boxes, there is a list of 
the significant investigations that have been performed; and in the yellow boxes, we displayed the therapies and the relative effect.

Montagna et al. Significant Inflammation in Anti-IgLON5 Encephalitis

Frontiers in Neurology | www.frontiersin.org May 2018 | Volume 9 | Article 329

EUROLINE; MOG, NMDA-r, AMPA-r, GABA-b, LGI-1, 
CASPR2, DPPX, myelin, glycine receptors, mGluR1, mGluR5, 
GABA-a, Rho GTAase activating protein 26, CARPVIII, GluRD2, 
flotillin—method: immunofluorescence test] (Euroimmun AG, 
Lübeck, Germany).

High-dose intravenous methylprednisolone (1  g daily for 
3 days) leads to a moderate improvement of the consciousness 
level and apraxia but had only minor effects on the hallucina-
tions. Oral steroids were tapered slowly over several weeks, but in 
January 2017 she relapsed. On examination, she was logorrheic, 
incoherent with lower limb dyskinesias and akathisia. The Mini 
Mental State Examination (MMSE) score was 12/30. A whole 
body positron emission tomography/computed tomography scan 
showed no evidence of inflammation or neoplasia.

Five sessions of plasma exchange were performed: after three 
sessions the MMSE improved to a score of 26/30, hallucinations 
and dyskinesias completely disappeared. The titer of anti-IgLON5 
antibodies decreased to 1:320 after this treatment. One month 
after discharge the patient was readmitted due to a tonic–clonic 
seizure for which levetiracetam was started. A polysomnographic 
examination (PSG) was performed but showed no evidence for 
stridor, finalistic movements, or repetitive rapid periodic leg 
movements.

Cerebrospinal fluid analysis, performed at this point, showed 
the presence of anti-IgLON5 antibodies. The presence of the 
anti-IgLON5 antibodies on serum and CSF was confirmed in 
the laboratory of Prof. Dr. Dalmau and Prof. Dr. Graus [Institut 
d’Investigacions Biomèdiques August Pi i Sunyer (IDIBAPS), 

Barcelona]. No other autoantibodies were detected. Using previ-
ously reported techniques (1), IgLON5 antibodies of the patient 
recognized an epitope in the Ig-like domain 2 of IgLON5. The 
IgG antibody subclass was exclusively IgG1. A re-examination of 
the brain biopsy showed no presence of Tau-protein deposition. 
HLA typing showed that our patient had haplotype DQB1*0501 
and DRB1*1001.

After a new corticosteroid tapering regimen and maintenance 
treatment with azathioprine 50 mg two times daily our patient 
has remained neurologically stable with no more hallucinations 
nor movement disorders and a slight cognitive impairment.  
A brain CT was performed in June 2017 due to transient neu-
rological regress (later proved to be caused by a urinary tract 
infection and completely resolved after appropriate antibiotic 
treatment): this investigation showed no new pathological find-
ings. After this date, no more brain imaging study was performed.

She was still ambulatory up to November 2017 but due to 
social reasons and general frailty with increasing help demand 
she was finally admitted to a nursing home. A follow-up contact 
in February 2018 showed a still remarkable cognitive function 
(MMSE score 27/30) and no evidence for relapse of epilepsy. 
Our patient had still episodes of visual hallucinations in the 
period before being admitted to the nursing home: there were 
then issues of probable suboptimal therapeutic compliance. After 
being admitted, compliance improved and visual hallucinations 
disappeared. At the moment of the last contact, our patient was 
on methylprednisolone 4 mg daily and azathioprine 50 mg two 
times per day orally.
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FIgURe 2 | Brain magnetic resonance imaging (Siemens Aera 1.5 T). Axial FLAIR (1, 2), axial ADC-maps (3), axial T1 after intravenous gadolinium (4, 5), and coronal 
T1 after intravenous gadolinium (6). Several lesions with high T2-signal on FLAIR in the right temporal lobe, bilateral in the frontal lobe, and the callosal body without 
signs of restricted diffusion on the ADC-maps, compatible with vasogenic edema. Several lesions in the right temporal lobe show patchy contrast enhancement 
after intravenous administration of gadolinium-based contrast (4–6). None of the lesions were hemorrhagic.
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DIsCUssIoN

Anti-IgLON5 syndrome was first described in 2014 (2) as a 
disorder characterized by sleep dysfunction, a progressive 
supranuclear palsy-like syndrome (3), movement disorders (e.g., 
chorea) and brainstem and hypothalamic involvement leading to 
dysphagia and dysarthria, with a varying degree of dysautonomic 
features. Cognitive decline has been described mostly in a later 
stage of the disease. Neuropathologic findings show tau deposits 
in the hypothalamus and tegmentum: the relation with anti-
IgLON5 has been suspected but not clarified. HLA-DRB1*1001 
and HLA-DQB1*0501 association suggests an autoimmune 
pathogenesis (4).

In all IgLON5-positive patients PSG shows various anomalies 
such as abnormal sleep architecture, undifferentiated non rapid 
eye movement (non-REM) sleep or poorly structured stage N2, 
REM sleep behavior disorder, central hypoventilation, stridor, 
and obstructive sleep apnea. No significant abnormalities have 
been found on EEG, electromyography (2) and brain MRI, with 
the exception of slight brainstem and bilateral hippocampal atro-
phy (described, respectively, in three patients and one patient) 
(3). No clear association with an underlying neoplastic pathology 
has been found thus far. CSF analysis varies from normal (2), to 

pleiocytosis and increased protein levels (5). Only in one previ-
ously reported patient intrathecal synthesis of immunoglobulins 
has been described (3). Treatment with immunosuppressants 
showed highly variable results, with a tendency for improved 
response after earlier start of the treatment (2, 6, 7).

Our patient presented with atypical clinical, polysom-
nographic, MRI, and CSF findings. The clinical course was 
dominated since the onset by fluctuating cognitive symptoms, 
improving after immunotherapy. The atypical clinical presenta-
tion might be caused by the fact that our patient has anti-IgLON5 
antibodies exclusively of the IgG1 subclass, while to date all 
described cases have, to the best of our knowledge, presented 
with either isolated IgG4 or mixed IgG1 and IgG4 subtypes, with 
IgG4 predominance (1, 3). As IgG1 is able to bind complement, 
in contrast to IgG4 subtype (8), triggering of this activation route 
might be an explanation for the fierce inflammatory response 
seen in this patient. While we cannot completely exclude a viral 
encephalitis as a precipitating event, as there was no CSF analysis 
during the first presentation, this seems unlikely as the patient 
improved on treatment with steroids, which would aggravate an 
infectious cause. Also, the brain biopsy was not suggestive for an 
infectious pathology. Occurrence of NMDA-receptor encephali-
tis after herpes simplex encephalitis has been reported, leading 
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FIgURe 3 | Important inflammation of the brain tissue with disseminated macrophages (B) and T-cells (C), no B-cells. Part of the T-cells is CD8-positive (D). 
Hematoxylin–eosin (a), immunohistochemical stain with antibodies against CD68 (B), CD3 (C), and CD8 (D). Magnification bar = 100 µm.
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to the hypothesis that the viral encephalitis was the triggering 
event for the development of the autoimmune encephalitis (9). 
Conversely, as the different subclasses of IgG can be produced 
in response to antigens dependently on the mechanism of sen-
sitization, a possible preceding viral infection, not yet described 
in relation to IgLON5-associated encephalitis, could account for 
the production of IgG exclusively of class 1 in our patient (10). 
Typical sleep phenomena were not present in our patient though 
the sleep EEG was of the “undifferentiated non-REM-sleep” type. 
Although the presentation, clinical course, and MRI findings 
of this patient seem more compatible with GABA-A receptor 
encephalitis (11), these antibodies were undetectable, as were 
other known autoantibodies related to autoimmune encephali-
tis. While one might argue that this patient may have another 
unknown autoantibody implicated in the disease course, the fact 
that our patient has the same haplotype as in previously described 
cases as well as the presence of IgLON5 antibodies in serum and 
CSF suggests that the clinical spectrum of IgLON5-associated 
encephalitis is broader than what is known to date.

Our patient was treated with corticosteroids and with plasma 
exchange: after the latter treatment, her cognitive deficits improved 
dramatically and her anti-IgLON5 serum titer decreased from 
1:10,000 to 1:320: this suggests that in our patient cognitive 
decline could be related to the titer of anti-IgLON5 antibodies and 
that the antibodies play a role in the pathogenesis. Moreover, the 
favorable treatment response to immunotherapy in this patient 
might also be related to the presence of IgG1 subclass antibodies, 
with effective removal of complement factors contributing to the 
treatment effect (12).

The early recognition of this autoimmune encephalitis and 
rapid treatment with corticosteroids and plasmapheresis may 
have resulted in the good outcome of this patient, compared to the 
non-response to immunotherapy in previously described cases. 
This supports the hypothesis that the antibodies are pathogenic 
and that neurodegeneration might be prevented by early treat-
ment. Our patient presented with clear inflammatory changes on 
CSF and MRI, which might be another reason for her dramatical 
improvement after immunotherapy.
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CoNCLUDINg ReMaRKs

IgLON5-associated encephalitis is a relatively new autoimmune 
encephalopathy that can present with various neurological 
symptoms. This case report expands the clinical spectrum of this 
disease and supports the use of early immunotherapy.
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interleukin-27 gene Therapy 
Prevents the Development of 
autoimmune encephalomyelitis  
but Fails to attenuate established 
inflammation due to the expansion 
of cD11b+gr-1+ Myeloid cells

 

Jianmin Zhu1†, Jin-Qing Liu2†, Zhihao Liu2, Lisha Wu 2, Min Shi 1, Jianchao Zhang 3, 
Jonathan P. Davis 3 and Xue-Feng Bai 1,2*

1 Pediatric Translational Medicine Institute, Shanghai Children’s Medical Center, School of Medicine, Shanghai Jiao Tong 
University, Shanghai, China, 2 Department of Pathology and Comprehensive Cancer Center, Ohio State University, 
Columbus, OH, United States, 3 Department of Physiology, Ohio State University, Columbus, OH, United States

Interleukin-27 (IL-27) and its subunit P28 (also known as IL-30) have been shown to 
inhibit autoimmunity and have been suggested as potential immunotherapeutic for 
autoimmune diseases such as multiple sclerosis (MS). However, the potential of IL-27 
and IL-30 as immunotherapeutic, and their mechanisms of action have not been fully 
understood. In this study, we evaluated the efficacy of adeno-associated viral vector 
(AAV)-delivered IL-27 (AAV-IL-27) and IL-30 (AAV-IL-30) in a murine model of MS. We 
found that one single administration of AAV-IL-27, but not AAV-IL-30 completely blocked 
the development of experimental autoimmune encephalomyelitis (EAE). AAV-IL-27 
administration reduced the frequencies of Th17, Treg, and GM-CSF-producing CD4+ 
T cells and induced T cell expression of IFN-γ, IL-10, and PD-L1. However, experiments 
involving IL-10-deficient mice and PD-1 blockade revealed that AAV-IL-27-induced 
IL-10 and PD-L1 expression were not required for the prevention of EAE development. 
Surprisingly, neither AAV-IL-27 nor AAV-IL-30 treatment inhibited EAE development and 
Th17 responses when given at disease onset. We found that mice with established 
EAE had significant expansion of CD11b+Gr-1+ cells, and AAV-IL-27 treatment further 
expanded these cells and induced their expression of Th17-promoting cytokines such 
as IL-6. Adoptive transfer of AAV-IL-27-expanded CD11b+Gr-1+ cells enhanced EAE 
development. Thus, expansion of CD11b+Gr-1+ cells provides an explanation for the 
resistance to IL-27 therapy in mice with established disease.

Keywords: interleukin-27, il-30, experimental autoimmune encephalomyelitis, Th1, Th17, PD-l1, Treg cells, 
central nervous system

inTrODUcTiOn

Interleukin-27 (IL-27) is an IL-12 family of cytokines that is composed of Epstein–Barr virus-induced 
gene 3 (EBI3) and IL-27p28 (also known as IL-30) subunits. Produced by activated antigen-presenting 
cells (APCs) such as dendritic cells and macrophages (1–3), IL-27 signals through a heterodimeric 
receptor (IL-27R) consisting of the WSX-1 and the gp130 subunits, which is expressed in a variety 
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of cell types including T lymphocytes and myeloid cells (4). IL-27 
has been shown to inhibit Th17 responses (5, 6), and induce IL-10 
(7–9) and PD-L1 (10) expression in T cells, and has been shown to 
inhibit inflammation in animal models of autoimmune diseases 
(11, 12), including animal models of multiple sclerosis (MS) (9, 
13, 14) and collagen-induced arthritis (15). These results suggest 
that IL-27 may be a potential immunotherapeutic for human 
autoimmune diseases.

Indeed, previous studies (9, 13) have revealed that IL-27 deliv-
ered systemically can inhibit the development of experimental 
autoimmune encephalomyelitis (EAE) in mice, an experimental 
model of MS. However, systemic injection of IL-27 is costly, 
and it is also difficult to maintain an effective concentration in 
the circulation. In this context, gene therapy could serve as an 
effective alternative approach. For instance, IL-30 gene therapy 
has been shown to efficiently inhibit autoimmune inflammation 
in the central nervous system (CNS) and eye (16), and lentiviral 
IL-27 gene delivery to the CNS inhibits neuroinflammation 
(17). Adeno-associated viral vectors (AAVs) are highly efficient 
delivery agents for gene therapy (18). AAV vectors can efficiently 
transfer genes of interest to a broad range of mammalian cell 
types leading to high levels of stable and long-term expression 
after a single application (19). AAV vectors are also known to 
have low immunogenicity and have been used in human clinical 
trials (20–22). In this study, we have evaluated the therapeutic 
efficacy of AAV-delivered IL-27 (AAV-IL-27) and IL-30 
(AAV-IL-30) in T cell-mediated autoimmune encephalomyelitis, 
where the inflammation in the CNS is considered to be mediated 
mainly by Th17/Th1 responses and T cells producing GM-CSF 
(23, 24). We found that one single administration of AAV-IL-27, 
but not AAV-IL-30 completely prevented EAE development. 
Experiments involving IL-10-deficient mice and PD-1 blockade 
revealed that AAV-IL-27-induced IL-10 and PD-L1 expres-
sion were not required for the inhibition of EAE development. 
However, neither AAV-IL-27 nor AAV-IL-30 treatment inhibited 
EAE development and Th17 responses when given at disease 
onset. We found that mice with established EAE had significant 
expansion of CD11b+Gr-1+ myeloid cells, and AAV-IL-27 treat-
ment further expanded these cells and induced their expression 
of multiple cytokines including Th17-promoting cytokines such 
as IL-6 and IL-23. Adoptive transfer of AAV-IL-27-expanded 
CD11b+Gr-1+ cells enhanced EAE development. Thus, systemic 
delivery of IL-27 can efficiently prevent EAE development and 
the priming of Th17 responses. However, the therapeutic poten-
tial of IL-27 is limited by its failure in inhibiting ongoing EAE, 
and shutting down established Th17 responses, presumably due 
to the expansion of CD11b+Gr-1+ myeloid cells.

MaTerials anD MeThODs

Mice
C57BL/6, C57BL/6 mice with targeted mutation of the IL-27Rα 
(IL-27Rα−/−) and IL-10 (IL-10−/−) genes were purchased from the 
Jackson Laboratory (Bar Harbor, ME, USA). 2D2 TCR transgenic 
mice (25) were described before (26, 27). All mice were main-
tained in the animal facilities of The Ohio State University, and 

the studies were approved by the Institutional Animal Care and 
Use Committee.

induction and assessment of eae
C57BL6, IL-10−/−, and 2D2 mice of 8–12  weeks of age were 
immunized subcutaneously with 200  µg MOG 35-55 emulsi-
fied in PBS:CFA (1:1) in a total volume of 100 µL. MOG35-55 
(MEVGWYRSPFSRVVHLYRNGK) was purchased from Gen-
emed Synthesis, Inc. (South San Francisco, CA, USA). The 
purity of the peptide was greater than 90%. Mice also received 
150 ng of pertussis toxin (List Biological, Campbell, CA, USA) in 
200 µL PBS via the tail vein immediately after the immunization 
and again 48 h later. The mice were observed every day for the 
development of EAE symptoms using parameters as we described 
before (26, 27).

Production of aaV Viruses and  
Mice Treatment
Adeno-associated viral vector-IL-27, AAV-IL-30, and AAV-ctrl 
viruses were produced as we previously described (28). Briefly, 
IL-27 or IL-30 cDNA were inserted into an AAV carrier vector 
under the control of the CMV-chicken beta-actin hybrid pro-
moter (29, 30). The IL-27 or IL-30 carrier AAV vector was comp-
acted with a helper vector in 293K cells into the AAV serotype 8 
(AAV8), which could achieve high expression in muscles (31, 32). 
AAV viruses were injected into mice intramuscularly (i.m.) using 
a dose of 2 × 1011 DRP/mouse diluted in 50 µL PBS.

elisa
Serum samples were collected from mice treated with AAV-IL-27, 
AAV-IL-30, and AAV-ctrl viruses at various time points after viral 
injection. The presence of IL-27 or IL-30 in serum was detected 
using ELISA kits purchased from eBiosciences (IL-27) or R&D 
systems, Inc. (IL-30).

isolation of Mononuclear cells  
From spinal cords
Spinal cord tissues from AAV-IL-27, AAV-ctrl virus-treated or 
-untreated mice with EAE were removed and cut into about 2-mm 
pieces and incubated in 10 mM Hepes/NaOH buffer containing 
1 mg/mL of collagenase IV (Sigma, St. Louis, MO, USA) for 1 h 
at 37°C. Then, the tissues were dispersed with syringe, filtered 
through a 100-mm wire mesh, and centrifuged at 2,000  rpm 
for 5  min at 4°C. After centrifugation, tissue pallets were re-
suspended in 15 mL 30% Percoll (Pharmacia, Uppsala, Sweden), 
then centrifuged against 70% Percoll in a 50-mL tube for 15 min. 
The cell monolayer at the 30–70% Percoll interface was collected 
and washed once for further staining and flow cytometry analyses.

antibodies and Flow cytometry
FITC-, PE-, APC-, or Percp-labeled antibodies to CD4 (GK1.4), 
CD11b (M1/70), CD45 (30-F11), Gr-1 (RB6-8C5), Ly6C (AL-21),  
IL-6 (MP5-32C11), IL-10 (JES5-2A5), IL-17 (TC11-18H10), 
IFN-γ (XMG1.2), GM-CSF (MP1-22E9), FoxP3 (NRRF-30), 
PD-L1 (MIH5), IL-27Rα (2918), and isotype control antibodies 
were purchased from BD Biosciences (San Diego, CA, USA). 
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Procedures for cell surface marker staining and intracellular 
cytokine staining were the same as we described (26, 27). Briefly, 
for staining of cell surface markers, mononuclear cells from 
spleens, lymph nodes, and CNS were stained with various anti-
bodies in staining buffer (PBS with 1% FCS) and incubated on ice 
for 30 min. After washing with staining buffer, cells were fixed in 
1% paraformaldehyde in PBS. For intracellular cytokine staining, 
cells were stimulated in culture medium for 4 h with 100 ng/mL 
of phorbol 12-myristate 13-acetate and 500 ng/mL of ionomycin 
in the presence of Golgistop (1:1,500; BD Biosciences). Viable cells 
were then fixed in IC fixation buffer (eBioscience), permeabilized 
with 1× permeabilization buffer (eBiosciences), and stained with 
respective antibodies. Foxp3 staining was performed according 
to the manufacturer’s protocol (BD Biosciences). Cells were col-
lected on a FACSCalibur flow cytometer, and data were analyzed 
using the FlowJo software (Tree Star, Inc., OR, USA).

sorting of cD11b+gr-1+ cells and adoptive 
Transfer into Mice With established eae
Spleen mononuclear cells from AAV-IL-27 or AAV-ctrl virus-
treated mice (with or without EAE) were stained for CD11b and 
Gr-1, the CD11b+Gr-1+ cells were then sorted using the Moflo 
XDP sorter (Beckman Coulter, Indianapolis, IN, USA). To 
treat mice with EAE using CD11b+Gr-1+ myeloid cells, we first 
established EAE in C57BL6 mice, on day 10 post-immunization, 
mice were treated with AAV-IL-27 or AAV-ctrl virus as described 
above. Fourteen days after AAV treatment, mice were sacrificed 
and CD11b+Gr-1+ myeloid cells were sorted from spleens and 
were injected i.v. into mice with established EAE (1 million cells/
per mouse; day 10 post EAE induction). The mice were observed 
for EAE development.

real-Time Pcr
Quantitative real-time PCR was performed using an ABI 7900-
HT sequence system (PE Applied Biosystems) using previously 
determined conditions (33). The following primers were used for 
amplifying specific genes: actin: 5′-GAG ACC TTC AAC ACC 
CCA GC-3′ (forward) and 5′-ATG TCA CGC ACG ATT TCC C-3′ 
(reverse); IL-1b: 5′-CCA CCT CAA TGG ACA GAA TAT CA-3′ 
(forward) and 5′-CCC AAG GCC ACA GGT ATT T-3′ (reverse); 
IL-6: 5′-CCA GAG TCC TTC AGA GAG ATA CA-3′ (forward) 
and 5′-AAT TGG ATG GTC TTG GTC CTT AG-3′ (reverse); 
IL-12a: 5′-GAC CAA ACC AGC ACA TTG AAG-3′ (forward) 
and 5′-CTC CCT CTT GTT GTG GAA GAA-3′ (reverse); IL-17a: 
5′-CGC AAT GAA GAC CCT GAT AGA T-3′ (forward) and 5′-
CTC TTG CTG GAT GAG AAC AGA A-3′ (reverse); IL-23p19: 
5′-CCA GCG GGA CAT ATG AAT CTA C-3′ (forward) and 5′-
TGT GGG TCA CAA CCA TCT TC-3′ (reverse); IL-10: 5′-ACA 
GCC GGG AAG ACA ATA AC-3′ (forward) and 5′-CAG CTG 
GTC CTT TGT TTG AA-3′ (reverse); IFNg: 5′-AGC TCT TCC 
TCA TGG CTG TT-3′ (forward) and 5′-TTT GCC AGT TCC 
TCC AGA TA-3′ (reverse); TNFa: 5′-ATG AGA AGT TCC CAA 
ATG GC-3′ (forward) and 5′-CTC CAC TTG GTG GTT TGC 
TA-3′ (reverse); GM-CSF: 5′-CTG CGT AAT GAG CCA GGA 
AC-3′ (forward) and 5′-GTT TGT CTT CCG CTG TCC AA-3′ 
(reverse); S100A8: 5′-GTC CTC AGT TTG TGC AGA ATA TAA 

A-3′ (forward) and 5′-TAT CAC CAT CGC AAG GAA CTC-3′ 
(reverse); S100A9: 5′-GCA CAG TTG GCA ACC TTT ATG-3′ 
(forward) and 5′-CCA TCA GCA TCA TAC ACT CCT C-3′ 
(reverse). Each sample (RNA purified from sorted CD11b+Gr1+ 
myeloid cells or spinal cords) was assayed in triplicate, and the 
experiments were repeated two to three times. The relative gene 
expression was determined using the comparative method (2−ΔΔCt).

statistics
Data were expressed as means of individual determinations ±SE. 
Two-tailed Student’s t-test or one way ANOVA was used for 
statistical analyses.

resUlTs

systemic Delivery of il-27 by aaV Virus 
inhibits Th17 responses and Prevents 
eae Development
To determine if IL-27 or IL-30 can be used as a potential thera-
peutic for autoimmune diseases, we generated recombinant adeno- 
associated virus that express IL-27 (AAV-IL-27) or IL-30 
(AAV-IL-30) and the control AAV virus (AAV-ctrl). Intramuscular 
injection (i.m.) of 2 × 1011 DRP/mouse of AAV-IL-27 or AAV-IL-30 
achieved high and stable IL-27 (Figure 1A) or IL-30 (Figure 1B) 
production in the peripheral blood of mice. AAV-IL-27 treat-
ment significantly enhanced Th1 response and slightly induced 
T cell production of IL-10, while reduced the frequencies of Th17 
and Treg cells in spleens (Figure  1C). By contrast, AAV-IL-30 
treatment slightly inhibited Th1 response but failed to affect the 
frequencies of Th17/Treg cells and T  cell production of IL-10 
(Figure 1D).

To determine if AAV-delivered IL-27 or IL-30 could block EAE 
development, we injected AAV-IL-27, AAV-IL-30, or AAV-ctrl 
virus into C57BL6 mice, 1 week later mice were immunized with 
MOG35-55/CFA and pertussis toxin. In AAV-ctrl virus-treated 
mice, EAE symptoms developed, with first symptoms showed up 
on day 10, while disease progressed to peak around days 14–17, 
then the EAE symptoms went down but maintained at a lower 
level for a long time (Figures 2A,B). While a single injection of 
AAV-IL-27 completely prevented EAE development in C57BL6 
mice (Figure 2A), a single dose of AAV-IL-30 only slightly inhib-
ited EAE development (Figure 2B). AAV-IL-27 treatment failed 
to prevent EAE in IL-27Rα−/− mice, suggesting that AAV-IL-27 
acts through IL-27 receptor (Figure  2C). 2D2 TCR transgenic 
mice develop progressive EAE symptoms upon immunization, 
presumably due to the activation of overwhelming numbers 
of myelin-specific T  cells. We therefore tested if EAE in 2D2 
mice could be prevented by AAV-IL-27 treatment. As shown in 
Figure 2D, AAV-IL-27 administration slightly delayed the onset 
of EAE symptoms, but significantly inhibited the EAE symptoms 
in 2D2 mice.

To determine if AAV-IL-27 prevented EAE development by 
altering T cell responses, we analyzed T cell subsets in the drain-
ing lymph nodes (DLNs) and spleens from AAV-IL-27-treated 
mice and controls. As shown in Figure  3, we found that the 
CD4+ T cells from the immune lymph nodes (Figure 3A) and 
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spleens (Figure 3B) of AAV-IL-27-treated mice had significantly 
decreased GM-CSF, IL-17, and Foxp3 expressing subsets, while 
IL-10 and IFN-γ producing subsets increased compared with 
CD4+ T  cells from AAV-IL-30-treated or other control groups 
of mice.

il-10 and PD-l1 independent eae 
inhibition in aaV-il-27-Treated Mice
Since we detected increased numbers of IL-10 producing Th cells 
in AAV-IL-27-treated mice, we tested if AAV-IL-27 mediated inhi-
bition of EAE via induction of IL-10. C57BL6 or IL-10−/−C57BL6 
mice were treated with AAV-IL-27 or AAV-ctrl virus, followed by 
induction of EAE via active immunization. While both WT and 
IL-10−/− mice treated with AAV-ctrl virus developed severe EAE 
symptoms (Figure 4A), both mice treated with AAV-IL-27 failed 
to develop EAE. Thus, AAV-IL-27-induced IL-10 production by 
T cells is insufficient to inhibit T cell-mediated EAE.

Since IL-27 was shown to induce T cell expression of PD-L1, 
which contributed to T cell tolerance in the EAE model (10), we 
tested if AAV-IL-27 induced T cell tolerance through induction 
of PD-L1. As shown in Figure 4B, we found that treatment with 
AAV-IL-27, but not AAV-Ctrl virus indeed induced significant 
expression of PD-L1 in T  cells. To determine if PD-L1-PD-1 
interaction among T cells mediated their tolerance, C57BL6 mice 
were first treated with AAV-IL-27 or AAV-ctrl virus followed 
by EAE induction 1  week later. On days 5, 9, 13, and 17 after 

EAE induction, mice receiving AAV-IL-27 treatment were also 
treated with 300 μg/mouse of anti-PD-1 or an isotype-matched 
control antibody i.p. As shown in Figure 4C, while mice treated 
with AAV-ctrl virus and control antibody exhibited EAE symp-
toms by day 10 and reached peak disease by day 17, mice treated 
with AAV-ctrl virus and anti-PD-1 developed more severe EAE, 
consistent with the known functions of PD-1 blockade in EAE 
development (34). However, mice treated with AAV-IL-27 + ctrl 
antibody or AAV-IL-27 + anti-PD-1 showed no EAE symptoms 
(Figure 4C). Thus, blockade of PD-L1-PD-1 interaction failed to 
reverse T cell tolerance induced by AAV-IL-27 treatment.

aaV-il-27 Treatment Does not inhibit 
established Th17 responses and eae
To determine if AAV-IL-27 treatment could reverse ongoing 
inflammation in the CNS, C57BL6 mice were immunized with 
MOG peptide/CFA and pertussis toxin. Ten days after immuniza-
tion, when the first symptoms of EAE appeared, mice were treated 
with AAV-IL-27 or AAV-Ctrl virus i.m. As shown in Figure 5A, 
AAV-IL-27 treatment at day 10 after EAE induction failed to 
inhibit EAE development. Similarly, we found that treatment of 
mice on day 10 after EAE induction with AAV-IL-30 also had no 
effect on EAE development (Figure 5B). One potential explana-
tion for failure of inhibiting EAE development could be due to 
lack of IL-27 receptor expression in the CNS-infiltrating CD4+ 
T  cells. However, we found high levels of IL-27Rα expression 
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in the CNS-infiltrating CD4+ T cells (Figure 5C). Moreover, we 
found that AAV-IL-27 treatment induced PD-L1 expression in 
CNS-infiltrating CD4+ T  cells (Figure  5D) and enhanced Th1 
responses without significantly affecting Th17 responses in 
the CNS (Figure  5E). AAV-IL-27-treatment also significantly 
inhibited Treg subset without significantly affecting Tr1 subset 
in the CNS (Figure 5F). GM-CSF-producing CD4+ T cells were 
found to be increased in the CNS of AAV-IL-27 treated mice 
(Figure 5F). Strikingly, we found that AAV-IL-27 treatment of 
mice with ongoing EAE upregulated many cytokine genes includ-
ing GM-CSF, IL-17, IL-10, IFN-γ, IL-6, IL-1β, and TNF-α in the 
CNS (Figure 5G).

aaV-Mediated Delivery of il-27 induces 
the expansion of cD11b+gr1+ Myeloid 
cells
Significant induction of cytokines such as IL-6, IL-1β, and 
TNF-α in the CNS suggests that AAV-IL-27 treatment may 
have significant impacts on myeloid cells. Indeed, through the 
analysis of the myeloid compartment in the peripheral lymphoid 
organs and CNS, we found that CD11b+Gr1+ myeloid cells were 
significantly increased in the spleens and CNS of mice with 
EAE, and AAV-IL-27 treatment further expanded those cells 
(Figure  6A). The impact of AAV-IL-27 on this population of 

cells was dramatic, as in the spleen, CD11b+Gr-1+ myeloid cells 
expanded about threefold compared to mice with untreated EAE 
(Figure 6A, right panel). Notably, we did not find expansion of 
CD11b+Gr-1+ myeloid cells in DLNs (Figure 6A). The expanded 
CD11b+Gr-1+ myeloid cells were mainly of the Ly6Clow subtype, 
and subtypes were not significantly different between AAV-IL-27 
and AAV-ctrl-treated mice (Figure  6B). While we observed 
a major expansion of CD11b+Gr-1+ myeloid cells in mice with 
EAE that received AAV-IL-27 therapy at disease onset, in the 
EAE prevention model, AAV-IL-27-treated mice had much lower 
numbers of CD11b+Gr-1+ myeloid cells compared with AAV-
ctrl-treated mice that developed EAE (Figure 6C). These results 
suggest that CD11b+Gr-1+ myeloid cells are mainly associated 
with disease activity. To determine if AAV-IL-27 therapy directly 
induce expansion of CD11b+Gr-1+ myeloid cells, we injected 
AAV-IL-27 or AAV-ctrl virus into naïve C57BL/6 mice and found 
that AAV-IL-27 treatment could significantly induce expansion of 
CD11b+Gr-1+ myeloid cells in naïve mice in the absence of EAE 
(Figure 6D). These data together suggest that IL-27 alone could 
induce expansion of CD11b+Gr-1+ myeloid cells, and in the pres-
ence of active EAE the expansion of these myeloid cells become 
more robust.

CD11b+Gr-1+ myeloid cells have previously been shown to  
inhibit or enhance EAE development (35, 36). We purified 
CD11b+Gr-1+ myeloid cells from the spleens of AAV-IL-27 and 
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AAV-ctrl virus-treated mice by FACS-based sorting, and analyzed 
their expression of cytokine genes. As shown in Figure 7A, we 
found that CD11b+Gr-1+ myeloid cells from AAV-IL-27-treated 
mice had increased expression of IL-6, IL-17, IL-23, S100A8, 
A100A9, IL-10, and TNF-α genes. IL-1β expression was decreased 
compared with myeloid cells from AAV-ctrl treated mice, but 
remained readily detectable (at 22 cycles by qPCR).

Using flow cytometry analysis, we found that IL-6 protein 
was readily detectable in CD11b+Gr-1+ myeloid cells from both 
AAV-IL-27 and AAV-ctrl treated EAE mice (Figure  7B). To 
test if IL-27-expanded myeloid cells affect EAE development, 
CD11b+Gr-1+ myeloid cells were FACS-purified from AAV-IL-27 
or AAV-ctrl virus-treated mice with EAE and were injected i.v. into 
mice on day 10 post EAE induction. We found that CD11b+Gr-1+ 
myeloid cells from AAV-IL-27-treated mice more significantly 
enhanced EAE development (Figure 7C). Consistent with disease 
severity, we found that more CD4+ T cells infiltrated into the CNS 
of mice receiving AAV-IL-27-expanded myeloid cells (Figure 7D).

DiscUssiOn

In this study, we have evaluated the efficacy of AAV-delivered 
IL-27 (AAV-IL-27) and IL-30 (AAV-IL-30) in a murine model 
of MS. We found that one single administration of AAV-IL-27 
completely prevented autoimmune encephalomyelitis, while 
significant, but incomplete protection was observed in AAV-IL-
30-treated mice. AAV-IL-27 treatment inhibited Th17 responses 
and induced multiple inhibitory pathways in T cells. Strikingly, 
we found that mice with established EAE was completely resist-
ant to AAV-IL-27 or AAV-IL-30 treatment, and AAV-IL-27 
treatment induced the expansion of CD11b+Gr-1+ myeloid cells 
that could produce multiple cytokines including Th17-promoting 
cytokines.

The complete prevention of EAE development in C57BL6 
mice by AAV-IL-27 suggests potent protective mechanisms are 
activated. Indeed, we observed that AAV-delivered IL-27 inhib-
ited the priming of Th17 cells, and induced T cell expression of 
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IL-10 and PD-L1. Inhibition of Th17 response is consistent with 
previous studies (37, 38) using IL-27 as therapeutic, suggesting 
that AAV-IL-27-mediated inhibition of Th17 response contrib-
utes to the prevention of EAE. We also observed that AAV-IL- 
27 treatment inhibited the frequencies of GM-CSF-producing 
T  cells in peripheral lymphoid organs in EAE protected mice, 

which is consistent with the known function of IL-27 in inhib-
iting GM-CSF production by T  cells (17, 24). Although high 
frequencies of IL-10-producing T cells were induced, our results 
suggest that AAV-IL-27-induced IL-10 production by T cells is not 
resp onsible for induction of T cell tolerance, since AAV-IL-27-
treatment induced complete protection of EAE development in 
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IL-10-deficient mice (Figure 4). IL-27-mediated PD-L1 expres-
sion in T cells has been shown to be sufficient for inducing T cell 
tolerance in a mouse model of human MS (10). In this study, we 
found that PD-L1 was induced in CD4+ T  cells in the periph-
eral lymphoid organs (Figure 4) and in the CNS (Figure 5D). 
However, despite the ability to enhance EAE development in 
AAV-ctrl treated mice, anti-PD-1 antibody treatment failed to 
break T cell tolerance induced by AAV-IL-27 (Figure 4C). Thus, 
PD-L1 expression in T  cells is not solely responsible for AAV- 
IL-27-mediated blockade of EAE development.

Interleukin-27 has multi-faceted roles in T  cell responses. 
While IL-27 has been shown to inhibit Th1 responses (39), major-
ities of studies have shown that IL-27 enhances Th1 responses 

by activating Stat1–T-bet axis (40–42). IL-27 has been shown 
controversial roles in Tregs (43–47), but in IL-27 transgenic mice, 
Treg cells are deleted (45). In this study, we found that AAV-IL-27 
treatment enhanced Th1 responses and downregulated Treg 
frequencies. However, increased Th1 responses and reduced Treg 
cells did not reverse AAV-IL-27-mediated EAE protection, sug-
gesting that IL-27-induced inhibition of Th17 priming, and may 
be together with the activation of other inhibitory pathways are 
sufficient to prevent EAE development.

A striking finding in this study is that established EAE was 
resistant to AAV-IL-27 treatment, and in the CNS of AAV-IL-
27-treated mice, CD4+ T  cell production of key inflammatory 
cytokines such as IL-17 and GM-CSF were not affected or even 
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elevated (Figures  5E,F). Lack of suppression of ongoing EAE 
by AAV-IL-27 could be due to the blood–brain barrier (BBB) 
prevented IL-27 access to the CNS or due to unresponsiveness 
of CNS-infiltrating T cells. However, these possibilities are highly 
unlikely. It is known that BBB is wide open during the CNS inflam-
mation (48, 49), and T cells in the CNS of mice with EAE expressed 
high levels of IL-27 receptor (Figure 5C). It is also unlikely that 
lack of suppression of ongoing inflammation is due to delayed 
production of IL-27 by AAV virus, since we observed that AAV-
mediated IL-27 production was efficient (by day 3 > 10 ng/mL  
of IL-27 can be detected in blood). More importantly, we found 
clear evidence that the CNS T  cells from AAV-IL-27-treated 
mice were stimulated by IL-27, which is reflected by induction of 
PD-L1 expression, increased Th1 and decreased Treg responses 
(Figure 5). Our results presented in Figures 6 and 7 suggest that 
the resistance of ongoing Th17-mediated CNS inflammation to 
IL-27 therapy could be due to the expansion of CD11b+Gr-1+ 

cells. It is well established that CD11b+Gr-1+ cells expand during 
EAE development (35, 36). However, the role of this population 
of cells in EAE development is not clearly understood. Adoptive 
transfer experiment showed that these cells inhibited EAE devel-
opment (35). However, other study clearly showed that these cells 
promoted Th17 responses via production of IL-1β, and depletion 
of this population of cells ameliorated EAE development (36).  
In this study, we found that mice with established EAE had signi-
ficant expansion of CD11b+Gr-1+ cells, and AAV-IL-27 treatment 
further expanded these cells. Moreover, we found that AAV- 
IL-27 treatment could directly induce the expansion of CD11b+ 
Gr-1+ cells (Figure 6D), and adoptive transfer of CD11b+Gr-1+ 
cells from AAV-IL-27-treated mice enhanced EAE development 
(Figure  7C). Thus, AAV-IL-27 therapy-induced expansion of 
CD11b+Gr-1+ cells enhances EAE development.

Expansion of CD11b+Gr-1+ myeloid cells mainly occurred 
in the spleens and CNS but not in DLNs, suggesting that these 
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cells do not regulate T cell priming but mainly act at the effector 
phase of EAE development. This observation partially explains 
why EAE development was completely prevented despite some 
CD11b+Gr-1+ myeloid cell expansion was observed (Figure 6C). 
The cytokine profiling of IL-27-expanded CD11b+Gr-1+ myeloid 
cells provides an explanation for why these cells enhance EAE 
development or confer resistance to IL-27 therapy. AAV-IL-27- 
induced myeloid cells express multiple Th17-promoting cytokines 
including IL-1β, IL-6, IL-17 and IL-23. IL-1β, IL-6, and IL-23 have 
been well established as key cytokines for Th17 cell induction/
amplification and EAE development (23, 36, 50, 51). Although 
we observed reduced IL-1β expression in FACS-sorted, IL-27-
expanded CD11b+Gr-1+ myeloid cells (Figure 7A; reduced but 
still readily detectable by qPCR at 22 cycles), the overall expres-
sion of IL-1β increased in the CNS of AAV-IL-27-treated mice 
(Figure  5G), suggesting that more CD11b+Gr-1+ myeloid cells 
accumulated in the CNS and served as a major source of IL-1β. 
AAV-IL-27-induced CD11b+Gr-1+ myeloid cells also express 
S100A8/S100A9, which have been implicated in the inflamed 
CNS of mice with EAE (52) and shown to promote IL-1β and 
IL-6 production by immune cells (53). Thus, AAV-IL-27 therapy 
induces key cytokines for Th17 response in these cells, which 
could amplify the pre-existing Th17  cells during the effector 
phase of EAE. In addition to pro-inflammatory cytokines, we 
also observed that IL-27-expanded CD11b+Gr-1+ myeloid cells 
expressed high levels of IL-10, which could explain why high levels 
of pro-inflammatory cytokines detected in the CNS (Figure 5G) 
did not cause much worse disease (Figure 5A).

Lack of suppression of ongoing autoimmunity by AAV-IL-27 
is consistent with the report (54) showing that IL-27 could not 
inhibit established Th17 responses, but appears to be inconsist-
ent with other reports (9, 13) demonstrating that systemic IL-27 
inhibits T  cell adoptive transfer EAE. At this stage, we do not 
know the reason for this inconsistency. AAV-mediated delivery 
of IL-27 is highly efficient and results in stable and high concen-
trations in the blood of the treated mice, and this is not easily 

achievable by systemic injection of IL-27 protein. It is thus neces-
sary to determine if low and high concentrations of IL-27 induce 
T  cell tolerance via different mechanisms. On the other hand, 
since adoptive transfer EAE involves a latent phase before EAE 
signs appear (55, 56), suggesting that Th17 priming/differentia-
tion in vivo is still needed for causing disease after T cell transfer. 
Thus, the initial stage of T cell adoptive transfer should not be 
considered as mice having an ongoing disease, and thus it is not 
surprising to see that IL-27 could suppress adoptive transfer EAE.

Taken together, our study suggests that systemic delivery of 
IL-27 can efficiently prevent EAE development and the priming 
of Th17 cells. However, the therapeutic potential of IL-27 may be 
limited by its failure to shut down established Th17 responses and 
reverse ongoing inflammation, presumably due to the expansion 
of CD11b+Gr-1+ myeloid cells. Moreover, the depletion of Treg 
cells adds additional risk for IL-27-based therapy of autoimmune 
diseases like MS.
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Epilepsy Center Bethel, Krankenhaus Mara, Bielefeld, Germany

Antibodies (abs) against neural or glial antigens have become important diagnostic 
markers of autoimmune encephalitides. A key requirement for interpretation of any test 
in clinical medicine is specificity. In this work, a 35-year-old female patient with low-titer 
contactin-associated protein-2 abs not satisfying clinical criteria of autoimmune enceph-
alitis is reported. The patient had a recurrent depressive disorder and, at the time of 
the ab study, a moderate depressive episode. Overinterpretation and misinterpretation 
of patient’s complaints and paraclinical study results fueled the idea of an autoimmune 
encephalitis. It is suggested to check patients with supposedly positive ab test results 
critically for clinical criteria, titer cutoffs, and ab-typical epidemiological features like age 
and sex.

Keywords: contactin-associated protein-2 antibodies, depression, cell-based assays, neural antibodies, 
immunotherapy, diagnostic specificity

BaCKGRoUND

Immunoglobulin G (IgG) antibodies (abs) against neural or glial antigens have become important 
diagnostic markers of autoimmune encephalitides or acquired demyelinating central nervous  
system (CNS) syndromes. A key question in clinical applications is their disease specificity: the 
clinician needs to be sure that a positive ab result is not an irrelevant finding; e.g., a non-specific 
product of some other physiological or pathological process, or even a laboratory artifact (that may 
be unmasked by re-testing the sample). In 2016, two approaches to detect false-positive ab results 
were described. First, a recent Position Paper authored by international experts delineated a clinical 
approach for the diagnosis of autoimmune encephalitis that is independent of ab findings and can 
be used as a plausibility check of a positive ab test result (1). A patient who does not meet the criteria 
for “possible autoimmune encephalitis,” but is positive for a neural ab, should be carefully studied 
for alternative explanations for his or her condition. Second, some abs are considered non-specific 
if they occur below a certain serum titer. This has been suggested or studied for abs against glycine 
receptors (2), glutamic acid decarboxylase (3) and contactin-associated protein-2 (CASPR2) in the 
context of the clinical suspicion of autoimmune encephalitis (4). In this work, a patient with low-
titer CASPR2 abs not satisfying both specificity criteria described above is reported who repeatedly 
underwent expensive and potentially harmful treatments.

Case pReseNtatIoN

For a graphical presentation of the case, see Figure 1. At the end of 2014, at the age of 35 years, the 
patient of interest (female of German-Indonesian descent) developed symptoms of depression. No 
first-degree relatives of the patient suffered from any neuropsychiatric or autoimmune disorders. 
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FIGURe 1 | Disease course of the patient. Gray: real symptoms, adequate treatment; red: non-real neurological symptoms (dashed border), treatments in vain; 
purple: diagnostic findings. Abbreviations: abs, antibodies; AED, antiepileptic drugs; CASPR2, contactin-associated protein-2; CSF, cerebrospinal fluid; DDD, 
defined daily doses; EEG, electroencephalogram; EMG, electromyogram; IA, immunoadsorptions; MP, intravenous methylprednisolone; MRI, magnetic resonance 
imaging; Ps’ph, psychopharmacological agents; RTX, rituximab; y, years.
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Some years before, a psychiatrist had diagnosed this patient with 
a depressive episode and treated her accordingly. She had been 
trained as a commercial clerk. Due to her high performance and 
extraordinary commitment, she had been appointed managing 
director of five companies in Asia with 1,000 employees. After 
a few years in this position and along with a difficult marriage 
situation and a toddler, the depressive symptoms evolved. At 
the age of almost 36  years, self-medication with sedatives and 
hypnotics was no longer sufficient. Suicidal ideations tormented 
her. She asked for in-patient admission to a German psychoso-
matic hospital. The medical report lists the following symptoms: 
depressive mood, anhedonia, lack of drive, fatigue, concentration 
and distraction problems, low self-confidence, feelings of guilt, 
and suicidal thoughts. The diagnosis of recurrent depressive dis-
order (currently termed moderate depressive episode) was made 
(ICD-10: F33.1). Despite increasing doses of antidepressant and 
neuroleptic medication, her mood deteriorated, she complained 
of memory loss (never formally assessed), and she suffered from 
a sudden nervous breakdown. She said she would kill herself and 
her four-year old son. She was transferred to a closed ward of a 
university psychiatric department.

At the psychiatric department, she reported episodes during 
which she felt detached from the surrounding world. These 
“bubbles” (as she called them) occurred several times per day. 
At that time, a doctor from the university’s department of 
neurology investigated her on the psychiatric ward. The doctor 
suspected these “bubbles” were epileptic seizures with impaired 
consciousness, and he ordered a routine electroencephalogram 
(EEG). The EEG was interpreted as displaying right-hemispheric 
epileptiform potentials with a tendency to generalize. However, 
subsequent analysis of the suspicious EEG epochs by the author of 
this report revealed physiological activity without any potentials 

suggestive of epileptiform activity (Figure  2). The original 
EEG reading led to the interpretation of the “bubbles” as focal 
epileptic seizures. In retrospect, one would probably interpret 
them as derealization epochs as part of the depressive episode 
(5). Magnetic resonance imaging (MRI) did not show a potential 
epileptogenic lesion. Lumbar puncture revealed <1  cell/μl. 
Neither the IgG index (0.46, normal values <0.7) nor the Reiber 
diagram suggested an intrathecal IgG synthesis. Isoelectric 
focusing produced a weak positive result with <4 autochthonous 
cerebrospinal fluid (CSF) bands, reported by the laboratory as 
“oligoclonal bands type 3a” (6). Serum and CSF were tested for 
neural abs using a biochip by Euroimmun (Lübeck, Germany) 
with human embryonic kidney (HEK) cells expressing the fol-
lowing antigens: N-methyl-d-aspartate receptors (NMDAR), 
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid recep-
tors (AMPAR), leucine-rich glioma inactivated protein 1 (LGI1), 
CASPR2, and γ-aminobutyric acid-B receptors (GABABR) (7). 
Serum bound to the CASPR2-expressing cells up to a dilution 
of 1:20 (endpoint titer). CSF was ab negative. This finding was 
perceived as a serendipitous turning point in the management 
of the patient. The previous psychiatric diagnosis was discarded 
and the diagnosis of anti-CASPR2 autoimmune encephalitis as a 
causally treatable explanation for the depression and the seizures 
was made.

The patient was transferred to the university’s neurology depart-
ment and received five immunoadsorptions, five intravenous 
(i.v.) boluses of 1  g methylprednisolone (MP) and was started 
on levetiracetam. She newly reported experiencing pseudohal-
lucinations, but the depression appeared improved; thus, the 
antidepressant pharmacotherapy was reduced, and the patient 
was discharged home. Some weeks later, she visited a neurologist 
in private practice because of recent-onset twitches in her legs. 
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FIGURe 2 | Electroencephalogram (EEG) recorded 12 days prior to the lumbar puncture and the autoantibody diagnostics. The depicted epochs were recorded 
30–80 s after onset of hyperventilation (HV), a standard provocation maneuver of epileptiform activity in the EEG laboratory. The EEG was interpreted as follows: 
“irregular alpha-EEG with right fronto-centro-parieto focus and singular as well as grouped spike-wave complexes with abnormal rhythmizing; strong activation 
under HV with conduction to the contralateral side and short generalizations.” In fact, this is a normal 9/s-alpha-EEG with physiological high-amplitude slowing 
under HV. It has been described before that is one typical reason for EEG misinterpretation leading to the erroneous diagnosis of epilepsy (8).
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She asked if this may be neuromyotonia. Neither the neurologist’s 
report nor later medical reports stated that a physician had seen 
muscle twitches upon physical examination. Myotonic discharges 
could not be shown by an electromyogram (EMG). Because of 
ongoing episodes thought to be epileptic seizures, lamotrigine 
was added. With an increasingly depressed mood, the patient 
returned to the same neurology department, where neuromyoto-
nia was added to her diagnoses. Three boluses of 1 g i.v. MP plus 
two infusions of 1 g rituximab (RTX) were administered. After 
a brief improvement in mood but with ongoing seizures and 
neuromyotonia, her depression returned. Approximately half a 
year after the first i.v. MP/RTX course, she received (despite a 
second negative EMG study) another such treatment.

One year after the diagnosis of anti-CASPR2 encephalitis, with 
ongoing leg twitching and “bubbles” but improving mood, she 
visited the author’s clinic (hospital case no. 16810070). During 
a routine EEG, she had her habitual “bubble” with reduced and 
slowed responsiveness. An ongoing normal alpha rhythm was 
recorded (Video S1 in Supplementary Material). A subsequent 
epileptological in-patient evaluation revealed normal findings in 
long-term video-EEG, 3Tesla MRI of the brain, and neuropsycho-
logical, psychiatric, CSF, and ab investigations. The latter included 
investigations of CSF and serum by indirect immunofluorescence 
on mouse brain, on transfected, fixed HEK cells (Euroimmun, 
Lübeck, Germany), or on immunoblot (Euroimmun, Lübeck, 
Germany) for abs against the following antigens: NMDAR, 
LGI1, CASPR2, glycine receptor, AMPAR subunit 2, IgLON 
family member 5, GABABR, metabotropic glutamate receptor 5, 
dipeptidyl-peptidase-like protein-6, neuropil abs without further 
specification, Hu, Ri, Yo, CV2, amphiphysin, Ma2, GAD, recov-
erin, Sox1, Zic4, Delta/Notch-like EGF-related receptor; for the 
protocols, see Ref. (4). The depression had remitted. There were 

no more “bubbles” or leg twitches, and the antiepileptic medica-
tion was tapered. An in-patient follow-up with repetition of the 
aforementioned studies again did not reveal any abnormalities. 
The patient was discharged with “status post depressive episode” 
as the only diagnosis. Altogether, the patient spent 48  days in 
neurological in-patient care in vain, received immunotherapies 
at a price of approximately 27,000 €, and took antiepileptic drugs 
for 14 months (2.5 defined daily doses for most of this period). 
Fortunately, no enduring complications occurred. Written 
informed consent was obtained from the patient for the publica-
tion of this case report.

DIsCUssIoN

This patient was erroneously diagnosed in November 2015 with 
anti-CASPR2 encephalitis, 3  months before the recommenda-
tions for a clinical approach to autoimmune encephalitides 
were published online (1) and 11  months prior to the online 
publication stating that CASPR2 ab titers (as measured by the 
Euroimmun assay) in patients diagnosed with autoimmune 
encephalitis should be much higher than a 1:20 endpoint titer; 
more specifically, patients with a non-encephalitic MRI (as in this 
patient) need to have a CASPR2 ab serum titer >1:1,000 to have a 
>70% likelihood of an autoimmune encephalitis (4).

In retrospect, this patient did not pass the clinical threshold 
for “possible autoimmune encephalitis” because the psychiatric 
symptoms did not progress subacutely (1). Also, the previous 
diagnosis of a recurrent depressive disorder as an alternative diag-
nosis would have put the diagnosis of autoimmune encephalitis in 
doubt [see Panel 1 in Ref. (1)]. Additionally, the CASPR2 serum 
ab titer was too low to permit the diagnosis of an autoimmune 
encephalitis. Even at the time when the autoimmune encephalitis 
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diagnosis was made, the age and sex of the patient should have 
raised doubts, since anti-CASPR2 encephalitis is mainly a disor-
der of men at least 50 years of age (9); this has been confirmed in 
more recent publications (4, 10, 11).

As an additional (not infrequent) problem, overinterpretation 
due to overreading of the EEG led to the erroneous diagnosis 
of epileptiform activity (12), which supported the diagnosis 
of epilepsy, which was thought to emanate from autoimmune 
encephalitis. The indeterminate result of “oligoclonal bands 
type 3a” may have further fueled the idea of a CNS autoimmune 
process. Meanwhile, it has become clear that less than half of 
patients with anti-CASPR2 encephalitis who underwent CSF 
studies studied have intrathecal IgG synthesis (4, 10).

Detection of CASPR2 abs in this patient by a neurologist in 
the psychiatry department was obviously a striking event. It is 
tempting to speculate that this contributed to the diagnostic error 
that this patient had neuromyotonia. Neuromyotonia is a specific 
feature of Morvan syndrome, which is usually associated with 
CASPR2 abs (13). The patient reported “leg twitching” only after 
the detection of the abs. Even though no doctor ever documented 
the twitches and two EMGs were unable to detect them, the 
diagnosis of neuromyotonia was noted in the subsequent medical 
reports (and further corroborated the idea of an anti-CASPR2 
encephalitis).

Like a previous report (14), this case study underlines the 
importance of specificity when making the diagnosis of an 
autoimmune encephalitis. Clinical criteria (1), titer cutoffs (4),  
and typical epidemiological features like age and sex may 
contribute to specific diagnoses of autoimmune encephalitides. 
Nevertheless, it is possible to detect novel ab-related syndromes. 
A successful example was the delineation of faciobrachial 

dystonic seizures in patients with LGI1 abs (15). This example 
shows that more than one individual is needed to establish such 
a new association.

etHICs stateMeNt

This is a retrospective single case study of a patient who was 
personally treated by the author. Such a publication is covered by 
the Gesundheitsdatenschutzgesetz (GDSG NRW, German law on 
healthcare data protection). The patient signed a consent form.
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There is only one author who did all the work. CGB designed the 
work; he acquired all data, analyzed, and interpreted them. He 
wrote the manuscript and provides approval for the publication 
of the content. He is accountable for all aspects of the work in 
ensuring that questions related to the accuracy or integrity of any 
part of the work are appropriately investigated and resolved.
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The Supplementary Material for this article can be found online at 
https://www.frontiersin.org/articles/10.3389/fimmu.2018.00703/
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VIDeo s1 | Routine electroencephalogram (EEG) with video recording 1 year 
after the diagnosis of “anti-CASPR2 encephalitis”. The patient is irregularly 
blinking with her eyes and produces the typical artifacts. With ongoing blinking, 
she then has one of her habitual seizures with slowed-down responsiveness. The 
EEG shows an undisturbed alpha rhythm without signs of an epileptic seizure. 
These findings speak in favor of a non-epileptic event.
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