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Editorial on the Research Topic
Update on Translational Neuroimmunology - Research of ISNI 2018

With its roots firmly planted in the fields of CNS autoimmunity and infection, the rapidly growing
field of neuroimmunology is branching out to include almost every area of neurophysiology
and neurological disease to encompass brain development and function, psychiatric illnesses,
inflammatory demyelinating diseases, cancer, infections, and neurodegeneration of the central and
peripheral nervous systems. The nervous system is also functionally intimately interconnected,
via immune mechanisms, to multiple other processes and organ systems including systemic
inflammation, gut microbiome, and chronic pain, to name a few. The scope of neuroimmunology
and its implications for the understanding of human health and disease, from diagnosis
through therapeutics, was highlighted during the 14th Congress of the International Society for
Neuroimmunology (ISNI) 2018, and the associated 2nd Global Schools of Neuroimmunology
(GSNI), held together in August 2018 in Brisbane, Australia. The richness of topics covered is
further illustrated through the series of related articles presented in this special issue of Frontiers in
Neurology entitled “Update on Translational Neuroimmunology Research of ISNI 2018.”

The Congress highlighted the importance taking the knowledge gained from translational
research and clinical experience back into the research environment to gain further understanding
of immune-mediated diseases affecting the human CNS and how to overcome them. During the
meeting, dedicated symposia covered diverse topics of CNS and PNS autoimmunity, immune
dysfunction, and immunotherapy, covering a wide range of neuroimmune interactions in health
and disease. For example, disease topics ranged from immune-mediated conditions, such as
multiple sclerosis (MS), neuromyelitis optica spectrum disorders (NMOSD), myasthenia gravis,
and autoimmune encephalopathies and neuropathies, to inflammation in conditions usually
thought of as neurodegenerative, such as Alzheimer’s disease (AD), Parkinson’s disease (PD), motor
neuron diseases, neuropsychiatric diseases, as well as traumatic injuries and infections by parasites
and neurotropic RNA viruses including West Nile and Zika.

The involvement of immune mechanisms in psychiatric diseases was introduced at GSNI on
the first day of the meeting and during the main meeting in talks by Lennox and Brown. In
this issue, McCombe et al. review the emerging evidence that the peripheral immune system
contributes to motor neurodegeneration in amytrophic lateral sclerosis (ALS), and implications for
therapeutic targeting to manage the disease. This parallels current thinking in AD that peripheral
inflammation influences inflammation in the brain. In a similar vein, Yates et al. review the current
evidence suggesting that extracellular vesicles (EVs) shed from CNS cells, cross the blood brain
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barrier (BBB), and play a critical role in activating peripheral
immune responses to traumatic CNS injury. Vilquin et al.
describe the consequences of autoimmune attack against
components of the neuromuscular junction in myasthenia gravis,
focusing on the response of the ultimate target in this disease,
the muscle. Fujii et al. turn their attention to investigating
the link between allergic inflammation and neuropathic pain,
describing a possible role for spinal cord glial inflammation
and autoantibodies that target sensory neurons in the dorsal
root ganglia.

The dramatic clinical success of B cell depleting
immunotherapies in patients with MS, as well as CNS diseases
that involve autoantibodies such as NMOSD, has focused
research on understanding the critical roles of B cells, and
their interactions with T cells, in the pathogenesis of MS
and other neuroimmune diseases. B cells produce antibodies,
present antigens to T cells, and produce pro-inflammatory
and anti-inflammatory cytokines, and all these functions
can contribute to CNS autoimmunity. At the Congress, The
Immunology Lecture delivered by Vinuesa was dedicated to
rare mutations that contribute to systemic autoimmunity. Focus
was placed on genes that control mechanisms involved in the
production, selection and elimination of memory B cells and
antibody production, and specifically on the role of roquin, an
E3 ubiquitin ligase, in the control of B cell-T cell interactions
by T follicular helper cells (TFH) (1). In the Dale McFarlin
Lecture delivered by Martin, we learnt that memory B cells
increase the spontaneous autoproliferation of peripheral T
helper (Thl) cells as well as non-classical Thl cells (CCR6+
CXCR3+; Th17.1 cells) (2). Importantly, T cell autoproliferation
is abnormally increased in MS patients during the remission
phase of the disease and is likely to drive disease (2). B cells
do this in a HLA-DR1-dependent manner, and depletion of
B cells by anti-CD20 antibodies reduces T-cell proliferation,
thereby providing one mechanistic basis for therapeutic B cell
depletion in MS. The same group identified a new putative
target autoantigen in MS, RASGRP2, expressed in both brain
and B cells (2). Insights from pediatric-onset MS discussed by
Bar-Or also explored novel antigenic targets and emphasized the
importance of cellular interactions between memory B cells, T
cells and myeloid cells (3). Autoantibody-mediated pathologies
of the peripheral and central nervous systems were a main topic
of the meeting discussed by Vincent, De Seze, Mathey, Kusunoki
and Kiernan. In this issue, van Langelaar et al. further discuss the
types of T cell-B cell interactions that might be important for MS
pathogenesis, Greer et al. report that autoantibodies to the major
myelin protein, proteolipid 181-230 peptides, are increased in a
subgroup of MS patients and that their levels positively correlate
with disease severity, while Young reviews the differential effects
of antibodies to the GluN1 subunit of the glutamate NMDA
receptor in pathogenesis of neurological diseases.

Neutrophils are amongst the first immune cells to reach
the CNS in the MS model experimental autoimmune
encephalomyelitis (EAE) and are present in the CNS during
NMOSD and severe MS, but little is known of their role in
disease pathogenesis. Vallieres showed that neutrophils adopt
macrophage-like properties once entering the CNS in a B

cell-dependent EAE model and to promote inflammation
via the neutrophil-specific protease ASPRV1 (4). Moreover,
Korn discussed mechanisms by which polymorphonuclear
myeloid-derived suppressor cells (PMN-MDSC), phenotypically
related to neutrophils, control B cell accumulation and cytokine
secretion during CNS autoimmunity (5). The involvement
of other innate immune mechanisms in neurodegenerative
disorders, such as heat shock proteins and the inflammasome,
was also given attention by Amor, Issazadeh-Navikas, and Ting.

MS research is increasingly focused on myeloid cells and CNS-
resident cells such as astrocytes, microglia, and oligodendrocytes,
which contribute to disease pathology through additional
mechanisms likely relevant for other neurologic diseases. One
topic that remains hotly debated in the MS field is the identity
of the antigen-presenting cell that is responsible for reactivating
T cells in the CNS, and thereby licensing them to induce
demyelinating lesions, since this is a potential target for more
selective therapy. Various cell types, including dendritic cells,
B cells, barrier-associated macrophages (BAM), and microglia
are able to present antigen to T cells in the context of MHC
class II, although which one is involved in the pathogenesis of
EAE and MS still remains to be identified. Important targets are
also the effector molecules communicating these interactions, as
discussed by Becher for (GM-CSF) (6).

The functions of CNS-resident myeloid cell (microglia) in
neuroinflammation continue to intrigue researchers. Unlike
their peripheral counterparts (monocytes and macrophages),
microglia perform essential functions in the CNS not only in
pathologic states such as in repair of tissue damage, as discussed
by Popovich, but also under normal physiologic conditions,
such as shaping neuronal networks and clearing debris
by phagocytosis. Loss of these functions during development
has been implicated in schizophrenia and potentially in autism
spectrum disorders, while loss of the same functions in the
context of chronic inflammation may contribute to pathology
in diseases such as MS and AD. For example, Waisman
reported that selective depletion of A20 (an inhibitor of the
transcription factor NF-kB) in microglia, was sufficient to induce
spontaneous neuroinflammation and CNS infiltration by CD8+
T cells, pointing to a homeostatic function for microglia in
the brain (7). The TAM family of receptor tyrosine kinases,
Tyro3, Axl, and Mertk, has been implicated in demyelination,
remyelination and MS susceptibility, and Kilpatrick reported
that Mertk plays a role in beneficial microglia function in an
experimental demyelination model, and that Tyro3 is important
for developmental myelination of the CNS (8). In this issue,
Benmamar-Badel et al. review data regarding a unique subset of
microglia that is found in development, during normal aging and
in diverse diseases and discuss the possible functional significance
of these cells. It is clear that much more needs to be learnt
regarding the differential functions of myeloid cell subtypes
before these cells can be both effectively and safely targeted
for therapy.

Evidence for inflammatory functions of CNS-resident
oligodendrocyte precursor cells (OPC) was presented by
Ransohoff wherein IL-17-induced Actl-NOTCHI interactions
in OPC promoted the inflammatory responses, cell proliferation
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and inhibited OPC differentiation into mature oligodendrocytes
thereby inhibiting remyelination. Genetic depletion of NOTCH]1
in OPC in mice, or administration of a decoy peptide based
on IL-17RA, were sufficient to inhibit Th17-induced EAE (9).
Increasing complexity of astrocyte function in disease is also
being appreciated. Liddelow reported that astrocytes can be
converted by microglia into a neurotoxic phenotype in diseases
such as AD and PD, and agents that inhibit the formation
of neurotoxic astrocytes could be used to treat these so-far
untreatable diseases (10). Quintana described a novel metabolic
mechanism involving cytosolic phospholipase A2 interactions
with mitochondrial antiviral signaling protein (MAVS), which
leads to activation of NF-kB and drives pro-inflammatory
activities of astrocytes in EAE and MS, while interfering with
the metabolic support of neurons by astrocytes. These findings
identified a candidate drug to be repurposed for therapeutic
modulation of astrocyte pro-inflammatory activities, while they
also provide a novel link between viral infections, metabolism,
CNS inflammation and neurodegeneration (11).

Our current understanding of CNS immune privilege and
CNS barriers, including the blood brain barrier (BBB), blood
CSEF barrier (B-CSF), and brain surface barrier, was reviewed by
Engelhardt at GSNI and elaborated during the congress itself,
where the perivascular space at the BBB was implicated as a main
entry point for immune cell infiltration in MS (12). Brain barrier
dysfunction also occurs in other neurodegenerative diseases.
Aging of the choroid plexus was described by Schwartz in an
experimental AD model and was associated with the immune
dysfunction and cognitive defects that are characteristic of this
disease (13). Targeting of the choroid plexus using blockers
of immune-inhibitory checkpoints, such as PD-1, evoked IFN-
y dependent immune responses, which in turn improved the
recruitment of monocyte-derived macrophages including so-
called disease-associated macrophages (DAMs), into the CNS
and reduced disease features (13). These findings provide another
example where the immune system exerts protective functions
in the CNS during disease. Drugs that protect barrier function
represent promising new therapies for MS, and as described by
Yong include approved drugs such as minocycline, a tetracycline
antibiotic used to treat acne, and novel inhibitor analogs
of extracellular matrix components called chondroitin sulfate
proteoglycans (CSPGs) (14).

Well-deserved attention was given to the gut-CNS axis and,
in particular, the role of gut microbiota in immune homeostasis
of the brain and in triggering CNS autoimmunity. This field
developed following a landmark discovery made in the field of
neuroimmunology just one decade ago. Since then the functional
relationships between the gut microbiome and its effects on
CNS pathology driven by peripheral and resident cells have
been subject to intense investigation, as introduced at GSNI
by Barazini, and updated in the Congress by Wekerle, Miyake,
Weiner, Quintana and Yamamura, and by recent reviews (15-18).
This special issue includes reviews from Jogia and Ruitenberg on
the significance of gut microbiota in traumatic spinal cord injury,
and from Cady et al., on the importance of dietary phytoestrogens
in protection in EAE and possibly MS.

Several talks highlighted the neuroimmunology of infectious
diseases of both the peripheral and central nervous systems,
including cerebral malaria by Idro and viral infections by Klein,
Pender, Basu and Yamano.

The search for improved diagnostic biomarkers continues,
and is a particular focus of articles published in this special issue.
While MS is the most common inflammatory demyelinating
disease of the CNS, other rare disorders include NMOSD
and anti-MOG associated disease, and the need for accurate
diagnosis is stressed since prognosis and treatment of these
three diseases are different. In this issue, Prain et al. describe
a clinically-based survey of NMOSD in Australia and New
Zealand, and critically evaluate different assays for anti-AQP4
and anti-MOG antibodies used in the diagnosis of NMOSD
and anti-MOG associated disease, respectively. In the case of
anti-AQP4 antibody seronegative NMOSD, differential diagnosis
from MS might be difficult. The current status of medical
imaging research in MS and NMOSD, and its role in the
diagnosis and management of these two diseases was discussed
at the meeting by Stankoff and Paul, and is reviewed in this
issue by Kuchling and Paul. Tea et al. together with the
Australasian and New Zealand MOG Study Group, discuss data
analysis tools for maximizing the diagnostic power of FACs
cell-based assays that detect MOG autoantibodies. Gastaldi et
al. critically report the results and main shortcomings of the
2018 Italian Neuroimmunology Association external quality
assessment program (EQAP), which evaluated assays using a
wide range of markers including oligoclonal bands, antibodies
to intracellular and surface neuronal antigens, AQP4, MOG, and
myelin-associated glycoprotein (MAG) antibodies, in different
assay types used by 34 different laboratories. Jiang et al,
describe improved novel biomarkers in the CSF of patients
with autoimmune encephalitis for differential diagnosis between
viral infections and autoimmune encephalitis. Masvekar et al.
investigated whether apoptotic bodies/ apoptosomes, which
are vesicles released from apoptotic cells, could represent a
biomarker for MS, by measuring total and cell-specific apoptotic
bodies in the CSF of MS patients by FACS using annexin V and
antibodies to cell-specific markers.

Novel immunotherapeutic strategies for wide range of
peripheral and central nervous system diseases, including
neuropathies, myasthenia gravis, and pediatric CNS disorders
were discussed during the meeting. The powerful therapeutic
value of neural stem cells was the subject of The John Newsom
David Lecture delivered by Martino (Ottoboni et al.) and The
Rita Levi-Montalcini Neurobiology Lecture delivered by Bartlett
(19), and is further highlighted in this special issue in a review
by Ottoboni et al.. News of a phase I safety trial using allogenic
human NSC in MS patients with progressive MS was shared by
Martino, and strategies for further improvement of this approach
by using autologous induced pluripotent stem cell derived NSC
were considered. The homeostatic functions of NSC in brain
inflammation and their contribution to remyelination and brain
repair in experimental models was reported. Under conditions
of inflammation, NSC are maintained in an immature state and
secrete LIE, which in turn promotes remyelination. In a separate
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report by Kilpatrick, oligodendrocyte-specific expression of the
TAM receptor Tyro3 was necessary for remyelination in a
demyelination model in mice (8). The possibility that these
mechanisms interact to mediate CNS repair in demyelinating
disease remains to be investigated. On the other hand, positive
regulators of neurogenesis from NSC in the hippocampus are
found to be stimulated by exercise and healthy lifestyle (19). The
importance of microglial and astrocytic gap junction proteins
in the modulation of CNS pathology was pointed out in talks
by Suzumura and Kira. In this issue, Finardi et al., provide
evidence that microRNAs miR106b-25 and miR17-92, which
are upregulated in MS patient T regulatory cells, are involved
in the development of experimental neuroinflammation and
might represent novel therapeutic targets. In the context of
glioma, in this issue Sarkar et al. provide evidence that the
antibiotic demeclocycline reduces the growth of brain tumor
initiating cells through direct and indirect effects via activation
of myeloid cells.

Further advancing the spirit of translational research in the
neuroimmunology field, the importance of improved animal
models of autoimmunity and infection was highlighted in the
talks by Liblau, Baker, De Seze, Klein and O’Connor. Several
new animal models have been developed to recapitulate findings
from the clinic and to aid deeper mechanistic studies into disease
pathogenesis. A humanized mouse model for Rasmussen’s
encephalitis was generated by transplanting patient PBMC’s into
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We have compared five different assays for antibodies to aquaporin-4 in 181 cases
of suspected Neuromyelitis optica spectrum disorders (NMOSD) and 253 controls to
assess their relative utility. As part of a clinically-based survey of NMOSD in Australia
and New Zealand, cases of suspected NMOSD were referred from 23 centers. Clinical
details and magnetic imaging were reviewed and used to apply the 2015 IPND diagnostic
criteria. In addition, 101 age- and sex-matched patients with multiple sclerosis were
referred. Other inflammatory disease (n = 49) and healthy controls (n = 103) were
also recruited. Samples from all participants were tested using tissue-based indirect
immunofluorescence assays and a subset were tested using four additional ELISA and
cell-based assays. Antibodies to myelin oligodendrocyte glycoprotein (MOG) were also
assayed. All aquaporin-4 antibody assays proved to be highly specific. Sensitivities
ranged from 60 to 94%, with cell-based assays having the highest sensitivity. Antibodies
to MOG were detected in 8/79 (10%) of the residual suspected cases of NMOSD. Under
the 2015 IPND diagnostic criteria for NMOSD, cell-based assays for aquaporin-4 are
sensitive and highly specific, performing better than tissue-based and ELISA assays. A
fixed cell-based assay showed near-identical results to a live-cell based assay. Antibodies
to MOG account for only a small number of suspected cases.

Keywords: neuromyelitis optica, autoantibody, aquaporin, myelin oligodendrocyte glycoprotein, astrocytopathy,
demyelination

INTRODUCTION

Neuromyelitis optica spectrum disorders (NMOSD) (1) encapsulate a variety of defined
neurological clinical presentations associated with autoantibodies to aquaporin-4 (AQP4) (2).
Detection of antibodies to AQP4 is of immense value in the accurate diagnosis and management
of NMOSD, which represent about 1% of central nervous system (CNS) inflammatory disease (3).
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The current diagnostic criteria for NMOSD permit the inclusion
of AQP4 antibody negative cases, but this requires additional
radiological criteria (1).

Myelin oligodendrocyte glycoprotein (MOG) antibody-
related demyelinating disease is emerging as another antibody
mediated inflammatory disorder of the CNS which shares
some overlapping features with NMOSD (4). In particular, a
predilection for lesions of the optic nerve and spinal cord is
seen in both conditions (5, 6). However, there are some very
clear clinical distinctions between the two disorders. MOG
antibody-related demyelinating disease accounts for up to one
third of cases of pediatric demyelinating disease, often presenting
with acute disseminated encephalomyelitis, a clinical picture that
is rare in NMOSD (7). In addition, the distribution of the spinal
cord lesions is subtly different with lesions of the high cervical
spine (C1/2) being seen in NMOSD and lesions extending all
the way to the conus being seen in MOG antibody-related
demyelinating disease (8).

We recently performed a nationwide prevalence survey of
NMOSD across Australia and New Zealand (9). We have
compared the relative utility of a variety of AQP4 antibody assays
and studied the prevalence of positivity for MOG antibodies in
this population, with the aim of guiding best laboratory practice
and interpretation of results for clinicians.

METHODS

Case Ascertainment

Possible cases of NMOSD were identified through a network
of 23 neurology clinics specializing in demyelinating diseases
of the CNS (ICD-10 G35-G37) across Australia and New
Zealand. These centers match the population distribution of both
countries. Participating centers referred cases to the coordinating
center in Queensland if they had features suggestive of NMOSD
as previously described (9). Cases were excluded if no serum
sample was supplied and results of prior AQP4 antibody testing
were not available, insufficient clinical data to make a diagnosis
were supplied or if an alternate diagnosis became apparent.
All subjects provided written informed consent. Institutional
human research ethics committee approval was obtained for all
participating sites. The period of data collection was from 1
January 2011 to 31 December 2013. The 2015 International Panel
for NMO Diagnosis (IPND) diagnostic criteria for NMOSD
(ICD-10 G36) were applied retrospectively.

Referring neurologists were also requested to recruit age-
and sex-matched patients with multiple sclerosis, who did not
have any of the features suggestive of NMOSD. Additional
controls consisted of patients with other inflammatory diseases
(infectious and rheumatological) and healthy blood donors.
The other inflammatory diseases included infections (varicella,
systemic CMYV, infectious mononucleosis), Sjogren’s syndrome
and systemic lupus erythematosus. All participants gave written,
informed consent to participation in this study and the
study protocol was approved by the Human Research Ethics
Committee at all participating sites.

Demographic details (age and gender) together with clinical
details sufficient to confirm a diagnosis of NMOSD or MS were

collected, including relapse history and MR imaging as previously
described (9). Cases were then defined as “NMOSD” (meeting
seropositive or seronegative 2015 IPND criteria) (1), “suspected
NMOSD” (cases having features suggestive of NMOSD but not
meeting 2015 IPND criteria), or “MS” (meeting 2010 McDonald
criteria with no features suggestive of NMOSD) (10). The
remaining control groups were other inflammatory disease and
healthy blood donors.

Antibody Assays

Any prior AQP4 antibody testing results were collected
using a standard questionnaire in all cases. Serum samples
were obtained and tested for AQP4 antibodies using indirect
immunofluorescence staining techniques on mouse, rat, or
monkey brain tissue and rat or mouse kidney sections at one
of four testing sites (see Supplementary Table1 for details).
A subset of samples was also tested using an ELISA kit
(RSRTM, UK), as well as two fixed cell-based slide kits from
Euroimmun® and a live cell based assay (11). The two slides
each consisted of two chips of HEK cells transfected with
M1 and M23 isoforms of AQP4 in one and M23 AQP4
and MOG in the other (Euroimmun®, Germany). The tissue-
based indirect immunofluorescence testing was undertaken in 4
centers across Australia. The ELISA, and fixed-cell based assays
were performed by the Autoimmunity section of the Division
of Immunology, Pathology Queensland Central Laboratory,
Brisbane, Australia, as per the manufacturer’s instructions. The
live cell-based assay was performed in the Nuffield Department
of Clinical Neurosciences, Oxford, UK, as previously described
(12). All assays were performed by researchers blinded to the
final diagnostic status of the cases and results from Brisbane
and Oxford were collated by a blinded third party based in
Cambridge, UK, who then distributed the final combined results
to all parties. The typical outputs of the tissue-based and
live cell-based assays are shown in Figure 1. MOG antibodies
were detected using three different assays: a commercial fixed
cell-based assay (Euroimmun®, Germany), a live cell-based
assay, and a live cell-based fluorescence activated cell sorting
(FACS) assay. The fixed cell-based assay was performed as per
the manufacturer’s instructions. The live cell-based assay was
performed in the Nuffield Department of Clinical Neurosciences,
Oxford, UK, as previously described (13) and the FACS assay was
performed at the Westmead Immunology Laboratory, Sydney,
Australia as previously described (14). Seropositivity for AQP4 or
MOG antibodies was defined as either a positive result on any of
the tissue-based indirect immunofluorescent assays or a positive
result on at least 2 cell-based assays (including repeated FACS
assay for MOG antibodies).

Statistics

Results are presented as n/N (%) of positive or negative antibody
assays in cases and controls. Non-parametric statistics were
used to assess differences in the demographic distribution of
cases and controls. The optimal cut-off for the ELISA antibody
level was assessed using receiver operator characteristic (ROC)
curve analysis. Sensitivity and specificity with 95% confidence
intervals (CI) were used to assess utility of the assays. Degree of
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FIGURE 1 | Positive outputs for AQP4 antibodies using tissue-based indirect
immunofluorescence on mouse cerebellum (A), and live cell-based assay (B).

agreement between the assays was assessed using Cohen’s kappa
coefficient. All statistical analysis was performed using SPSS®
v24 (IBM®, US).

RESULTS

In total, 189 cases of suspected NMOSD were referred. Of
these 8/189 (4%) were excluded due to lack of an available
serum sample. Of 181 suspected NMOSD cases, 80 met the
2015 IPND diagnostic criteria for NMOSD. Of these, 73/80
(91%) were seropositive for AQP4 antibodies and 7/80 (9%)
were seronegative, leaving 101 suspected NMOSD cases. Not all
of the seronegative NMOSD cases were tested with all assays.
There were 108 cases of MS referred of which 7/108 (6%)
had no serum available, leaving 101 included MS controls.
Serum was available for 49 inflammatory disease and 103 blood
donor controls. The inflammatory disease controls included
the following: systemic lupus erythematosus (15), Sjogren’s
syndrome (8), cytomegalovirus infection (9), Epstein-Barr virus
infection (7), and varicella zoster infection (6). The demographic
details for cases and controls are given in Table 1. There were
no statistically significant differences in gender (X?> = 0.503,
p = 0.478) or age distribution (Mann-Whitney U p = 0.145)
between NMOSD cases and MS controls, indicating that our
age- and sex-matching strategy had been effective. No data
were available for the blood donor controls as these samples
were provided anonymously as required by Australian Red
Cross. The inflammatory disease controls were older, but when
combined with the MS controls were not significantly different
to NMOSD cases. The proportion of females in inflammatory
disease controls (61%) compared with NMOSD cases (89%) was
significantly lower (X?> = 13.548, p < 0.001). When MS and
inflammatory disease controls were combined the proportion of
females increased (77%), but remained significantly different (x?
= 4.474, p = 0.034).

ROC curve analysis (see Figure 2) of the ELISA test kit results
showed an optimal cut-off of equal to or >10 (arbitrary units),
which had a sensitivity of 60% (95% CI 45-98%) and specificity of
97% (95% CI 93-98%). This level was used to determine positivity
on the ELISA assay.

TABLE 1 | Demographic details of cases and controls.

Group tested N Gender, female Age, years
n/N (%) median (range)

CASES

NMOSD 80 71/80 (89) 47 (19-85)

Suspected 101 68/101 (67)* 40 (15 -72)*

NMOSD

CONTROLS

Multiple sclerosis 101 86/101 (85) 46 (16 - 73)

Inflammatory 49 30/49 (61)* 59 (21 -97)*

disease

Blood donors 108 N/A N/A

Overall 253 116/150 (77) 49.5 (16 - 97)

*Statistically significantly different from NMOSD cases (p < 0.05). NMOSD, neuromyelitis
optica spectrum disorders.
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FIGURE 2 | ROC curve analysis for most appropriate cut off (arrow) for ELISA
AQP4 assay.

Tissue-based indirect immunofluorescence testing for AQP4
antibodies was performed in 424/434 (98%) of cases and controls.
A cell-based AQP4 assay was performed in 307/434 (71%) of
cases and controls. The sensitivity for various assays in NMOSD
and suspected NMOSD together with their specificity in the
various control groups and overall controls is given in Table 2.
The results of the Euroimmun® M1 and M23 biochips on a
shared slide proved to be identical and so these results have been
considered together. The most sensitive assays were the fixed and
live cell-based assays, which gave very similar results (see Table 2
and Supplementary Table 2). The overall sensitivity of the live
cell-based assay was 92% (95% CI 78-97%) and specificity was
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TABLE 2 | Sensitivity and specificity of autoantibody assays.

Group tested N T-IF ELISA EI-M1/M23 EI-CBA Ox-CBA MOG
CASE SENSITIVITY—n +ve/N (%)

NMOSD 80 62/78 (78) 25/42 (60) 38/42 (90) 34/36 (94) 33/36 (92) 0/48 (0)
[95% Cl for sensitivity] [69-87] [45-73] [78-96] [82-99] [78-97] [0-7]
Suspected NMOSD 101 8/79 (10)
CONTROL SPECIFICITY—n -ve/N (%)

Suspected NMOSD 101 99/99 (100) 62/64 (97) 61/64 (95) 42/43 (98) 49/49 (100)

Multiple sclerosis 101 98/98 (100) 48/48 (100) 48/48 (100) 20/20 (100) 21/21 (100) 52/52 (100)
Inflammatory disease 49 49/49 (100) 43/49 (88) 49/49 (100) 49/49 (100) 49/49 (100) 48/49 (98)
Blood donors 103 99/100 (99) 102/103 (99) 108/103 (100) 108/103 (100) 82/82 (100) 89/90 (99)
Overall 354 346/346 (99.7) 255/264 (97) 242/245 (99) 214/215 (99.5) 201/201 (100) 189/191 (99)
[95% Cl for specificity] [98-100] [94-98] [97-100] [97-100] [98-100] [96-100]

T-IIF, tissue-based indirect immunofiuorescence; ELISA, enzyme linked immunosorbent assay; El M1/M23, Euroummun® M1/M23 biochip slide; EI-CBA, Euroimmun® AQP4 fixed
cell-based assay; Ox-CBA, Oxford AQP4 live cell-based assay; MOG, myelin oligodendrocyte glycoprotein antibody assay; NMOSD, neuromyelitis optica spectrum disorders.

100% (95% CI 98-100%). Whilst less sensitive (78% [95% CI 69—
87%]), the tissue-based indirect immunofluorescence assay also
proved to be very specific (99.6% [95% CI 98-100%]). The ELISA
test was positive in 6 inflammatory disease controls, but none of
the blood donor or MS controls. The ELISA assay proved to be
the least sensitive (60% [95%CI 45-98%]) and least specific (97%
[95% CI 93-98%]).

The degree of concordance between assays was generally high,
and particularly so for the cell-based assays, as shown in Table 3.
In the suspected NMOSD cases, there were 5 cases who were
positive on the Euroimmun® M1/M23 assay or the ELISA assay
alone. As these cases were negative on all other cell-based assays
they were not included in the NMOSD cases and remained as
suspected NMOSD. Inclusion of the suspected NMOSD cases
as controls for the calculation of specificity did not significantly
change the results.

Amongst suspected NMOSD cases, 8 were positive for MOG
antibodies. One of these was also positive for both the AQP4 and
MOG biochips on the same fixed cell-based assay. This case was
negative for all other cell-based assays for AQP4 antibodies and
was confirmed as positive for MOG antibodies by FACS assay and
so was not considered to be a case of NMOSD, but rather as a case
of MOG antibody-related demyelinating disease. Thus, we did
not identify any AQP4 and MOG antibody double positive cases.
One MOG antibody positive case met the clinical/MRI 2015
IPND criteria for a diagnosis of NMOSD, but was considered
as a MOG antibody-related demyelinating disease case. When
the sensitivity and specificity analysis was restricted to cases with
testing available for all assays (AQP4 and MOG) results were not
significantly different (Supplementary Tables 2, 3). We observed
a clear correlation between the number of positive tests (tissue
and cell-based assays) and the ELISA antibody level (Figure 3).
However, antibody levels >100 were seen in a few samples with
only one positive result on the other assays.

TABLE 3 | Concordance and agreement for AQP4 antibody assays.

Assay T-IIF ELISA El M1/M23 El AQP4
ELISA 121/141 (86)
0.556 n/a
<0.001
El M1/M23 131/141 (93) 121/141 (86)
0.790 0.605 n/a
<0.001 <0.001
El AQP4 132/141 (94)  122/141(87)  136/141 (96)
0.808 0.620 0.904 n/a
<0.001 <0.001 <0.001
Ox AQP4 134/141 (95) 122/141 (87) 136/141 (96) 139/141 (99)
0.847 0.612 0.902 0.960
<0.001 <0.001 <0.001 <0.001

All data presented as: Concordance n/N (%); bold values represent the Cohen’s kappa
coefficient; italic value represent the P-value; n/a, not applicable.

T-IIF, tissue-based indirect immunofluorescence; ELISA, enzyme linked immunosorbent
assay; £l M1/M23, Euroummun® M1/M23 biochip slide; EI-CBA, Euroimmun® AQP4
fixed cell-based assay; Ox-CBA, Oxford AQP4 live cell-based assay.

DISCUSSION

We have conducted a rater-blinded comparison of 5 different
assays for antibodies to AQP4 in a population of cases with
suspected NMOSD and a variety of controls. Consistent with
previous studies (11, 12, 16, 17) we have found that the sensitivity
of cell-based assays, both fixed and live cell-based assays, was
higher (90-94%) than for either an ELISA assay (60%) or
tissue indirect immunofluorescence (78%). The sensitivity of
cell-based assays was at the higher end of previously reported
data for studies using the 2006 Wingerchuk or earlier diagnostic
criteria for NMOSD in adult, Caucasian populations (64-98%)
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FIGURE 3 | Box and whisker plot of ELISA antibody levels according to the
proportion of positive AQP4 assays (tissue-based indirect
immunofluorescence, Euroimmun® M1/M23 biochip slide, Euroimmun®
AQP4/MOG biochip slide and Oxford live cell-based assay). Central bar shows
the median, boxes represent interquartile range, and whiskers indicate range.

(11, 12, 15, 18-20). This likely reflects the stricter radiological
requirements of the 2015 IPND criteria. In addition to having
typical presenting attacks, cases must also fulfill additional MRI
criteria for the commoner presenting lesions (e.g., longitudinally
extensive spinal cord lesion, long optic nerve lesion or area
postrema lesion on imaging). All assays proved to be highly
specific (>97%) with the Euroimmun® fixed cell-based AQP4
and live cell based assays showing 100% specificity. False
positives were more common amongst cases with MS and other
inflammatory diseases with the ELISA assay having the highest
false positive rate. This finding has also been noted previously
(17). The concordance between assays, particularly for the cell-
based assays was high.

The status of cases with positive results for one cell-based assay
in the remaining suspected NMOSD cases remains uncertain.
This may reflect greater sensitivity in “true positives.” However,
they may also represent false positives. Currently, there is no
means to determine the true status of these cases although repeat
testing over time may prove useful. The fact that the number
of positive tests correlates well with the ELISA antibody level
suggests that false negative results may occur when antibody
levels are low, reflecting a sensitivity issue. However, the
possibility of this being due to lower specificity of these assays
cannot be discounted.

Amongst suspected NMOSD cases who were seronegative for
AQP4 antibodies and did not meet the 2015 IPND diagnostic
criteria for NMOSD 8/79 (10% [95% CI 5-19%]) were positive
for MOG antibodies. This is again consistent with previous
studies that have shown positivity rates for MOG antibodies in
this population of 8-32% (17, 19, 21, 22). Specificity for MOG
antibodies was 190/191 (99% [95% CI 96-100%]). No cases
were positive for both AQP4 (on more than one assay) and
MOG antibodies.

One advantage of the present study was that all cases were
identified clinically by clinicians experienced in diagnosing
inflammatory disease of the CNS and not based upon the results
of laboratory testing, which introduces an inherent bias and the
potential for low pre-test probability. The fact that not all cases
were assessed using all assays is a weakness in this study, but
when the analysis was restricted to only cases tested for all AQP4
antibody assays the results were not significantly different. The
finding of identical results for the M1 and M23 AQP4 antibody
assays is contrary to prior studies which have indicated a higher
sensitivity for the M23 isoform (18). However, another recent
study found the same result (23). The lack of clinical inclusion
criteria for rarer presentations which had not been defined at
the time of this study (e.g., area postrema lesion) is a further
weakness of this study. Cases with these features were included
and the numbers of missed cases is likely to have been small.
However, depending on the relative frequency of positive AQP4
antibodies in these cases this could have had an impact on the
reported sensitivity. There is no data to suggest that the rate of
seropositivity in these cases would be different.

We have confirmed the high sensitivity and specificity for a
wide range of AQP4 antibody assays in identifying NMOSD. The
high sensitivity is to be expected, because of the inclusion of
positive AQP4 antibodies as a part of the diagnostic criteria in
the presence of a single characteristic presentation (1). The higher
sensitivity of cell-based assays makes these preferable over other
AQP4 assays in the identification of NMOSD. The fact that more
than half of all suspected NMOSD cases are negative for both
AQP4 and MOG antibodies remains a diagnostic dilemma. The
issue of whether these cases are false negatives on the available
assays or represent phenocopies of NMOSD remains unresolved.
It is possible that yet more antibodies remain to be identified in
this patient population or that a T-cell mediated process more
akin to that hypothesized for MS pathology may be responsible
for these cases (24). The high specificity of both AQP4 and MOG
antibody assays means that in clinical practice, where there is
a characteristic clinical presentation, a positive antibody result
can be taken as being indicative of NMOSD or MOG antibody-
related demyelinating disease respectively. Caution should be
applied in the setting of concurrent inflammatory diseases, due
to potential false positive results. The recent 2015 IPND criteria
identify a closely defined group of NMOSD cases suitable for
research purposes, but leaves a wider group of cases with a similar
phenotype unclassified.
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Inflammation following traumatic injury to the central nervous system (CNS) persists long
after the primary insult and is known to exacerbate cell death and worsen functional
outcomes. Therapeutic interventions targeting this inflammation have been unsuccessful,
which has been attributed to poor bioavailability owing to the presence of blood-CNS
barrier. Recent studies have shown that the magnitude of the CNS inflammatory response
is dependent on systemic inflammatory events. The acute phase response (APR) to
CNS injury presents an alternative strategy to modulating the secondary phase of injury.
However, the communication pathways between the CNS and the periphery remain
poorly understood. Extracellular vesicles (EVs) are membrane bound nanoparticles that
are regulators of intercellular communication. They are shed from cells of the CNS
including microglia, astrocytes, neurons and endothelial cells, and are able to cross the
blood-CNS barrier, thus providing an attractive candidate for initiating the APR after acute
CNS injury. The purpose of this review is to summarize the current evidence that EVs play
a critical role in the APR following CNS injuries.

Keywords: extracellular vesicles, traumatic brain injury, spinal cord injury, inflammation, acute phase response

INTRODUCTION

Acute CNS injuries, including traumatic brain and spinal cord injury (TBI; SCI), as well as stroke,
are a major global burden (1, 2). These neurological disorders have a collective global incidence
rate of 500-700 per 100,000 people (3), and have extremely high morbidity, requiring lifelong
subsequent care at a substantial financial and emotional cost (4, 5). Whilst the primary causes of
TBI and SCI, and even to some extent stroke, are largely unavoidable, the ensuing secondary injury
and ongoing inflammatory response can significantly worsen outcome and could be amenable to
therapeutic intervention (6-9). The mechanisms that promote the inflammatory response to injury,
and the communication pathways that convey messages about CNS health status to the systemic
immune system, are the subject of intense investigation, but it is becoming clear that extracellular
vesicles (EVs) play a pivotal role.

Acute CNS Injury—Primary vs. Secondary Injury
Damage to the CNS following a neurotraumatic event occurs in two distinct phases (7, 10, 11). The
primary phase is largely mechanical, whereby the physical insult causes direct structural damage to
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neuronal tissue and the vasculature, resulting in immediate cell
death, and hemorrhage, ischemia and/or oedema.

The primary phase occurs within a short window of time,
whereas the secondary phase has been shown to persist for
days, weeks, even months after the injury (12, 13). Although
not damaged directly during the initial insult, CNS tissue
surrounding the injury is highly vulnerable to secondary
damage (10, 14). Hypoxia, excitotoxicity, free radical formation,
breakdown of blood-CNS barriers and release of proteases, all
contribute to further cell death (10, 15). Moreover, activated
microglia and astrocytes, as well as infiltrating leukocytes from
the periphery, release cytokines and chemokines that create
a pro-inflammatory microenvironment (6, 7, 13). Collectively,
this results in the progressive destruction of CNS tissue,
known as “bystander tissue damage”, which considerably impairs
functional recovery (16).

Previous studies utilizing rodent models have shown that
the secondary phase of traumatic CNS injury is dependent
on the acute phase response (APR), a systemic inflammatory
response occurring predominantly in the liver (17). In response
to CNS damage, hepatic expression of pro-inflammatory
mediators significantly increases as early as 2h post-insult
(17-21). In turn, these mediators trigger the mobilization
and priming of leukocytes from the bone marrow, which
then translocate to the site of injury, as well as seemingly
uninvolved peripheral organs. The spleen releases its reservoir
of pro-inflammatory monocytes and increases expression of
IFN-y, TNE and IL-6 amongst others (22-24). Systemic
inflammatory response syndrome (SIRS) which can lead to multi-
organ dysfunction syndrome (MODS) is also not uncommon
in patients (25-29). Concurrent immunosuppression of the
adaptive immune components is often observed (30, 31),
leaving patients also highly susceptible to infections. Peripheral
immune responses thus significantly increase patient mortality
and morbidity.

Interestingly, suppression of the peripheral inflammatory
response has been shown to ameliorate CNS inflammation (20,
32-35). Modulation of the APR by targeting the production
of acute phase proteins, or Kupffer cell depletion, both reduce
neutrophil recruitment to the CNS in models of TBI and SCI (20,
33). Therefore, suppression of the APR may offer an alternative
strategy of minimizing tissue loss and functional deficits after
traumatic CNS injuries. However, it must be acknowledged that
modulating systemic inflammation is complex; paradoxically,
exacerbating periphery inflammation has similarly been shown
to reduce lesion size and leukocyte infiltration of the CNS
post-injury (36, 37). As such, it has been suggested that the
systemic response can also serve as an immune “distraction”,
redistributing leukocyte populations from the injured CNS to
other sites, although it remains unclear to where the leukocytes
redistribute (17). It is likely that timing of the inflammatory
insult is key, and improving our understanding of it will ease
therapeutic targeting.

The initiation signal for the activation of the peripheral
response is unclear. Both humoral and neuronal methods have
been investigated, yet vagotomized animals still exhibit an
APR (38, 39), and thus far no consistent molecular candidates

have been identified that can fully explain this response (40).
There is growing evidence that extracellular vesicles, novel
mediators of communication between distant organs, provide the
missing link.

Extracellular Vesicles

Extracellular vesicles (EVs) is a general term that defines all
cell-derived particles encapsulated in a lipid bilayer, which are
enriched for proteins, lipids, and nucleic acids (41-44). They
are typically classified according to their biogenesis (Figure 1);
apoptotic bodies (1,000-5,000 nm) are released from the plasma
membrane as part of programmed cell death, microvesicles
(150-1,000nm) are blebbed from the cell membrane, whilst
exosomes (40-150nm) are generated via the endolysosomal
pathway and stored in multivesicular bodies (MVB) prior to
release by exocytosis.

Whilst EVs have been investigated as a phenomenon for
more than 30 years, the significant role EVs play in intercellular
communication is only just being recognized. Indeed, a plethora
of studies have identified EVs as important mediators of not only
normal physiology, but also of pathology. They have been shown
to be released from almost all cell types, including neurons (45,
46), microglia (47, 48), astrocytes (35), and CNS endothelial cells
(49). EVs have also been isolated from almost all bodily fluids,
including cerebrospinal fluid (CSF) (50, 51) and plasma (52).
They have shown a unique capacity to disseminate information
around the body, including across the blood-CNS barrier (35), to
exert their effects both locally and systemically to distant organs,
making them attractive candidate mediators of CNS-to-immune
communication following injury.

EV-mediated cell communication has been associated in
a number of neurological diseases, where they have been
shown to be vectors of pathogenic proteins, propagating both
Alzheimer’s and Parkinson’s disease (53-56). In brain cancers,
EVs derived from tumor cells have been shown to act locally
in facilitating proliferation, growth and angiogenesis (57-60),
as well as distally in other organs aiding metastasis (61). In
turn, distal cancers are able to metastasize to the brain via
EVs as well (61-63). In the periphery, circulating EVs isolated
from LPS-treated animals have been shown to induce gliosis
and expression of pro-inflammatory molecules in the brains
of naive mice (64). Moreover, EVs released from stimulated
brain endothelial cells have been shown to induce hepatic
TNF and CXCL1 expression in naive rats, in turn inducing a
sickness behavior phenotype (49). Together, these studies suggest
the presence of a CNS-periphery communicatory axis that is
mediated by EVs. As such, investigating EV's in the context of
traumatic CNS injuries is of great interest. Here, we will evaluate
the current evidence that EVs mediate the communicatory
pathways between the CNS and the periphery following
traumatic CNS injury.

TRAUMATIC BRAIN INJURY (TBI)

TBI is a devastating disorder, affecting over 55 million people
globally (2). The current lack of available treatments is commonly
attributed to gaps in our knowledge of the secondary phase
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FIGURE 1 | EV biogenesis. EVs are typically classed according to their biogenesis. Apoptotic bodies and microvesicles are released from the plasma membrane in
blebbing and budding mechanisms, respectively. In contrast, exosomes are generated by the endolysomal pathway; internal budding of an endosome results in a
multivesicular body which fuses with the plasma membrane, releasing exosomes by exocytosis.

of injury (14). Human clinical data has confirmed that TBI  In turn, microglia-derived EVs enriched for IL-1p have been
induces a robust inflammatory response in the periphery which  reported in the plasma of TBI patients (48). From these studies,
is predictive of poor outcome (65). In conjunction, numerous it is easy to assume that EV population changes are due to
studies have consistently demonstrated that circulating EVs are  increased release from cells of the CNS. However, EVs derived
significantly elevated in TBI patients during the acute phase  from hematopoietic cells can also signal to the brain, and their
of injury (66, 67). For example, Nekludov et al. (66) showed  uptake here was exacerbated by peripheral inflammation (70).
a transcranial gradient in EV concentration; more EVs were  Delineating the origin of EVs could identify the critical players
detected in the cerebrovenous compared to arterial blood, in CNS-periphery communication, and may identify a specific
indicating that the increase in circulating EVs originated from  cellular target for EV-based therapeutics.

the brain. Increases in EVs in the circulation of patients with Functional analysis of plasma EVs from models of brain
TBI have been reflected in rodent studies (35, 48, 49, 52, 68, 69).  injury determined that plasma EVs were pro-inflammatory and
Hazelton et al. (52) showed an increase in plasma EVs during the  able to induce a systemic inflammatory response in naive rats,
first 24 h after TBI, whilst Couch et al. (49) and Dickens et al.  in the absence of CNS injury (49). It has been established
(35) both showed increases in an IL-1p model of inflammatory =~ that EVs are capable of interacting with granulocytes and
focal brain lesions. Critically, inhibition of EV release from  lymphocytes; they have been shown to carry MHC class I and
the CNS has been shown to attenuate the systemic response  II, and contribute to antigen presentation (71-75). Therefore,
to brain inflammation, and subsequently inhibit leukocyte  they may directly activate the peripheral immune system
infiltration (35). Nekludov et al. further demonstrated that whilst ~ through receptor-ligand mechanisms. Moreover, microvesicles
leukocyte- and platelet-derived EVs were increased after injury,  and apoptotic bodies are enriched for phosphatidylserine (PS) on
the circulating EVs were predominantly of endothelial origin,  the outer leaflet, which not only assists in promoting budding,
the concentration of which was 7-fold greater than in healthy = but also encourages uptake by macrophages and dendritic
controls. Dickens et al. (35) showed however that a proportion  cells (76, 77). This is highly relevant considering the ongoing
of plasma EVs released after striatal IL-1p injection are derived  apoptosis of CNS cells post-injury. Kumar et al. (48) showed
from astrocytes, and that these translocate to the liver, spleen,  that EVs depleted of their content with the surfactant PEG-
and lung, further linking EV-mediated signaling with the APR  TB had lost their ability to activate microglia in vitro, making
following CNS injury. Microglia and astrocytes both release it clear that the composition of EVs is vital for them to
EVs in response to DAMP-mediated activation with ATP (47).  exert their effect.
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As well as surface chemistry, EV cargo appears to be key to
the function of the EVs after TBI. Plasma EVs isolated from TBI
patients were found to have distinct and unique protein profiles
in comparison to those isolated from healthy controls (68,
78). When exogenous pro-inflammatory EVs were administered
intravenously to a model of TBI, the EVs were found to
exacerbate both the APR, and the subsequent neuroinflammation
and pathology (52). Importantly, this response was dependent
on the cellular origin of the EVs. Particles derived from
macrophages had the greatest effect on hepatic expression of
pro-inflammatory molecules, as well as infiltrating neutrophils
in the brain, compared to those from endothelial cells and
plasma samples. Cargo analysis revealed differential miRNA
content in the different EVs, suggesting the particles exert
their effect through transfer of specific genetic transcripts.
Indeed, Dickens et al. (35) identified that miRNA in astrocyte-
derived EVs target the PPAR-a pathway, leading to increased
NF«kB activity and cytokine production in the liver. However,
EVs have been found to be enriched for pro-inflammatory
molecules themselves, including cytokines, chemokines, and
inflammasome proteins. Inflammatory EVs have been reported
to transport IL-1f (47, 48, 79, 80), IL-6 and CCL2 (81), as
well as chemokine receptors, such as CCR5 (82). Collectively,
these studies suggest a more direct mechanism of initiating and
propagating inflammation.

In addition to the activation of a systemic inflammatory
response, TBI-associated coagulopathy (TBI-AC) has been
associated with EV signaling (83). Following injury, TBI patients
often develop a hypercoagulable state, leading to an increased risk
of thrombosis (84-86). This has been associated with increased
mortality (84), and platelet dysfunction has been reported to play
a causal role (83). It is thought that the circulating EV population
is predominantly shed from platelets (87), and these platelet-
derived particles have greater procoagulant activity than platelets
themselves (88). TBI induces the release of EV's from platelets (66,
67, 69), and circulating microparticles following TBI were shown
to have procoagulant properties ex vivo (89). Moreover, Tian et al.
(69) were able to reproduce systemic coagulopathy in uninjured
mice through adoptive transfer of TBI plasma EVs. Together,
these data indicate that platelet-derived EVs may be responsible
for TBI-AC, which could be attributed to the exposure of PS on
the outer EV leaflet. It is also likely that brain-derived particles
interact with platelets directly to promote systemic coagulation
and thrombosis. Astrocyte- and neuronal-derived EVs have been
isolated from the blood of TBI animals, and were found to be
procoagulant in phenotype (69). Thus, EV-mediated changes in
systemic function are not limited to alterations in inflammatory
status after injury.

SPINAL CORD INJURY (SCI)

In comparison to brain pathologies, the role of EV's following SCI
has been somewhat overlooked. Whilst systemic inflammation
has been well-documented in SCI patients (26, 90-93), studies
have focused on its contribution to functional outcome rather
than the manner in which it is communicated. To our
knowledge, there is currently no data that describes changes
in the circulating EV population and their influence on

pathophysiology of SCI. That being said, EVs have been isolated
from the CSF of deceased SCI patients (94). These EVs were
found to be enriched for the inflammasome-associated proteins
NLRP1, caspase-1, and ASC, suggesting a pro-inflammatory
phenotype. The authors speculated that these EVs may be able
to trigger an innate immune response in vivo, which would
correspond with TBI associated data, however, EV-mediated
effects on systemic inflammation and immune activation were
not investigated. These authors additionally demonstrated that
neuronal exosomes loaded with siRNA could localize to the
lesion epicenter following SCI when injected systemically, further
supporting the hypothesis of an EV-mediated CNS-periphery
communicatory axis.

Preliminary, unpublished data from our group suggest that
SCI induces a significant increase in plasma-derived EVs
during the acute phase of injury, which is consistent with
human and animal models with brain injuries. However, it
is necessary to determine the specific role of these SCI-
induced changes in the circulating EV population in propagating
peripheral inflammation and the subsequent effect on lesion
development. Whilst TBI data may provide some insight, it
must be acknowledged that the overall impact on the APR and
lesion progression is likely to be different (17). Anatomically,
the distribution of gray and white matter, as well as the
distribution and phenotype of microglia are quite different
in the spinal cord compared to the brain. Moreover, they
both respond differently to traumatic injury in that the blood-
spinal cord barrier (BSCB) shows greater breakdown after
trauma compared to the blood-brain barrier (BBB), and also
that there is increased local CXC chemokine expression and
recruitment of neutrophils to the parenchyma of the spinal
cord compared to the brain. Regarding the systemic response,
peripheral administration of the PPARa agonist fenofibrate
blocked the APR and neutrophil recruitment to the brain after
an intrastriatal microinjection of IL-1f injection (35), however
it was found to be an ineffective treatment in experimental
SCI (95). These differences must be taken into consideration
when assessing the impact of EV signaling following injury,
as manipulation of the cascade after SCI may have differential
effects on lesion progression and patient recovery compared
to TBL.

EVS AS THERAPY

It is clear that interrupting EV signaling may be useful to
treat inflammation, but some groups have also used the EVs
themselves as a therapeutic agent, specifically EVs derived from
stem cells. This strategy is certainly attractive, circumventing
the ethical issues with embryonic and fetal stem cells, as well
as being less invasive with low or no tumorigenicity. Moreover,
the ability to use autografted stem cells will eliminate the
risk of rejection. Most studies to date have almost exclusively
utilized EVs released by mesenchymal stem cells (MSCs), and
these have consistently been shown to improve functional
recovery and behavior deficits in models of TBI (96, 97)
and SCI (98-100). EVs derived from progenitor cells, such
as endothelial colony-forming cells (101) and neural stem
cells (102), appear to have similar neuroprotective effects in
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animal models. Kobayashi et al. (103) demonstrated that EVs
derived from induced pluripotent stem cells (iPSCs) were
able to both increase angiogenesis and the rate of wound
closure in a model of skin wound healing. Whether iPSC-EV's
have therapeutic potential in the context of TBI/SCI remains
to be investigated.

The mechanisms underlying the neuroprotective actions of
stem cell-derived EVs are currently under investigation. To date,
they have been shown to be internalized by endothelial cells
(101), neurons (104), astrocytes (104), oligodendrocytes (105),
and microglia (106) in the CNS, suggesting they may exert
their effect directly. However, improvements after injury are not
necessarily due to prevention of cell death, as no change in
lesion volume has often been reported (97, 107). Rather, EVs
may exert their effect by stimulating endogenous restorative
mechanisms that promote recovery. Zhang et al. (97) have shown
MSC-EVs enhanced vascular density and neurogenesis, with a
concurrent reduction in brain inflammation in a TBI model.
Increased angiogenesis has also been shown in a model of
SCI (108), following treatment with MSC-EVs. One potential
mechanism that has been proposed is the transfer of miRNAs

(11). Xin et al. (104) demonstrated that EV-associated miR-
133b transferred to astrocytes and neurons was responsible
for stimulating neurite outgrowth in their stroke model,
and that inhibition of miRNA machinery proteins attenuated
this effect (109). Exosomal miR-17-92 (109, 110), miR-134
(105), and miR-124-3p (111) have additionally been implicated
in neuroprotection. Bioengineering MSCs to produce EVs
overexpressing these transcripts are currently under investigation
(110, 112-114). In the majority of these studies, EVs are
administered intravenously to the periphery which is important
as MSC-EVs have been shown to additionally modulate the
systemic immune response following traumatic CNS injuries.
In a model of SCI, improvements in locomotor function
have been attributed to suppression of the systemic immune
response by stimulated MSC-EVs, as circulating neutrophils
were reduced and monocytes were retained in the spleen (100).
MSC-EVs have been shown to localize to this organ (106), and
splenectomies improve neurological outcomes in models of SCI
(22); it would be of interest to investigate the effect of MSC-
EVs in injury models with splenectomy to determine if their
beneficial effect remains.

1 Cytokines O 0,
N Chemokines

N Acute Phase Proteins

immune response is referred to as the acute phase response.

N
TRAUMATIC CNS INJURY ‘
0}
Direct damage to neurons, axons, glia and blood vessels ° O @ |
Activation of residential glial cells
o
Release of Extracellular
Vesicles into circulation
@® o
Leukocyte Mobilisation
O to both site of CNS injury,
O and other organs
© Y
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FIGURE 2 | Visualized hypothesis of EV-mediated systemic inflammation response to traumatic CNS injury. Acute traumatic injuries to the brain and spinal cord
induce the release of extracellular vesicles into circulation. These EVs localize to peripheral organs whereby they induce the production of pro-inflammatory molecules
(chemokines, cytokines, acute phase proteins), in turn stimulating the mobilization of leukocytes which infiltrate both the CNS and peripheral organs. This systemic
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CONCLUSIONS

In the last decade, interest in EVs has increased exponentially
for both biomarker and therapeutic purposes, as more studies
identify EV signaling as a key component of normal physiology
and pathology. However, whilst fields such as gynecology
have led the way, the investigation of the role that EVs
play in the context of acquired neurological diseases is
relatively new. Here, we have discussed how it has been
consistently shown that the circulating EV population is
altered by trauma to the CNS (Figure2). The collected
evidence presented here suggests that EVs mediate the systemic
response following CNS injury, and that manipulation of
this pathway can protect the CNS from secondary damage.
However, our understanding of the underlying mechanisms
and the consequences of manipulation of the EV population,
is limited, and fundamental questions remain. For instance,
it is unclear whether EV biogenesis after injury is different
from the mechanisms that govern basal EV production. It
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National Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, MD, United States

Multiple sclerosis (MS) is an inflammatory disease of the central nervous system
(CNS) that leads to the death of neurons and oligodendrocytes, which cannot be
measured in living subjects. Physiological cellular death, otherwise known as apoptosis,
progresses through a series of stages which culminates in the discharge of cellular
contents into vesicles known as apoptotic bodies (ABs) or apoptosomes. These ABs
can be detected in bodily fluids as Annexin-V-positive vesicles of 0.5-4.0 um in size. In
addition, the origin of these ABs might be detected by staining for cell-specific surface
markers. Thus, we investigated whether quantifications of the total and CNS cell-specific
ABs in the cerebrospinal fluid (CSF) of patients provided any clinical value in MS.
Extracellular vesicles, from CSF of 64 prospectively-acquired subjects, were collected in
a blinded fashion using ultra-centrifugation. ABs were detected by flow cytometry using
bead-enabled size-gating and Annexin-V-staining. The origin of these ABs was further
classified by staining the vesicles for cell-specific surface markers. Upon unblinding, we
evaluated the differences between diagnostic categories and correlations with clinical
measures. There were no statistically significant differences in the numbers of total or
any cell-specific ABs across different disease diagnostic subgroups and no significant
correlations with any of the tested clinical measures of CNS tissue destruction, disability,
MS activity, and severity (i.e., rates of disability accumulation). Overlap of cell surface
markers suggests inability to reliably determine origin of ABs using antibody-based flow
cytometry. These negative data suggest that CNS cells in MS either die by non-apoptotic
mechanisms or die in frequencies indistinguishable by current assays from apoptosis of
other cells, such as immune cells performing immunosurveillance in healthy conditions.

Keywords: multiple sclerosis, cerebrospinal fluid, apoptotic bodies, clinical outcomes, flow cytometry, cell surface
markers

INTRODUCTION

Multiple sclerosis (MS) is a chronic immune-mediated disease of the central nervous system (CNS),
leading to the demyelination of axons and neurodegeneration. Alongside traumatic brain injury,
it is the most frequent cause of neurological disability in young adults (1). Findings from prior
studies led to the hypothesis that MS can be largely divided into two stages, starting with the
inflammatory phase in the periphery and later entering into the neurodegenerative phase (2).
Although great progress has been made in understanding the inflammatory components of the
disease, the neurodegenerative components are still obscure.
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Currently, there are two main ways to measure
neurodegenerative process in living human subjects: structural
imaging and measurement of neurofilament light chain protein
(NFL) (3, 4). Structural (MRI) imaging identifies CNS tissue
destruction as brain/spinal cord atrophy. However, MRI imaging
fails to provide cellular or molecular information and therefore
cannot reliably measure the loss of crucial cell types such as
neurons and oligodendrocytes, especially when loss of these
CNS cells may be masked by infiltration of CNS tissue by
immune cells or by compensatory astrogliosis. With emergence
of ultra-sensitive Single Molecule Analysis (Simoa) NFL assay
(5, 6) blood (serum or plasma) NFL levels can be measured
both in healthy subjects and MS patients. In MS NFL levels
are increased during MS activity and they can weakly predict
subsequent MS progression on a group, but not individual levels
(4, 7-11). Thus, there is still a need to develop biomarkers of
neuronal and oligodendroglial injury/loss that can be applied on
a patient level.

Pathology studies have shown the presence of apoptotic
cells, mainly oligodendrocytes and neurons, at the site of MS
lesions (2, 12, 13), suggesting that CNS cell apoptosis plays
an important role in the irreversible neurological disability
during the progressive stage of MS. This hypothesis was further
supported by animal modeling with antiapoptotic protein B-
cell lymphoma-2 (Bcl-2)-overexpressing transgenic mice; in
comparison with wild type (WT) these transgenic mice showed
reduced experimental autoimmune encephalomyelitis (EAE)-
severity, despite similar inflammatory response (14).

Apoptotic cells progress through a series of stages including
chromatin condensation, DNA fragmentation, membrane

blebbing, and cell shrinkage, which all culminate in the discharge
of cellular contents into extracellular vesicles, known as apoptotic
bodies (ABs) or apoptosomes (15, 16). Previous studies have
tried to isolate and identify ABs from subjects body fluid and
use them as markers of respective disease-related degenerative
processes (17-20).

Thus, the goal of the current study was to identify the presence
of apoptotic cells in the CNS of living subjects by measuring
the total and cell-specific ABs in cerebrospinal fluid (CSF) of
patients. Additionally, we asked whether densities of total or cell-
specific ABs differentiate MS from healthy donors (HDs), and
within MS patient cohorts correlate with clinical measures of
CNS tissue destruction, disability, MS activity and severity (i.e.,
rates of disability accumulation).

MATERIALS AND METHODS

Cell Cultures and Treatments

Human neuroblastoma cells (SK-N-SH; ATCC# HTB-11,
Manassas, VA) were cultured on poly-L-lysine (PLL; Sigma-
Aldrich, St. Louis, MO) -coated plates (Costar, Corning,
NY), in Dulbecco’s modified Eagles medium (DMEM; Gibco,
Gaithersburg, MD) supplemented with fetal bovine serum (FBS;
Gemini Bio-Products, Sacramento, CA), and sodium pyruvate
(Lonza, Walkersville, MD). Cells were either left untreated
(Control) or treated with Staurosporine (0.5 uM; R&D Systems
Inc., Minneapolis, MN). Twenty four hours after treatment,
culture supernatants were collected and stored on ice until
further use. Cells were washed with phosphate-buffered saline
(PBS; Gibco, Gaithersburg, MD) and detached from plate using

TABLE 1 | Subjects’ demographics data based on their disease diagnosis.

Diagnosis HD NIND OIND CIs RR-MS P-MS
N Female/male 4/6 1/4 0/12 2/0 11/6 11/7
Age Average 43.8 42.2 56.8 53.3 46.2 60.6
SD 12.1 13.1 18.3 6.1 10.3 6.0
Range 24.3-60.5 26.4-60.3 24.5-70.0 48.9-57.6 24.2-66.5 49.9-70.0
Clinical disease activity Active/non-active NA NA NA NA 4/13 2/16
COMRIS-CTD Average NA NA NA NA 1.7 15.9
SD NA NA NA NA 7.4 6.2
Range NA NA NA NA 2.2-24.2 1.5-25.1
EDSS Average NA NA NA NA 2.4 5.3
SD NA NA NA NA 1.6 1.8
Range NA NA NA NA 1.0-6.5 2.5-7.5
CombiWISE Average NA NA NA NA 20.5 43.7
SD NA NA NA NA 12.3 16.4
Range NA NA NA NA 6.9-51.2 20.5-70.0
MS-DSS Average NA NA NA NA 1.3 2.2
SD NA NA NA NA 0.8 1.0
Range NA NA NA NA 0.5-3.4 0.5-4.0
CombiWISE slope Average NA NA NA NA 1.7 1.9
SD NA NA NA NA 1.5 1.5
Range NA NA NA NA —1.2-4.6 —1.1-4.3
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trypsin-EDTA solution (Sigma-Aldrich); detached cells were
pelleted and stored on ice until further use.

CSF Collection and Processing

All subjects were recruited under IRB-approved protocols
(Comprehensive Multimodal Analysis of Neuroimmunological
Diseases of the Central Nervous System, ClinicalTrials.gov
Identifier: NCT00794352; and Evaluation and Follow-up of
Patients with Cryptococcosis, ClinicalTrials.gov Identifier:
NCT00001352) and all patients provided written informed
consent. CSF from subjects were collected per standardized
operating procedures (21). CSF aliquots were prospectively
labeled using alphanumeric code, stored on ice until further use
and analyzed in a blinded fashion.

Isolation of Apoptotic Bodies

ABs were isolated from culture supernatants and CSF as
previously described (19, 22-24). Briefly, cells were isolated and
removed by pelleting at 335 g for 10 min. To remove cell-debris,

cell-free supernatants were centrifuged at 1,000g for 10 min;
followed by another centrifugation at 2,000 g for 30 min to pellet
ABs. Pelleted ABs were resuspended and washed with PBS.

Flow Cytometry

ABs were stained with Annexin V-FITC, and cells were stained
with Annexin V-FITC and Propidium Iodide (TACS® Annexin
V Kit; Trevigen Inc., Gaithersburg, MD) as per manufacturer’s
instructions. CSF ABs were also stained for CNS cell-specific
surface markers to identify their origin: We used cell-surface
markers previously employed in isolation of human CNS cells
from brain specimens using immune-panning, and validated
by cell-specific RNA profiles (25, 26): CD90 (Neuronal surface
marker; Human CD90/Thyl APC-conjugated Antibody; R&D
Systems, Minneapolis, MN; Clone # Thy-1A1), HepaCAM
(Astroglial surface marker; Human HepaCAM Antibody; R&D
Systems; Clone # 419305; tagged with DyLight 405; Novus
Biologicals, Centennial, CO), GalC (Oligodendroglial surface
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FIGURE 1 | (A) Representative flow cytometry images of cells stained with Annexin V-FITC and propidium iodide after control or Staurosporine (0.5 M) treatment for
24h. (B) Plot of apoptotic cells (%). The error bars represent standard deviation (n = 6); data were analyzed using Wilcoxon test, P = 0.031. *p < 0.05.
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marker; Anti-Galactocerebroside Antibody; EMD Millipore,  (27); Human CD31/PECAM-1 PE-conjugated Antibody; R&D
Burlington, MA; Clone # mGalC; tagged with PerCP-Cy5.5;  Systems; Clone # 9G11), and CD14 (Myeloid lineage cell surface
Novus Biologicals), CD31 (Endothelial cell surface marker — marker (28); Alexa Fluor® 700 anti-human CD14 Antibody;
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BioLegend, San Diego, CA; Clone # HCD14). Briefly, after wash
with PBS, pelleted ABs were resuspended in Annexin V-FITC
and fluorescence-tagged antibodies against cell-specific surface
markers in Annexin V-binding buffer (provided with TACS®
Annexin V Kit) and incubated in dark for 15min at room
temperature. Stained ABs were washed with binding buffer and
then analyzed using fluorescence-activated flow cytometer (BD
LSR II Flow Cytometer, BD Biosciences, San Jose, CA). Gating on
ABs included size gate [1-4 wm (29)], using Flow Cytometry Size
Calibration Kit (ThermoFisher Scientific, Grand Island, NY). The
vesicles in 1-4 pum size gate were further analyzed for Annexin V
and cell-specific surface markers’ staining.

Subjects’ Demographics Data

A total of 64 CSF samples were analyzed. After unblinding
diagnostic codes, this cohort consisted of healthy donors (HD,
n = 10), non-inflammatory neurological disorders (NIND, n
= 5), other inflammatory neurological disorders (OIND, n =
12; mainly, comprised of Cryptococcal Meningitis patients),

clinically isolated syndrome that did not yet fulfill MS diagnostic
criteria (CIS, n = 2), relapsing-remitting MS (RR-MS, n = 17),
and progressive MS [P-MS, comprised of both secondary- (SP-
MS) and primary-progressive MS (PP-MS), n = 18] (Table 1).
MS diagnostic subgroups (CIS, RR-MS, SP-MS, and PP-MS)
were classified using McDonald’s criteria, 2010 revisions (30).
MS cohort (both RR- and P-MS) was further separated based on
disease activity (active vs. non-active MS) using clinical relapses
and new contrast-enhancing or new MRI lesions.

Statistical Analyses

ABs data for subjects CSF samples were acquired with the
operator blinded to subjects’ clinical diagnoses. After data
acquisition for all subjects, ABs per ml of CSF were compared
across disease diagnostic subgroups (HD, NIND, OIND, RR-MS,
and P-MS) using one-way ANOVA; as we have acquired CSF
samples from only two CIS subjects, they were not included
in analyses. Also, within MS subjects, ABs per ml of CSF
were compared across disease activity (active vs. non-active
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MS) using non-parametric (Mann-Whitney) test. Within MS
subjects, ABs per ml of CSF were correlated with machine-
learning-optimized clinical and imaging measures of CNS tissue
destruction [Composite MRI scale of CNS tissue destruction,
COMRIS-CTD (31)], disability [Expanded Disability Status
Scale, EDSS (32) and Combinatorial Weight-Adjusted Disability

Scale, CombiWISE (33)], severity [Multiple Sclerosis Disease
Severity Scale, MS-DSS (34)], and disability progression slopes
(CombiWISE Slope) derived from linear regression models from
CombiWISE measurements during longitudinal follow-up after
LP collection using Spearman correlation analysis (GraphPad
Prism 7; GraphPad Software Inc., La Jolla, CA).
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FIGURE 4 | Plots of total and CNS cell-specific ABs adjusted for CSF volume (ABs/ml CSF). Each point represents individual subject; and error bars represent
standard deviation (n: HD = 10, NIND = 5, OIND = 12, RR-MS = 17, and P-MS = 18); data were analyzed using one-way ANOVA.
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RESULTS

In vitro Model Validation

We validated our “identification and assessment of Abs” model
using human neuronal cell line (SK-N-SH) cultures. As a
positive control for induction of apoptosis we used Staurosporine
treatment (0.5uM, 24h). Apoptotic cells were identified by

staining with Annexin V and PI and were analyzed using flow
cytometry. According to manufacturer’s (TACS® Annexin V Kit)
instructions both Annexin V and PI-negative cells are live, only
Annexin V-positive cells are early-apoptotic, both Annexin V-
and PI-positive cells are late-apoptotic and only PI-positive cells
are necrotic (Figure 1A). After Staurosporine treatment, the % of
apoptotic cells was significantly elevated (Figure 1B).
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FIGURE 5 | Plots of total and CNS cell-specific ABs adjusted for CSF volume (ABs/ml CSF). Each point represents individual MS subject; and error bars represent
standard deviation (n: non-active MS = 29 and Active MS = 6); data were analyzed using nonparametric (Mann-Whitney) test.
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Quantifying the induction of apoptosis by Staurosporine in
our culture conditions, we next sought to quantify ABs in cell
culture supernatants in order to demonstrate that our assay
could differentiate between the release of ABs from control and
Staurosporine-treated cultures. To this end, size gates [1-4 pm,
an average size of ABs (29)] were applied in combination with
Annexin V staining. First, 1-4 um size gates were set using 1,
4, and 6 pm beads (Figure 2A; Flow Cytometry Size Calibration
Kit, ThermoFisher Scientific). Within 1-4pum vesicles ABs
were identified as Annexin V positive (Figure 2B). Total ABs
were quantified (1-4 wm and Annexin V-positive events); after
Staurosporine treatment the total number of ABs in cell culture
supernatants were significantly elevated (Figure 2C).

Analyses of CSF Apoptotic Bodies

Verifying the flow-cytometry-based ABs detection in cell culture
supernatants, we next applied the same assay to prospectively-
acquired CSF samples. As described in the methods, extracellular
vesicles were collected using the differential centrifugation
approach. 1-4 um vesicles were selected using size gate set by
known sized beads (Figure 3A). From these vesicles total ABs
were detected using Annexin V staining (1-4 pm and Annexin
V-positive events; Figure 3B).

While total number of ABs in the CSF may be clinically
useful, we considered the possibility that apoptosis occurs in
the intrathecal compartment also under physiological conditions:
e.g., any activated immune cell may cross the blood brain
barrier as a part of active immunosurveillance mechanism. Such
immune cell (e.g., T lymphocyte), if not re-activated in the CNS
compartment, may either re-cycle back to blood via lymphatic
system, or undergo apoptosis as part of physiological termination
of the immune response (35, 36). Thus, we envisioned that the
assay that could identify the cellular origin of ABs may have
significantly higher clinical utility. To this end, we employed
fluorescently-tagged antibodies specific for surface markers of
different CNS cells. Selected surface markers/antibodies were
previously validated as CNS cell-types-specific, because they were
used to isolate specific CNS cells (i.e., neurons, oligodendrocytes,
astrocytes, microglia, and endothelial cells) from human
brain samples via immunopanning. Subsequent sequencing

of thus-isolated CNS cell types validated that expected cell-
specific transcripts were only expressed in appropriate CNS
cell-type (25, 26).

The utilized cell-specific markers were: CD90+ ABs (neurons
derived ABs), HepaCAM+ ABs (astrocytes derived ABs), GalC+
ABs (oligodendrocytes derived ABs), CD31+ ABs (endothelial
cells derived ABs), and CD14+ ABs (myeloid cells derived ABs)
(Figure 3C). Total number of ABs and cell-specific ABs were
adjusted for CSF volume to obtain the number of ABs per ml of
CSF (ABs/ml).

Upon unblinding the diagnostic categories, we observed no
statistically significant differences in number of total as well as
CNS cell-specific ABs across disease diagnostic subgroups or MS
activity (Figures 4, 5). However, while using non-overlapping
cell-surface markers (i.e., each selected cell surface marker is
specific for one CNS cell type and should not be expressed
on any other CNS cells), we observed substantial co-expression
of these markers on individual ABs. This overlap could be
quantified by how much the sum of cell-specific ABs exceeds total
ABs (Figure 4 and Supplementary Data File 1). Because the sum
of cell-specific ABs always exceeded total number of ABs, we
conclude that ABs most likely exhibited non-specific binding of
antibodies. High non-specific antibody binding is a well-known
problem affecting apoptotic cells, as apoptosis-induced changes
in plasma cell membrane upregulate “eat me” signals recognized
by phagocytes, including enhanced, non-specific binding of
antibodies (37-39).

Consequently, we observed no correlations between the
numbers/concentrations of total or any cell-specific ABs with
accurate clinical and imaging measures CNS tissue destruction,
disability, MS severity, and disability progression (Table 2).

DISCUSSION

MS has been studied extensively regarding the inflammatory
component of disease (40). However, neurodegenerative
component of MS, or immune-mediated destruction of specific
CNS cells cannot be measured in living subjects. In this study,
we attempted to analyze apoptosis in living subjects by assessing
ABs in CSF. While there have been previous attempts to

TABLE 2 | Correlation analysis (Spearman r and P-values) between adjusted total (T-ABs) and CNS cell-specific ABs (ND-ABs, neurons; AD-ABS, astrocytes; OD-ABS,
oligodendrocytes; ED-ABs, endothelial cells; and MD-Abs, myeloid cells) in subjects’” CSF (ABs/ml CSF) and their clinical measures of CNS tissue destruction, disability,

and severity.

T-ABs ND-ABs AD-ABs OD-ABs ED-ABs MD-ABs
COMRIS-CTD Spearman r —0.20 —-0.02 —0.10 —-0.13 —-0.19 —0.08
P-value 0.25 0.89 0.57 0.46 0.26 0.66
EDSS Spearman r —0.07 0.23 0.07 0.01 0.07 0.15
P-value 0.69 0.19 0.70 0.97 0.68 0.38
CombiWISE Spearman r —-0.11 0.25 0.07 0.02 0.00 0.13
P-value 0.53 0.14 0.68 0.92 0.99 0.45
MS-DSS Spearman r -0.18 0.04 —0.08 —0.09 -0.13 —0.04
P-value 0.29 0.84 0.64 0.63 0.44 0.82
CombiWISE slope Spearman r -0.29 0.05 —0.05 —0.08 —0.30 —0.08
P-value 0.09 0.80 0.76 0.64 0.08 0.65
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analyze blood/serum extracellular vesicles as markers of CNS
disorders (41-43), there is no evidence for the presence of
CNS ABs in blood/serum; this is likely due to their large size
(0.5-4 pm) (16, 24, 29, 44) which prevents ABs from crossing
the blood brain barrier (BBB) or their rapid elimination from
the blood by the splenic or hepatic reticulo-endothelial system.
Moreover, blood/serum naturally has a basal level of ABs
from immune system cells which arise during regular immune
responses (45, 46).

Our in-vitro studies validated that selected flow-cytometry
assay measures ABs released to culture supernatants.
Additionally, wusing CNS cell-specific surface markers
previously validated in human immunopanning isolation
of specific CNS cell-types provided high expectation that
enumeration of CNS cell-specific ABs may be of clinical
value. Unfortunately, after breaking the diagnostic codes
we observed no differences between diagnostic categories
and no correlations with any clinical or imaging outcomes
of disability, CNS tissue destruction or MS severity. While
some may argue that our study was under-powered to detect
differences between diagnostic categories, we had good
representation of subjects from all four diagnostic categories
and found no biologically plausible trends. We concluded
that expanding our dataset using the same assay would be
futile, as such test could never be applied on a patient-
level and therefore cannot outperform current tests such
as NFL.

There are several possible interpretations of our negative
results: as cell-surface proteins are often shed during apoptosis
(47-49) and changes in cell membrane structure induced by
apoptosis increase non-specific binding of antibodies (37-39),
accurate determination of the origin of apoptotic bodies using
flow cytometry may not be possible. The interference from
non-specific binding is supported by the observed overlap
of multiple CNS cell-type specific surface markers on the
individual ABs. If non-specific antibody binding, rather than
shedding of cell-surface markers from apoptotic cells was the
main cause of our negative results, then attempting to use
alternative reagents for detection of cell-surface molecules,
such as DNA-aptamers (50) may be of use. Unfortunately,
such alternative reagents are not commercially available for
validated CNS cell-surface markers. Flow cytometry may also
not be an ideal method for analyzing ABs, as older flow
cytometers have low resolution for subcellular particles. Our
employment of enhanced gating guided by size beads and
validation of our assay in cell-culture supernatants mitigated
this impediment.

The fate of ABs after their release from the CNS cells is
unknown; while some may be secreted to the CSF via extracellular
fluid, others, perhaps most, are likely phagocytosed closer to their
origin (51-53). Especially, in the context of pro-inflammatory
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Novel Neuropathic Pain Mechanisms
Associated With Allergic
Inflammation

Takayuki Fujii*, Ryo Yamasaki and Jun-ichi Kira

Department of Neurology, Graduate School of Medical Sciences, Neurological Institute, Kyushu University, Fukuoka, Japan

Allergic diseases are associated with central and peripheral nervous system diseases
such as autism spectrum disorders and eosinophilic granulomatosis with polyangiitis,
which frequently causes mononeuritis multiplex. Thus, it is possible that patients with
an atopic constitution might develop multifocal inflammation in central and peripheral
nervous system tissues. In a previous study in Japan, we reported a rare form
of myelitis with persistent neuropathic pain (NeP) in patients with allergic disorders.
However, the underlying mechanism of allergic inflammation-related NeP remains to
be elucidated. First, we analyzed the effect of allergic inflammation on the nociceptive
system in the spinal cord. Mice with atopy showed microglial and astroglial activation
in the spinal cord and tactile allodynia. In a microarray analysis of isolated microglia
from the spinal cord, endothelin receptor type B (EDNRB) was the most upregulated
cell surface receptor in mice with atopy. Immunohistochemical analysis demonstrated
EDNRB expression was upregulated in microglia and astroglia. The EDNRB antagonist
BQ788 abolished glial activation and allodynia. These findings indicated that allergic
inflammation induced widespread glial activation through the EDNRB pathway and NeP.
Second, we investigated whether autoantibody-mediated pathogenesis underlies allergic
inflammation-related NeP. We detected specific autoantibodies to small dorsal root
ganglion (DRG) neurons and their nerve terminals in the dorsal horns of NeP patients
with allergic disorders. An analysis of IgG subclasses revealed a predominance of IgG2.
These autoantibodies were mostly colocalized with isolectin B4- and P2X3-positive
unmyelinated C-fiber type small DRG neurons. By contrast, immunostaining for
S1008, a myelinated DRG neuron marker, showed no colocalization with patient IgG.
Immunoprecipitation and liquid chromatography-tandem mass spectrometry identified
plexin D1 as a target autoantigen. Patients with anti-plexin D1 antibodies often
present with burning pain and thermal hyperalgesia. Immunotherapies, including plasma
exchange, are effective for NeP management. Therefore, anti-plexin D1 antibodies
may be pathogenic for immune-mediated NeP, especially under allergic inflammation
conditions. Thus, allergic inflammation may induce NeP through glial inflammation in the
spinal cord and the anti-plexin D1 antibody-mediated impairment of small DRG neurons.
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INTRODUCTION

Allergic diseases are associated with central and peripheral
nervous system diseases such as autism spectrum disorders
(1-3) and eosinophilic granulomatosis with polyangiitis,
which frequently causes mononeuritis multiplex (4, 5). These
observations indicate that patients with an atopic constitution
develop multifocal inflammation in central nervous system
(CNS) and peripheral nervous system (PNS) tissues (6).

We previously reported a rare form of myelitis with persistent
neuropathic pain (NeP) in Japanese patients with allergic diseases
(7, 8). Nationwide surveys have found that this form of myelitis
is widely distributed in Japan (6, 9). Similar cases have also
been reported in Western countries (10, 11). Patients with
this form of myelitis as well as atopy often showed cervical
cord involvement, mainly in the posterior lesion, and exhibited
sensory impairment including NeP in all four limbs (6, 9). We
found a loss of myelin and axon and eosinophil infiltration in
biopsied spinal cord lesions from these patients (12, 13). Thus,
we designated this form of myelitis “atopic myelitis (AM)” and
established diagnostic criteria (14). Definite AM is defined as:
(1) patients meeting the absolute criteria [myelitis with unknown
etiology; positivity for allergen-specific IgE; and absence of brain
MRI lesions fulfilling the Barkhof criteria for MS (15)] plus
the pathological criteria (spinal cord biopsy samples showing
existence of perivascular lymphocyte cuffings with various
degrees of eosinophil infiltration, sometimes accompanied by
granuloma); or (2) patients meeting the absolute criteria plus at
least two of the three supporting positive criteria [present or past
history of atopic disease; serum hyperIgEemia; increased level of
interleukin (IL)-9 or eotaxin in cerebrospinal fluid (CSF)] plus
one supporting negative criterion (no oligoclonal bands in CSF).
Probable cases of AM are defined as: (1) patients meeting the
absolute criteria plus one of the supporting positive criteria plus
the one supporting negative criterion; or (2) patients meeting
the absolute criteria plus at least two of the supporting positive
criteria. In patients with AM, there were significant positive
correlations between disease duration and Kurtzke Expanded
Disability Status Scale score (16) and Sensory Functional scale
score (17). However, the underlying mechanism of allergic
inflammation-related NeP remains to be elucidated.

Recent studies have established a crucial role of immune
system activation in modulation of NeP (18, 19). Pro-
inflammatory cytokines, such as tumor necrosis factor (TNF)-a,
interferon gamma (IFNy), IL-18, IL-6, and IL-17, were shown
to be elevated in sera and CSF of patients with NeP (20, 21).
Because receptors for these cytokines are expressed on sensory
neurons, pro-inflammatory cytokines may exert direct effects
on nociceptive sensory neurons and induce NeP. Moreover,
treatment with anti-inflammatory cytokines, such as IL-4 and
IL-10, was reported to alleviate NeP in animal models (22, 23).
Moreover, passive transfer of Thl cells to athymic nude rats
lacking mature T cells enhanced pain hypersensitivity in the
recipient mice (24). In contrast, passive transfer of polarized
Th2 cells attenuated pain hypersensitivity in the recipient mice.
These findings suggest that Th2-dominant allergic inflammation
may be protective for NeP. However, in clinical practice, we

often encounter patients with both allergic disease and severe
NeP (6), suggesting that other NeP mechanisms are operative.
Accumulating evidence indicates that activation of spinal
microglia, resident macrophages in the CNS, is crucial for NeP
generation and modulation (25, 26). Peripheral nerve damage
induces microglial activation in the dorsal horn of the spinal
cord. Activated microglial mediators in the spinal dorsal horn,
such as TNF-a, IL-18, and brain-derived neurotrophic factor
(BDNF), increase excitatory synaptic transmission and cause
NeP via neuron-glial interactions (27). We further focused on B
cell hyperactivation, which induces NeP through production of
autoantibodies against antigens in the somatosensory pathway in
response to the allergic condition (19, 28). Indeed, autoantibodies
against sensory neurons were detected in autoimmune diseases
associated with pain, such as Guillain-Barré syndrome (29) and
complex regional pain syndrome (CRPS) (30), and depletion of B
cells reduced NeP in CRPS model mice (31).

In this Mini Review, we will discuss the possible NeP
mechanisms associated with allergic inflammation, on the
basis of findings from animal models of allergic disease
and autoantibodies against sensory neurons of patients with
allergic diseases.

ALLERGIC INFLAMMATION INDUCES
NEUROPATHIC PAIN THROUGH THE
ACTIVATION OF GLIAL CELLS

First, we analyzed the effect of allergic inflammation on the
nociceptive system of the spinal cord in an animal model of
allergic disease (32). We induced atopic diathesis, bronchial
asthma, or atopic dermatitis in C57BL/6 mice by intraperitoneal
sensitization with ovalbumin (OVA) (50 pg) and aluminum
hydroxide hydrate (2 mg) on days 0, 7, and 14 (atopic diathesis
model), followed by nasal aspiration of OVA solution (2.5
mg/ml) for 4 consecutive days (days 15-18) (bronchial asthma
model) or direct OVA application (100 pg) on tape-stripped skin
(atopic dermatitis model). Mice with atopy showed microglial
and astroglial activation in the dorsal horn of the spinal cord.
A higher expression of FB] murine osteosarcoma viral oncogene
homolog B (FosB), a neuronal activation marker, was also seen
in the dorsal horn of mice with atopy compared with mice
without atopy. Additionally, we found activated endothelial cells
and extravasation of serum albumin in atopic mice, suggesting
blood-brain barrier (BBB) impairment. There was neither
demyelination nor axonal degeneration in the spinal cord of
mice with atopy. We used von Frey filaments to evaluate tactile
allodynia in mice with atopy (33) and found that atopy model
mice had severe tactile allodynia.

In a microarray analysis of isolated microglia from the spinal
cord of mice with atopy, microglia showed an augmented
pro-inflammatory signature, including IL-1f, CD38, and
prostaglandin-endoperoxide synthase 2, which are known to be
upregulated in activated microglia (34, 35). Endothelin receptor
type B (EDNRB) was the most upregulated cell surface microglial
receptor in mice with atopy. Immunohistochemical analysis
confirmed that EDNRB expression was upregulated in microglia
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and astroglia, and that spinal cord neurons did not express
EDNRB. Meanwhile, endothelin receptor type A (EDNRA),
another main receptor for endothelin, was not detected in
microglia, astroglia, and neurons of the spinal cord of atopic
mice. We further found increased levels of endothelin-1 (ET-1),
an EDNRB ligand, in serum by ELISA, and observed marked
up-regulation of ET-1 in alveolar epithelial cells and epidermis
of atopic mice by immunohistochemistry. We then analyzed
whether a selective EDNRB antagonist, BQ-788, would affect glial
activation and tactile allodynia in atopic mice. BQ-788 treatment
abolished microglial, astroglial, and neuronal activation and
allodynia. Because the neuronal expression of EDNRB was not
detected in atopic mice, the EDNRB antagonist primarily acted
on microglia and astroglia rather than neurons. Thus, microglia
and astroglia are important for the emergence of allergic
inflammation-related NeP via the ET-1/EDNRB pathway.

We also conducted a neuropathological examination of
autopsied spinal cord lesions from a patient with AM. We found
microglial and astroglial activation in the dorsal horn of the
spinal cord and the loss of myelin and axons, as seen in previously
biopsied AM cases (12, 13). EDNRB expression was upregulated
in microglia and astroglia, similar to in our atopy model mice.
Moreover, we found elevated serum ET-1 levels in AM patients
compared with healthy controls without atopy. Together, these
findings indicate that allergic inflammation induces widespread
glial activation, which persistently activates the nociceptive
system in the spinal cord via the ET-1/EDNRB pathway.

ANTI-PLEXIN D1 ANTIBODY-RELATED
NEUROPATHIC PAIN IN PATIENTS WITH
ALLERGIC DISEASES

Allergic inflammation can enhance autoantibody production
(28) and plasma exchange has been reported to improve
NeP in patients with AM (6, 36). Therefore, we investigated
whether an autoantibody-mediated mechanism underlies allergic
inflammation-related NeP.

We screened novel autoantibodies against dorsal root
ganglion (DRG) neurons and the dorsal horn, which are involved
in generating NeP, in patients with various neurologic diseases
including AM, using a tissue-based indirect immunofluorescence
assay (IFA) (37). We found specific autoantibodies against small
DRG neurons and their nerve terminals in the dorsal horn of the
spinal cord (37), and these autoantibodies were more frequently
detected in patients with NeP than subjects without NeP (10% vs.
0%; p < 0.05). IgG subclass analysis revealed a predominance of
IgG2, which weakly activates complement. These autoantibodies
mostly colocalized with isolectin B4 (IB4)- and P2X3-positive
unmyelinated C-fiber type small DRG neurons. By contrast,
immunostaining for S100B, a myelinated DRG neuron marker,
showed no colocalization with patient IgG. These findings
showed that NeP patients’ IgG binding was restricted to
unmyelinated DRG neurons. In the dorsal horn of the spinal
cord, patient IgG axonal staining colocalized with a lamina
I marker calcitonin gene-related peptide (CGRP) and lamina

IT marker IB4. Therefore, IgG binding in patients with anti-
small DRG neuron antibodies was restricted to the superficial
dorsal horn (laminae I and II). These autoantibodies also bound
to vasoactive intestinal peptide (VIP)-positive postganglionic
parasympathetic nerve fibers in the skin. In western blotting
(WB) using mouse DRG, these autoantibodies recognized a
common 220 kDa band. Liquid chromatography-tandem mass
spectrometry with immunoprecipitates revealed plexin D1 was
the autoantigen.

Plexin D1 is a receptor for semaphorin 3E, an axon
guidance factor and immune regulator (38) expressed in the
nervous system, B cells, macrophages, endothelial cells, and
skin (38). Given that the presence of plexin D1 in DRG
sensory neurons has not been investigated, we assessed the
expression of plexin D1 in human DRG sensory neurons
(37). Immunohistochemical analysis of human DRG and spinal
cord tissues with an anti-human plexin D1 antibody revealed
that plexin D1 was expressed in small DRG neurons and the
superficial dorsal horn. The immunostaining of small DRG
neurons and spinal dorsal horn by IgG from all anti-small
DRG neuron antibody-positive patients was removed by pre-
incubation with recombinant human plexin D1 extracellular
domain in a concentration-dependent manner (37). Therefore,
we confirmed plexin D1 is a relevant autoantigen. Additionally,
plexin D1 extracellular domain contains antigenic epitopes for
autoantibody recognition. Then, we performed a propidium
iodide (PI) assay to assess plasma membrane permeability using
dissociated mouse DRG neurons and heat-inactivated sera from
NeP patients with anti-plexin D1 antibodies. Heat-inactivated
sera from NeP patients with anti-plexin D1 antibodies showed
a significant increase in the percentage of PI-positive cells
compared with those without anti-plexin D1 antibodies (37).
These findings suggest that anti-plexin D1 IgG2 antibodies may
invade the DRG where the BBB and blood-nerve barrier are
absent, bind to plexin D1 on the surface of unmyelinated C-fiber
type DRG neurons, and impair the plasma membranes of small
pain-conveying neurons, resulting in their dysfunction.

In Table1, we have summarized the clinical features of
patients with anti-plexin D1 antibodies based on our previous
study (37). The patients with anti-plexin D1 antibodies were
predominantly female, although the difference in anti-plexin
D1 antibody positivity rates between female and male patients
with NeP was not significant (12.3 vs. 5.4%; p = 0.33). The
age at onset was relatively young. The clinical courses were
relapsing or fluctuating. The underlying neurological diseases
of 11 patients with anti-plexin D1 antibodies included atopic
myelitis, neuromyelitis optica spectrum disorders, multiple
sclerosis, neurosarcoidosis, and erythromelalgia. The common
comorbidities in patients with anti-plexin D1 antibodies were
allergic diseases and collagen diseases. The patients commonly
developed burning pain, thermal hyperalgesia, and peripheral
vascular dysfunction symptoms. The current perception
threshold test showed abnormalities of C-fibers. Plasma exchange
and intravenous methylprednisolone pulse therapy were effective
for NeP management. These findings suggest that anti-plexin
D1 antibodies may be pathogenic in immune-mediated NeP,
especially under allergic inflammation conditions.
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TABLE 1 | Clinical findings for 11 patients with anti-plexin D1 antibodies.

Characteristic Summary

Female sex, number (%) 9(81.8)

Age at onset, mean +=SD  26.3 & 13.3 (12-53)
(range), years
Underlying diseases,
number (%)

AM 6 (54.5), NMOSD 2 (18.2),
RRMS 1 (9.1), neurosarcoidosis 1 (9.1),
erythromelalgia 1 (9.1)

Allergic diseases 10 (90.9), collagen-vascular
diseases 4 (36.4), malignant neoplasms 1 (9.1)

Relapsing 9 (81.8), fluctuating 2 (18.2)

NeP 11 (100), sensory impairment 11 (100), motor
weakness 10 (90.9), hyperreflexia 10 (90.9),
peripheral vascular autonomic dysfunction
symptoms 5 (45.5), hand muscle atrophy 2 (18.2),
visual impairment 2 (18.2)

Burning 6 (54.5), tingling 6 (54.5), thermal
hyperalgesia 5 (45.5), allodynia 2 (18.2), pinprick
hyperalgesia 2 (18.2), squeezing 2 (18.2)

MEP abnormality of CNS 8 (72.7), CPT abnormality
of C-fiber 6 (100), SEP abnormality of CNS 4 (36.4),
SEP abnormality of PNS 3 (27.3), NCS abnormality
3 (33.3), QSART abnormality 1 (100)

Improved 7 [mPSL pulse 4 and mPSL pulse plus PE
3] (100)

Coexisting disorders,
number (%)

Clinical course, number (%)

Neurological manifestations,
number (%)

Quiality of NeP, number (%)

Electrophysiological
findings, number (%)?

Immunotherapy response
for NeP, number (%)°

4Percentage among tested patients who underwent each electrophysiological
examination. PPercentage among patients treated with various immunotherapies.
CNS, central nervous system,; CPT, current perception threshold; MEF, motor-evoked
potentials; mPSL, methylprednisolone; NCS, nerve conduction study,; NeR, neuropathic
pain; NMOSD, neuromyelitis optica spectrum disorders; PE, plasma exchange; PNS,
peripheral nervous system; QSART, quantitative sudomotor axon reflex test; RRMS,
relapsing-remitting multiple sclerosis; SER, somatosensory-evoked potentials.

HYPOTHETICAL MECHANISMS
UNDERLYING ALLERGIC
INFLAMMATION-RELATED NEUROPATHIC
PAIN

Glial Activation in Allergic Inflammation

Allergic diseases are associated with a risk for autism spectrum
disorders (ASD) and attention-deficit and hyperactivity disorder
(ADHD) (1, 2, 39). Moreover, microglia and autoantibodies
against brain proteins are also associated with the pathogenesis
of ASD (40-42). A recent transcriptome study using cortical
tissue samples from patients with ASD showed microglial
activation in cortical tissues of ASD patients (43). In an animal
model of ASD, microglia from the offspring of mothers with
allergic asthma exhibited epigenomic alterations in dysregulated
genes (44). Therefore, allergic inflammation may contribute
to the pathogenesis of ASD through microglial activation.
However, it is unknown how allergic inflammation causes
microglial activation. ASD children had significantly higher
serum levels of anti-myelin basic protein (MBP) and anti-
myelin-associated glycoprotein (MAG) antibodies than healthy
children and the levels of autoantibodies against MBP and
MAG were significantly correlated with the presence of allergic
symptoms (45). Therefore, allergic inflammation might induce

the production of autoantibodies against neurons and glial cells,
which leads to CNS damage. However, no specific autoantibodies
produced by allergic inflammation have been identified.

In our previous study (32), expression of EDNRB was
upregulated in spinal microglia and astroglia from atopic
mice and an autopsied AM case. By contrast, expression of
EDNRA was not detected in microglia and astroglia of atopic
mice. In the normal condition, expression of EDNRA in the
spinal cord is observed in vascular smooth muscle cells and
the superficial dorsal horn (primary afferent nerve fibers),
while expression of EDNRB in the spinal cord is observed in
radial glia, a small population of astroglia, ependymal cells,
and vascular endothelial cells (46) (Supplementary Table 1).
Therefore, allergic inflammation can induce overexpression of
EDNRB in microglia and astroglia in the spinal cord.

We also found an overproduction of ET-1 in sera, alveolar
epithelial cells, and skin tissues from atopic mice and elevated
serum ET-1 in patients with AM. Previous studies reported
increased ET-1 expression in the epidermis of atopic dermatitis
patients (47) and the bronchial epithelium of asthma patients
(48). Additionally, several studies reported that ET-1 attenuated
BBB permeability (49). Therefore, the overproduction of ET-1 in
inflamed tissues may induce BBB hyperpermeability and activate
microglia and astroglia via the ET-1/EDNRB pathway in allergic
inflammation. Then, glial activation might activate second-order
sensory neurons in the dorsal horn of the spinal cord, causing
NeP (Figure 1).

A previous study showed that the ET-1/EDNRB pathway has
dual effects on the nociceptive system in response to pathological
conditions (50). The ET-1/EDNRB pathway exhibited pro-
nociceptive effects in inflammatory pain models (51, 52).
Furthermore, because ET-1 enhances capsaicin-induced release
of substance P and CGRP, as nociceptive mediators, from isolated
sensory neurons without EDNRB expression, ET-1 induced pro-
nociceptive effects independently of EDNRB (53). In contrast,
the ET-1/EDNRB pathway exerted anti-nociceptive effects in a
subcutaneous hindpaw ET-1 injection model (54) and a bone
cancer model (55). In our atopic mice, the ET-1/EDNRB pathway
exhibited pro-nociceptive effects. Although EDNRA is normally
expressed in small DRG neurons while EDNRB is expressed in
satellite glial cells and myelinating Schwann cells surrounding
axons (56) (Supplementary Table 1), we have not investigated
the PNS expression of EDNRA and EDNRB in our atopic mice.
Further studies are required to achieve a deeper understanding of
the nociceptive effects of ET-1 in allergic inflammation.

Mechanism of Anti-plexin D1 Antibody

Production in Allergic Inflammation

Although NeP patients with anti-plexin D1 antibodies have
various underlying neurological diseases, they have common
coexisting comorbidities, mainly allergic diseases (37), that
enhance the production of autoantibodies (28). Therefore, the
production of anti-plexin D1 antibodies is considered to be
associated with allergic inflammation. Interestingly, the anti-
plexin D1 IgG main subclass was IgG2, which predominantly
recognizes carbohydrate epitopes (57). Plexin D1 is heavily
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FIGURE 1 | Schematic overview of our hypothesis that allergic inflammation induces immune-mediated neuropathic pain. Anti-plexin D1 antibodies invade the dorsal
root ganglia (DRG) where the blood-brain barrier (BBB) and blood-nerve barrier are absent, bind to unmyelinated small DRG neurons (primary sensory neurons), and

cause neuropathic pain. Moreover, the overproduction of ET-1 (endothelin-1) in inflamed tissues induces BBB hyperpermeability and activates microglia and astroglia

via the ET-1/EDNRB (endothelin receptor type B) pathway in allergic inflammation. Glial activation leads to the activation of second-order sensory neurons in the dorsal
horn of the spinal cord and, ultimately, neuropathic pain.

glycosylated, especially at the extracellular IPT/TIG3 domain, NeP patients, especially AM patients, experience only minor
which is the same region that immunoprecipitates as identified  disabilities other than NeP (6).

by mass spectrometry (37). IgG2 is preferentially produced

against polysaccharides of environmental microorganisms. AM

patients frequently have high levels of IgE antibodies to mite ~Action of Anti-plexin D1 Antibodies

antigens, such as Dermatophagoides pteronyssinus (Dpt) and  Neurological manifestations of NeP patients with anti-plexin
Dermatophagoides farinae, which are also heavily glycosylated D1 antibodies commonly include burning pain and thermal
(6, 9). Of note, IgG2 antibodies were reported to comprise  hyperalgesia (37). These symptoms reflect C-fiber type DRG
up to 50% of antibodies against Dpt in atopic patients with ~ neuron impairment (60). Because anti-plexin D1 antibodies
high levels of anti-Dpt IgE antibodies (58). Thus, allergic  specifically bind to C-fiber DRG neurons, anti-plexin D1
inflammation may facilitate anti-plexin D1 antibodies through  antibodies might be the cause of C-fiber type DRG neuron
the molecular mimicry of carbohydrates such as plexin D1 ~ impairment and NeP. Indeed, in our in vitro study, anti-plexin
and environmental allergens, including Dpt. IgG2 is a low DI antibodiesinduced membrane hyperpermeability and cellular
inducer of complement activation and antibody-dependent cell-  swelling of DRG neurons independent of complement activation.
mediated cytotoxicity compared with IgG1 (57, 59), which might ~ Because plexin D1 regulates cytoskeleton stability through actin
explain the observation that anti-plexin D1 antibody-positive ~ polymerization (61), anti-plexin DI antibodies may induce
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complement-independent cytotoxicity to DRG neurons through
the dysregulation of cytoskeleton stability.

CONCLUSION

On the basis of the above-mentioned findings, we propose
that increased humoral immunity in allergic individuals may
cause anti-plexin D1 antibody production through molecular
mimicry with environmental allergens (Figure 1). Anti-plexin
D1 antibodies can invade the DRG where the blood-nerve
barrier is absent and damage primary pain-conducting neurons,
triggering NeP. In addition, allergy may induce the activation
of spinal microglia and astroglia via the ET1/EDNRB pathway,
which might activate second-order sensory neurons and
predispose allergic individuals to NeP. Although there is no
evidence of a direct interaction between the ET-1/EDNRB and
semaphorin/plexin D1 pathways, activation of the ET-1/EDNRB
pathway may allow anti-plexin D1 antibodies to invade the
CNS via the hyperpermeable BBB. Plasma exchange can remove
circulating serum ET-1 and anti-plexin D1 antibodies, and
ameliorate NeP associated with allergic inflammation.

Given that the prevalence of allergic diseases has been
increasing over recent decades (62), we predict that allergic
inflammation-related neurological diseases will also increase.
Therefore, a better understanding of the neuro-immune
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The Muscle Is Not a Passive Target in
Myasthenia Gravis

Jean-Thomas Vilquin*, Alexandra Clarissa Bayer, Rozen Le Panse and Sonia Berrih-Aknin

Sorbonne Université, INSERM, Association Institut de Myologie (AIM), Paris, France

Myasthenia gravis (MG) is a rare autoimmune disease mediated by pathogenic antibodies
(Ab) directed against components of the neuromuscular junction (NMJ), mainly the
acetylcholine receptor (AChR). The etiological mechanisms are not totally elucidated,
but they include a combination of genetic predisposition, triggering event(s), and
hormonal components. MG disease is associated with defective immune regulation,
chronic cell activation, inflammation, and the thymus is frequently abnormal. MG is
characterized by muscle fatigability that is very invalidating and can be life-threatening
when respiratory muscles are affected. MG is not cured, and symptomatic treatments
with acetylcholinesterase inhibitors and immunosuppressors are life-long medications
associated with severe side effects (especially glucocorticoids). While the muscle is the
ultimate target of the autoimmune attack, its place and role are not thoroughly described,
and this mini-review will focus on the cascade of pathophysiologic mechanisms taking
place at the NMJ and its consequences on the muscle biology, function, and regeneration
in myasthenic patients, at the histological, cellular, and molecular levels. The fine
structure of the synaptic cleft is damaged by the Ab binding that is coupled to focal
complement-dependent lysis in the case of MG with anti-AChR antibodies. Cellular
and molecular reactions taking place in the muscle involve several cell types as well
as soluble factors. Finally, the regenerative capacities of the MG muscle tissue may be
altered. Altogether, the studies reported in this review demonstrate that the muscle is
not a passive target in MG, but interacts dynamically with its environment in several
ways, activating mechanisms of compensation that limit the pathogenic mechanisms of
the autoantibodies.

Keywords: myasthenia, muscle, neuromuscular junction, acetylcholine receptor, autoimmunity, cytokines,
transcriptome

INTRODUCTION

Autoimmune Myasthenia Gravis (MG) is characterized by muscular weakness aggravated by
exercise and improved by rest. The symptoms fluctuate, which makes the clinical diagnosis difficult.
MG is mediated by antibodies (Ab) to components of the neuromuscular junction (NMJ), the
muscle is thus the target of the autoimmune attack. About 85% of MG patients present Ab against
the acetylcholine receptor (AChR) (1). In about 5% of MG patients, the autoreactive Ab target the
muscle-specific kinase (MuSK) protein (2), which is involved in the clustering of AChRs (3). More
recently, the agrin receptor LRP, (low-density lipoprotein receptor-related protein 4), which forms
a complex with MuSK, has been recognized as a novel autoantigen in a small proportion of MG
patients without anti-AChR or -MuSK Ab (4). Antibodies to cortactin and agrin (5, 6) have been
described, but their presence is most often concomitant to one of the other types of Ab.
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MG is a complex disease to which genetic predispositions
and defects of the immune system contribute (7-9). Thymic
abnormalities are frequently found in the subgroup of MG with
anti-AChR Ab but not in that with anti-MuSK Ab (10), and
thymectomy has clinically favorable effects in AChR-MG (11),
but not in MuSK-MG (12). MG patients with anti-AChR Ab
can be classified in several subgroups according to the age of
onset, the gender, thymic pathology, and anti-AChR antibodies
[Reviewed in (13)]. While the defects of the immune system are
richly described (7, 14, 15), reviews on the mechanisms taking
place at the level of the muscle tissue are more sporadic (16-18),
therefore we will focus on this aspect.

ULTRASTRUCTURAL AND
PHYSIOLOGICAL CHANGES OF THE NMJ
IN MG

The development and maintenance of the NM]J are primarily
dependent on the agrin-MuSK-LRP, signaling system (19, 20).
LRP4 and MuSK are anchored in the post-synaptic membrane.
Agrin, secreted by the nerve terminal, binds to LRP4, which
then binds to the extracellular domain of MuSK, resulting in
phosphorylation and activation of MuSK (19). Phosphorylated
MuSK recruits then Dok-7, an adaptor protein that becomes
phosphorylated and recruits additional signaling molecules
essential for synapse formation and AChR clustering (21).

Detailed structure and mechanism of the NMJ have been
described in several reviews (22-25). Briefly, the post-synaptic
membrane is characterized by deep junctional folds, the top
of which are rich in AChRs, while voltage-gated Na+ channel
(VGSCs) are concentrated in the depths [Review in (22, 24)].
There are ~10,000 AChR per square micrometer on the muscle
surface in the motor plate, whereas the concentration is negligible
outside the synaptic area. At the presynaptic side, 150,000
300,000 vesicles contain a quantum of acetylcholine (ACh) each
(~10 000 molecules). Upon local depolarization, one quantal
content (about 20 vesicles) is released in the synaptic cleft. The
binding of ACh to AChRs induces an entry of Na+ into the
muscle fibers, causing the local depolarization of the membrane
and forming the endplate potential (EPP). The EPP stimulates
the opening of the VGSCs, and upon reaching the firing
threshold, a further influx of Na+ ions ensues, and the action
potential spreads along the muscle fiber. It reaches and opens
the stocks of intracellular calcium that finally trigger the muscle
contraction (Figure 1A). In the healthy NM]J, the amplitude
of EPP exceeds the threshold necessary to produce an action
potential in the muscle. The ratio between the actual EPP and the
threshold required to generate an action potential represents the
safety factor of neuromuscular transmission, which is especially
important during intense activation of the NMJ (26). In humans,
the safety factor is about two, whereas it is higher in rodents or
feline (27).

In AChR-MG disease, morphometric analysis reveals
degenerative changes of the postsynaptic regions with widening
and simplification of synaptic clefts and accumulation of debris
in the synaptic zone (28, 29) (Figure 1B). In addition, nerve

terminals are often smaller than normal size, and their sprouting
may be observed (28). The degradation of the post-synaptic
membrane results in a decrease in the expression of the AChR
and the VGSCs channels, both contributing to the significant
reduction of the safety factor: (1) EPP is lowered by the partial
loss of functional AChRs and (2) the firing threshold is raised
due to the reduction in the density of the sodium channels (30).
During prolonged synaptic activity, as the quantal content of
ACh normally runs down, the summation of EPP falls below the
threshold, and they can no longer trigger the action potential
of the muscle fibers (Figure 1B, numbers 1, 2, 3, 4). Then,
several NMJ will present perithreshold EPP and intermittent
transmission failures concomitantly, and the summation of
several progressive blocks of NMJ transmission will lead to the
MG symptoms (31).

Interestingly, the extraocular muscles (EOM) have
physiologically less developed post-synaptic folding, hence
a lower baseline safety factor, which could explain their high
predisposition to dysfunction in MG (32). Furthermore, in ocular
MG, these muscles are susceptible to complement-mediated
attack due to a deficiency in complement-inhibitory proteins of
the EOM and orbital tissue (33).

MECHANISMS OF ACTION OF THE Ab

Anti-AChR Ab

The pathogenicity of anti-AChR Ab has been shown by their
ability to transfer the disease to control animals (34) and to
reduce the number of a-bungarotoxin binding sites in myotube
cultures (35). There is no correlation between the clinical severity
of the disease and the Ab titer, but there is a correlation between
the Ab titer and the ability of the sera to degrade AChR in vitro
(36). However, in patients with immunosuppressive treatment,
the changes in the level of anti-AChR antibodies is correlated
with the clinical score (37).

Anti-AChR Ab can reduce the expression of muscle AChR
by several mechanisms (Figure 1B): (1) removal of AChRs
due to cross-linking and subsequent internalization (number
2); (2) functional AChR block (number 3), and (3) activation
of complement with formation of membrane-attack complexes
(MAC) that cause focal lysis (number 4) [Review in (38)]. Anti-
AChR Ab are mainly IgGl and IgG3 isotypes that bind the
complement. This mechanism is likely the most pathogenic one:
(a) there is an inverse relationship between the integrity of
junctional folds and the abundance of C9, one molecule of the
MAC (39); (b) mice mutated for complement factors (C3, C4, C5,
C6) develop a lower incidence of MG upon active immunization,
and their NM]J does not harbor the MAC [Review in (38)]; (c)
Some patients with refractory MG have significant, often rapid,
improvement in symptoms when treated with eculizumab, that
inhibits the cleavage of C5 (40); (d) NMJ degradation decreases
the safety factor and the efficacy of the transmission (41).

Anti-MuSK Ab

As a receptor tyrosine kinase, MuSK interacts with a plethora
of proteins and downstream pathways, some of which involved
in nuclear anchoring, gene transcription, Wnt interactions,
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VGSC, voltage-gated sodium channel.

FIGURE 1 | inhibiting AChR clustering (1). Anti-AChR antibodies reduce the expression of muscle AChR by removal of AChRs due to cross-linking, internalization, and
degradation (2), functional AChR block (3), and activation of complement with formation of membrane-attack complexes that cause focal lysis (4). Blinding of
anti-AChR antibodies also include muscle production of paracrine factors, microvesicles and exosomes, as well as cytokines (5) with potential effects over neighboring
structures (satellite cells, muscle cells and nerve terminal). Pro-inflammatory environment can be enhanced during MG acute phase by infiltrating macrophages release
of cytokines (6). Compensatory mechanism at molecular (7,8) and cellular levels (9) preserve MG muscle fibers from the AChR autoantibodies induced damage. Ach,
Acetylcholine; AChR, Acetylcholine receptor; LRP-4, low-density lipoprotein receptor-related protein; MAC, membrane attack complex; MuSK, muscle specific kinase;

scaffolding, and AChR stabilization (20). MuSK-MG is often
characterized by muscle atrophy and excellent response to plasma
exchanges. Experimentally, animals that received repeated daily
injections of patient IgG (42) or actively immunized with
MuSK (43) show impaired neuromuscular transmission, with
reductions in endplate AChR and EPP amplitudes [Review in
(44)]. In vitro, anti-MuSK Ab induce inhibition of proliferation
of a cell line, an effect correlated with disease severity and anti-
MuSK Ab titer, that could explain the muscle atrophy in MuSK+
MG patients (45). The isotype of anti-MuSK Ab is generally IgG4
that lacks complement-activating properties and is considered
functionally monovalent and is thus unable to induce antigenic
modulation (46). Anti-MuSK Ab bind to a structural epitope in
the first Ig-like domain of MuSK, prevent binding between MuSK
and LRP,4 and inhibit agrin-stimulated MuSK phosphorylation
resulting in defects of AChR clustering (Figure 1B, number
1) (47). In addition, anti-MuSK Ab block binding of ColQ to
the NM], that may lead to compromised agrin-mediated AChR
clustering and AChR deficiency in MuSK-MG patients (48).
Finally, some anti-MuSK Ab are directed against the Cysteine-
rich domain of MuSK that mediates the Wnt-MuSK interactions
(49). In summary, by contrast with anti-AChR Ab, anti-MuSK Ab
induce a functional effect by interfering with MuSK signaling and
AChR clustering.

Anti-LRP4 Ab

Mice immunized with the extracellular domain of LRPy4
exhibit MG-associated symptoms, including muscle weakness,
reduced compound muscle action potentials, and compromised
neuromuscular transmission (50, 51). Additionally, fragmented
and distorted NM]Js are evident at both the light and electron
microscopic levels suggesting that LRP4 contributes to NM]J
maintenance in adulthood. In nerve terminals, a reduction in
synaptic vesicle density and ACh release is observed, while on
the postsynaptic side, AChR density is significantly reduced, with
flattened junctional folds (50). Interestingly, injection in mice of
neural agrin (N-agrin) that binds to LRP,4 leads to MG-associated
symptoms, suggesting that agrin Ab may also play a role in MG
pathogenesis (52).

MOLECULAR AND CELLULAR CHANGES
IN MG MUSCLE

Several changes have been described inside and outside the
giant syncytial muscle cell, and the importance of the local
environment is increasingly considered (Figure 1B).

Inflammation and Cytokines

It is generally admitted that diffuse signs of inflammation
are not evident in the muscle of MG patients. First of all,
immune cells are scarcely found (29) [Review in (53)]. Second,
the transcriptome analysis did not reveal an inflammatory
signature (54).

However, increased expression of cytokines (TNF-a, IL-1, and
IL-6) due to infiltrating macrophages has been described in the
muscle of models of experimental autoimmune MG (EAMG),
during the early phase of the disease (55) (Figure 1B, number
6). In addition, muscle tissues can also produce immunologically
relevant factors. Rat skeletal muscle exposed to anti-AChR Ab
synthesizes MCP-1, IL-15, and NO, that promote the generation
of disease symptoms (56-58) (Figure 1B, number 5). Besides,
myotubes in MG and EAMG overexpress IP-10 and CXCR3,
two molecules regulated by interferon-y (59). Interestingly, the
skeletal muscle also upregulates the PD-L1 in MG, which may
participate in the control of the local immune-mediated damage
through the function of a checkpoint inhibitor (60).

Some cytokines and inflammatory proteins are increased
in the sera of MG patients and constitute an inflammatory
environment (61-64), then direct effects of these molecules on
muscles could be suspected. As a proof of concept, muscle cells
are responsive to IL-4, IL-6, IFN-y, and LPS, by producing
immunologically relevant molecules and may become antigen-
presenting cells (65, 66). The expression of Toll-like receptors by
the skeletal muscle could favor the sensitization of the muscle to
the environment [reviewed in (67)].

Molecular Changes and Mechanisms of

Compensation
Whether the molecular and cellular changes observed in and
around the NM]J participate in the pathogenesis of MG disease or
provide a mechanism of compensation are still an open question.
Here, we will focus on two of these compensatory mechanisms.
First, the decreased expression in AChR is compensated by the
release of an increased number of vesicles containing ACh, that
has been shown in both muscles of MG patients and experimental
rat models (Figure 1B, number 8) (27, 31, 68). The mechanism
of this compensation may reside in several elements of the NM]
[Review in (27)]. At the presynaptic level, Ca?*/calmodulin-
dependent protein kinase IT (CaMKII) act through activation by
Ca?* (69), and this mechanism has been shown to be involved in
the model of rats treated with alpha-bungarotoxin (70). Although
not directly demonstrated in MG models, neuroligin (71), and
Muncl8 would act through the modulation of the number of
docked release-ready vesicles (72). From the post-synaptic side,
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LRRK2 would trigger the increase of the size of the release-
ready pool of vesicles (73). It has also been suggested that a
specific pool of ACh vesicles, with a slower turn-over, would be
used for transient increase of quantal content (74). LRP4 may be
considered as a retrograde factor acting from muscle toward the
presynaptic side (75). Clinically, the compensatory mechanism
mediated by increased quantal content would be especially
important during phases of intense, repetitive stimulation of
the NMJ as it would counterbalance the natural rundown of
quantal contents partially. Importantly, it should be noted that
in MuSK-MG, this compensatory mechanism is not present, or
it is blocked by the Ab, and these patients develop more severe
disease (25, 27, 76).

Second, as a consequence of the attack of the AChR by Ab
(Figure 1B, number 7), the degradation of the AChR is followed
up by increased mRNA level expression of AChR subunits in
muscles of myasthenic rats, rabbits, and mice compared with
control animals (77-79). In MG patient muscle, the increase
in AChR subunit transcripts correlates with the severity of the
disease, indicating that this mechanism takes place only when the
expression of AChR is significantly altered (80); in vitro studies
show that the increase in AChR mRNA appears after a certain
threshold loss of AChR (induced by monoclonal anti-AChR Ab)
(80, 81). The expression of AChR is the resultant of loss and
re-expression. Without such a mechanism of compensation, the
AChR expression could be dramatically reduced, resulting in
a fatal disease. Thus, this compensatory mechanism aims to
balance the loss of AChR in human MG and is triggered above
a certain degree of AChR loss (80).

Upregulation of AChR expression could also result from
activation of neuregulinl/ErbB signaling pathway through
overexpression of MuSK and rapsyn (82). Whether this pathway
is implicated in MG has not been documented.

Other molecular alterations have been described in EAMG
models and are likely to be secondary to the cross-reactive
immune response. Notably, caveolin-3 shows aberrant
overexpression. This muscle-specific membrane protein
localized to the sarcolemma and T-tubule system is usually
needed for muscle repair and skeletal muscle development (83).
Also, the glucose-regulated protein 78 (GRP78) mRNA that
is activated by ER stress is increased, suggesting that muscle
weakness in MG might be caused by both NMJ disruption and
ER stress (84). Another intriguing observation relates to the bone
mineral density at skeletal sites, which is significantly decreased
in the femur of EAMG mice compared to control animals, in
parallel with the severity of the disease (85).

TRANSCRIPTOMIC ANALYSIS

A transcriptomics study was performed in 3 different muscles
[EOM, diaphragm, and extensor digitorum longus (EDL)] in rats
passively receiving anti-AChR Ab. Changes in 62 genes common
among all muscle groups fall into four major categories (stress
response, immune response, metabolism, and transcription
factors). Interestingly, the EOM demonstrated a distinct RNA
expression signature from EDL and diaphragm (86).

Transcriptome analyses were also performed on muscle
biopsies from MG patients (compared with healthy controls)
and on models of active EAMG in rats (compared with
control rats). Similar changes in human and rat myasthenic
muscles were found, highlighting the deregulation of genes
included in the muscle fiber category. Also, genes related to cell
metabolism and immune response were deregulated: Insulin-
Like Growth Factor 1 (IGF-1) and Interleukin-6 (IL-6) pathways
were identified. Indeed, increased IL-6 production was observed
in human muscle cell cultures treated with MG sera or anti-
AChR Ab. Besides, monoclonal anti-AChR Ab decrease Akt
phosphorylation in response to insulin, indicating an effect of the
ADb on cell metabolism (54). Since Akt plays a key role in multiple
cellular processes such as growth and glucose metabolism, this
reduced phosphorylation of Akt may have a significant impact on
the muscle homeostasis, and fatigability observed in MG patients.

EFFECTS ON SATELLITE CELLS

Satellite cells (SCs) are quiescent muscular stem cells (Figure 1).
After an injury, a process of muscle degeneration occurs, followed
by the activation of the SCs that proliferate, become so-called
myoblasts, differentiate, and fuse to give rise to new fibers (87).

Recently, the article by Attia et al. (88) unveiled an unexpected
action of the anti-AChR Ab on these SCs. First, muscle sections
from MG and EAMG contain an increased number of SCs
identified by the Pax7 marker. Besides, SCs isolated from MG
muscles proliferate as myoblasts and differentiate more actively
than cells from control muscles. In addition, after a muscle
injury induced in the EAMG mouse model, several changes were
observed: a decrease in fiber size and MyoG mRNA expression
and an increase in the number of fibers and embryonic myosin
heavy-chain mRNA expression. These alterations suggest that as
a result of the autoimmune attack, there is a delay in maturation
of the muscle fibers.

A direct effect of the anti-AChR Ab on SC is unlikely since
SCs do not express AChR. More likely, the binding of anti-
AChR AD to their antigens impairs the NM]J (see the mechanisms
above) and alters the production of several paracrine factors,
micro-vesicles, or exosomes by the muscle. These factors could
then induce paracrine effects on the neighboring SCs associated
with subtle modifications of the epigenetic signatures (Figure 1B,
Number 9). This leads to the expression of MyoD and MyoG
in MG SCs that will proliferate and differentiate more than in
healthy ones.

Together, these data propose that MG muscles from EAMG
mice regenerate worse than control ones. From a clinical
perspective, symptom exacerbation upon sports practice or after
a muscle injury could also be due to difficulties for MG patients
to regenerate their muscle.

CONCLUSION AND PERSPECTIVES

In MG disease, the Ab to the different components of the NM]
have pathogenic consequences that are more extended than a
focused effect on the target antigens. In other autoimmune
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diseases, the attack by the Ab and by the MAC would have
induced the death of the target cells. In the case of the muscle,
this does not occur, but activation of molecular transcription
and signaling pathways, mechanisms of compensation, and
biological effects on local cell types such as satellite cells
demonstrate that the muscle responds actively. Thus, the muscle
is not a passive target in MG but interacts dynamically with
its environment in several ways. However, the number of
studies examining theses processes is still quite limited. A
better appraisal of these processes would allow identifying new
mechanisms and pathways, and new levels for symptomatic
medical interventions. New approaches are rapidly developing to
model MG and facilitate such studies. Indeed, with the advent

of pluripotent stem cells differentiation, and the growth of
bioengineering, cocultures of human myogenic and neurogenic

REFERENCES

1. Appel SH, Almon RR, Levy N. Acetylcholine receptor antibodies
in myasthenia gravis. N Engl | Med. (1975) 293:760-1.
doi: 10.1056/NEJM197510092931508

2. Hoch W, McConville ], Helms S, Newsom-Davis ], Melms A, Vincent A. Auto-
antibodies to the receptor tyrosine kinase MuSK in patients with myasthenia
gravis without acetylcholine receptor antibodies. Nat Med. (2001) 7:365-8.
doi: 10.1038/85520

3. Sanes JR, Apel ED, Burgess RW, Emerson RB, Feng G, Gautam M, et al.
Development of the neuromuscular junction: genetic analysis in mice. J
Physiol Paris. (1998) 92:167-72. doi: 10.1016/50928-4257(98)80004-1

4. Higuchi O, Hamuro J, Motomura M, Yamanashi Y. Autoantibodies to low-
density lipoprotein receptor-related protein 4 in myasthenia gravis. Ann
Neurol. (2011) 69:418-22. doi: 10.1002/ana.22312

5. Illa I, Cortes-Vicente E, Martinez MA, Gallardo E. Diagnostic utility of
cortactin antibodies in myasthenia gravis. Ann N'Y Acad Sci. (2018) 1412:90-
94. doi: 10.1111/nyas.13502

6. Zhang B, Shen C, Bealmear B, Ragheb S, Xiong WC, Lewis RA, et al
Autoantibodies to agrin in myasthenia gravis patients. PLoS ONE. (2014)
9:¢91816. doi: 10.1371/journal.pone.0091816

7. Berrih-Aknin S. Myasthenia Gravis: Paradox versus paradigm in
autoimmunity. ] Autoimmun. (2014) 52:1-28. doi: 10.1016/j.jaut.2014.05.001

8. Romi E, Hong Y, Gilhus NE. Pathophysiology and immunological profile of
myasthenia gravis and its subgroups. Curr Opin Immunol. (2017) 49:9-13.
doi: 10.1016/j.c0i.2017.07.006

9. Cavalcante P, Cufi P, Mantegazza R, Berrih-Aknin S, Bernasconi P, Le Panse
R. Etiology of myasthenia gravis: innate immunity signature in pathological
thymus. Autoimmun Rev. (2013) 12:863-74. doi: 10.1016/j.autrev.2013.03.010

10. Leite MI, Strobel P, Jones M, Micklem K, Moritz R, Gold R, et al. Fewer thymic
changes in MuSK antibody-positive than in MuSK antibody-negative MG.
Ann Neurol. (2005) 57:444-8. doi: 10.1002/ana.20386

11. Wolfe GI, Kaminski HJ, Aban IB, Minisman G, Kuo H-C, Marx A, et al.
Randomized trial of thymectomy in myasthenia gravis. N Engl ] Med. (2016)
375:511-22. doi: 10.1056/NEJMo0al1602489

12. Clifford KM, Hobson-Webb LD, Benatar M, Burns TM, Barnett C,
Silvestri NJ, et al. Thymectomy may not be associated with clinical
improvement in MuSK myasthenia gravis. Muscle Nerve. (2019) 59:404-10.
doi: 10.1002/mus.26404

13. Gilhus NE, Tzartos S, Evoli A, Palace J, Burns TM, Verschuuren
JJGM. Myasthenia gravis. Nat Rev Dis Prim. (2019) 5:30.
doi: 10.1038/541572-019-0079-y

14. Berrih-Aknin S, Le Panse R. Myasthenia gravis: a comprehensive review of
immune dysregulation and etiological mechanisms. | Autoimmun. (2014)
52:90-100. doi: 10.1016/j.jaut.2013.12.011

cells are possible in two (89) or three dimensions (90, 91),
so as to study the effect of MG Ab, and/or to provide
organoid-like platforms for the study of pathologies and their
drug design.

AUTHOR CONTRIBUTIONS

SB-A and J-TV wrote the manuscript with support from RL. AB
conceived and designed the figure.

FUNDING

This work was supported by grants from the European
Community (FIGHT-MG, HEALTH-2009-242-210) and from
the Association Frangcaise contre les Myopathies.

15. Avidan N, Le Panse R, Berrih-Aknin S, Miller A. Genetic basis of
myasthenia gravis - a comprehensive review. ] Autoimmun. (2013) 52:146-53.
doi: 10.1016/j.jaut.2013.12.001

16. Huijbers MG, Lipka AF, Plomp JJ, Niks EH, van der Maarel SM, Verschuuren
JJ. Pathogenic immune mechanisms at the neuromuscular synapse: the role of
specific antibody-binding epitopes in myasthenia gravis. J Intern Med. (2014)
275:12-26. doi: 10.1111/joim.12163

17. Phillips WD, Vincent A. Pathogenesis of myasthenia gravis: update on disease
types, models, and mechanisms. FI000Res. (2016) 5:F1000 Faculty Rev-1513.
doi: 10.12688/f1000research.8206.1

18. Howard JE Howard Jr. JE. Myasthenia gravis: the role of complement
at the neuromuscular junction. Ann N Y Acad Sci. (2018) 1412:113-28.
doi: 10.1111/nyas.13522

19. Zhang W, Coldefy AS, Hubbard SR, Burden S]J. Agrin binds to the N-terminal
region of Lrp4 protein and stimulates association between Lrp4 and the first
immunoglobulin-like domain in muscle-specific kinase (MuSK). J Biol Chem.
(2011) 286:40624-30. doi: 10.1074/jbc.M111.279307

20. Wu H, Xiong WC, Mei L. To build a synapse: signaling pathways
in neuromuscular junction assembly. Development. (2010) 137:1017-33.
doi: 10.1242/dev.038711

21. Okada K, Inoue A, Okada M, Murata Y, Kakuta S, Jigami T, et al. The muscle
protein Dok-7 is essential for neuromuscular synaptogenesis. Science. (2006)
312:1802-5. doi: 10.1126/science.1127142

22. Fagerlund MJ, Eriksson LI. Current concepts in neuromuscular transmission.
Br ] Anaesth. (2009) 103:108-14. doi: 10.1093/bja/aep150

23. Tintignac LA, Brenner H-R, Riilegg MA. Mechanisms regulating
neuromuscular junction development and function and causes of muscle
wasting. Physiol Rev. (2015) 95:809-52. doi: 10.1152/physrev.00033.2014

24. Slater CR. The structure of human neuromuscular junctions: some
unanswered molecular questions. Int ] Mol Sci. (2017) 18:E2183.
doi: 10.3390/ijms18102183

25. Nishimune H, Shigemoto K. Practical anatomy of the neuromuscular
junction in health and disease. Neurol Clin. (2018) 36:231-40.
doi: 10.1016/j.ncl.2018.01.009

26. Wood §J, Slater CR. Safety factor at the neuromuscular junction. Prog
Neurobiol. (2001) 64:393-429. doi: 10.1016/S0301-0082(00)00055-1

27. Plomp JJ. Trans-synaptic homeostasis at the myasthenic neuromuscular
junction. Front Biosci. (2017) 22:1033-1051. doi: 10.2741/4532

28. Engel AG. Morphologic and immunopathologic findings in myasthenia gravis
and in congenital myasthenic syndromes. J Neurol Neurosurg Psychiatry.
(1980) 43:577-89. doi: 10.1136/jnnp.43.7.577

29. Nakano S, Engel AG. Myasthenia gravis: quantitative immunocytochemical
analysis of inflammatory cells and detection of complement membrane attack
complex at the end-plate in 30 patients. Neurology. (1993) 43:1167-72.
doi: 10.1212/WNL.43.6.1167

Frontiers in Neurology | www.frontiersin.org

December 2019 | Volume 10 | Article 1343


https://doi.org/10.1056/NEJM197510092931508
https://doi.org/10.1038/85520
https://doi.org/10.1016/S0928-4257(98)80004-1
https://doi.org/10.1002/ana.22312
https://doi.org/10.1111/nyas.13502
https://doi.org/10.1371/journal.pone.0091816
https://doi.org/10.1016/j.jaut.2014.05.001
https://doi.org/10.1016/j.coi.2017.07.006
https://doi.org/10.1016/j.autrev.2013.03.010
https://doi.org/10.1002/ana.20386
https://doi.org/10.1056/NEJMoa1602489
https://doi.org/10.1002/mus.26404
https://doi.org/10.1038/s41572-019-0079-y
https://doi.org/10.1016/j.jaut.2013.12.011
https://doi.org/10.1016/j.jaut.2013.12.001
https://doi.org/10.1111/joim.12163
https://doi.org/10.12688/f1000research.8206.1
https://doi.org/10.1111/nyas.13522
https://doi.org/10.1074/jbc.M111.279307
https://doi.org/10.1242/dev.038711
https://doi.org/10.1126/science.1127142
https://doi.org/10.1093/bja/aep150
https://doi.org/10.1152/physrev.00033.2014
https://doi.org/10.3390/ijms18102183
https://doi.org/10.1016/j.ncl.2018.01.009
https://doi.org/10.1016/S0301-0082(00)00055-1
https://doi.org/10.2741/4532
https://doi.org/10.1136/jnnp.43.7.577
https://doi.org/10.1212/WNL.43.6.1167
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Vilquin et al.

The Muscle in Myasthenia Gravis

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Ruff RL, Lennon VA. How myasthenia gravis alters the safety factor
for neuromuscular transmission. J Neuroimmunol. (2008) 201-202:13-20.
doi: 10.1016/j.jneuroim.2008.04.038

Plomp JJ, Huijbers MGM, Verschuuren JJGM. Neuromuscular synapse
electrophysiology in myasthenia gravis animal models. Ann N 'Y Acad Sci.
(2018) 1412:146-53. doi: 10.1111/nyas.13507

Serra A, Ruff RL, Leigh RJ. Neuromuscular transmission failure in myasthenia
gravis: decrement of safety factor and susceptibility of extraocular muscles:
safety factor in ocular myasthenia. Ann N 'Y Acad Sci. (2012) 1275:129-35.
doi: 10.1111/j.1749-6632.2012.06841.x

Soltys J, Gong B, Kaminski HJ, Zhou Y, Kusner LL. Extraocular muscle
susceptibility to myasthenia gravis: unique immunological environment? Ann
NY Acad Sci. (2008) 1132:220-4. doi: 10.1196/annals.1405.037

Lindstrom JM, Einarson BL, Lennon VA, Seybold ME. Pathological
mechanisms in  experimental myasthenia gravis. I
immunogenicity of syngeneic muscle acetylcholine receptor and quantitative
extraction of receptor and antibody-receptor complexes from muscles of
rats with experimental automimmune m. J Exp Med. (1976) 144:726-38.
doi: 10.1084/jem.144.3.726

Drachman DB, Adams RN, Josifek LE Self SG. Functional activities
of autoantibodies to acetylcholine receptors and the clinical
severity of myasthenia gravis. N Engl ] Med. (1982) 307:769-75.
doi: 10.1056/NEJM198209233071301

Eymard B, de la Porte S, Pannier C, Berrih-Aknin S, Morel E, Fardeau
M, et al. Effect of myasthenic patient sera on the number and distribution
of acetylcholine receptors in muscle and nerve-muscle cultures from
rat. correlations with clinical state. J Neurol Sci. (1988) 86:41-59.
doi: 10.1016/0022-510X(88)90006-8

Heldal AT, Eide GE, Romi FE Owe JE Gilhus NE. Repeated
acetylcholine receptor antibody-concentrations and association to
clinical myasthenia gravis development. PLoS ONE. (2014) 9:e114060.
doi: 10.1371/journal.pone.0114060

Tuzun E, Christadoss P. Complement associated pathogenic
mechanisms in myasthenia gravis. Autoimmun Rev. (2013) 12:904-11.
doi: 10.1016/j.autrev.2013.03.003

Sahashi K, Engel AG, Lambert EH, Howard FM. Ultrastructural localization
of the terminal and lytic ninth complement component (C9) at the motor
end-plate in myasthenia gravis. ] Neuropathol Exp Neurol. (1980) 39:160-72.
doi: 10.1097/00005072-198003000-00005

Howard JE Utsugisawa K, Benatar M, Murai H, Barohn RJ, Illa I, et al.
Safety and efficacy of eculizumab in anti-acetylcholine receptor antibody-
positive refractory generalised myasthenia gravis (REGAIN): a phase 3,
randomised, double-blind, placebo-controlled, multicentre study. Lancet
Neurol. (2017) 16:976-86. doi: 10.1016/S1474-4422(17)30369-1

Ruff RL, Lennon VA. End-plate voltage-gated sodium channels are lost in
clinical and experimental myasthenia gravis. Ann Neurol. (1998) 43:370-9.
doi: 10.1002/ana.410430315

Ghazanfari N, Linsao EL, Trajanovska S, Morsch M, Gregorevic P, Liang
SX, et al. Forced expression of muscle specific kinase slows postsynaptic
acetylcholine receptor loss in a mouse model of MuSK myasthenia gravis.
Physiol Rep. (2015) 3:e12658. doi: 10.14814/phy2.12658

Shigemoto K, Kubo S, Maruyama N, Hato N, Yamada H, Jie C, et al. Induction
of myasthenia by immunization against muscle-specific kinase. J Clin Invest.
(2006) 116:1016-24. doi: 10.1172/JCI21545

Mori S, Shigemoto K. Mechanisms associated with the pathogenicity of
antibodies against muscle-specific kinase in myasthenia gravis. Autoimmun
Rev. (2013) 12:912-7. doi: 10.1016/j.autrev.2013.03.005

Boneva N, Frenkian-Cuvelier M, Bidault J, Brenner T, Berrih-Aknin S.
Major pathogenic effects of anti-MuSK antibodies in myasthenia gravis. |
Neuroimmunol. (2006) 177:119-31. doi: 10.1016/j.jneuroim.2006.05.017
Koneczny I, Stevens JAA, De Rosa A, Huda S, Huijbers MG, Saxena A,
et al. IgG4 autoantibodies against muscle-specific kinase undergo fab-arm
exchange in myasthenia gravis patients. | Autoimmun. (2017) 77:104-15.
doi: 10.1016/j.jaut.2016.11.005

Huijbers MG, Zhang W, Klooster R, Niks EH, Friese MB, Straasheijm KR,
et al. MuSK IgG4 autoantibodies cause myasthenia gravis by inhibiting
binding between MuSK and Lrp4. Proc Natl Acad Sci USA. (2013) 110:20783-
8. doi: 10.1073/pnas.1313944110

autoimmune

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Kawakami Y, Ito M, Hirayama M, Sahashi K, Ohkawara B, Masuda A, et al.
Anti-MuSK autoantibodies block binding of collagen Q to MuSK. Neurology.
(2011) 77:1819-26. doi: 10.1212/WNL.0b013e318237f660

Takamori M, Nakamura T, Motomura M. Antibodies against Wnt

receptor of muscle-specific tyrosine kinase in myasthenia gravis.
] Neuroimmunol. (2013) 254:183-6. doi: 10.1016/j.jneuroim.2012.
09.001

Shen C, Lu Y, Zhang B, Figueiredo D, Bean J, Jung J, et al. Antibodies against
low-density lipoprotein receptor-related protein 4 induce myasthenia gravis. J
Clin Invest. (2013) 123:5190-202. doi: 10.1172/JCI66039

Mori S, Motohashi N, Takashima R, Kishi M, Nishimune H, Shigemoto
K. Immunization of mice with LRP4 induces myasthenia similar to
MuSK-associated myasthenia gravis. Exp Neurol. (2017) 297:158-67.
doi: 10.1016/j.expneurol.2017.08.006

Yan M, Liu Z, Fei E, Chen W, Lai X, Luo B, et al. Induction of anti-agrin
antibodies causes myasthenia gravis in mice. Neuroscience. (2018) 373:113-21.
doi: 10.1016/j.neuroscience.2018.01.015

Europa TA, Nel M, Heckmann JM. A review of the histopathological
findings in myasthenia gravis: clues to the pathogenesis of treatment-
resistance in extraocular muscles. Neuromuscul Disord. (2019) 29:381-7.
doi: 10.1016/j.nmd.2019.03.009

Maurer M, Bougoin S, Feferman T, Frenkian M, Bismuth J, Mouly V, et al. IL-
6 and Akt are involved in muscular pathogenesis in myasthenia gravis. Acta
Neuropathol Commun. (2015) 3:1. doi: 10.1186/s40478-014-0179-6

Li H, Shi FD, Bai X, Huang Y, Diab A, He B, et al. Cytokine and
chemokine mRNA expressing cells in muscle tissues of experimental
autoimmune myasthenia gravis. J Neurol Sci. (1998) 161:40-6.
doi: 10.1016/S0022-510X(98)00181-6

Reyes-Reyna S, Stegall T, Krolick KA. Muscle responds to an antibody reactive
with the acetylcholine receptor by up-regulating monocyte chemoattractant
protein 1: a chemokine with the potential to influence the severity and
course of experimental myasthenia gravis. J Immunol. (2002) 169:1579-86.
doi: 10.4049/jimmunol.169.3.1579

Stegall T, Krolick KA. Myocytes respond in vivo to an antibody reactive
with the acetylcholine receptor by upregulating interleukin-15: an interferon-
gamma activator with the potential to influence the severity and course
of experimental myasthenia gravis. /| Neuroimmunol. (2001) 119:377-86.
doi: 10.1016/S0165-5728(01)00401-5

Garcia YR, May J], Green AM, Krolick KA. Acetylcholine receptor-reactive
antibody induces nitric oxide production by a rat skeletal muscle cell line:
influence of cytokine environment. J Neuroimmunol. (2001) 120:103-11.
doi: 10.1016/S0165-5728(01)00414-3

Feferman T, Maiti PK, Berrih-Aknin S, Bismuth J, Bidault ], Fuchs
S, et al. Overexpression of IFN-induced protein 10 and its receptor
CXCR3 in myasthenia gravis. ] Immunol. (2005) 174:5324-31.
doi: 10.4049/jimmunol.174.9.5324

Iwasa K, Yoshikawa H, Furukawa Y, Yamada M. Programmed cell death ligand
1 expression is upregulated in the skeletal muscle of patients with myasthenia
gravis. ] Neuroimmunol. (2018) 325:74-8. doi: 10.1016/j.jneuroim.2018.09.012
Xie Y, Li HE Jiang B, Li Y, Kaminski HJ, Kusner LL. Elevated plasma
interleukin-17A in a subgroup of myasthenia gravis patients. Cytokine. (2016)
78:44-6. doi: 10.1016/j.cyt0.2015.06.011

Roche JC, Capablo JL, Larrad L, Gervas-Arruga J, Ara JR, Sanchez A, et al.
Increased serum interleukin-17 levels in patients with myasthenia gravis.
Muscle Nerve. (2011) 44:278-80. doi: 10.1002/mus.22070

Zheng S, Dou C, Xin N, Wang J, Wang J, Li P, et al. Expression of
Interleukin-22 in myasthenia gravis. Scand J Immunol. (2013) 78:98-107.
doi: 10.1111/si.12057

Molin CJ, Westerberg E, Punga AR. Profile of upregulated inflammatory
proteins in sera of myasthenia gravis patients. Sci Rep. (2017) 7:39716.
doi: 10.1038/srep39716

Marino M, Scuderi E Mazzarelli P, Mannella FE Provenzano C,
Bartoccioni E. Constitutive and cytokine-induced expression of MHC
and intercellular adhesion molecule-1 (ICAM-1) on human myoblasts.
J  Neuroimmunol. (2001) 116:94-101. doi: 10.1016/S0165-5728(01)
00287-9

Stegall T, Krolick KA. Myocytes respond to both interleukin-4 and interferon-
gamma: cytokine responsiveness with the potential to influence the severity

Frontiers in Neurology | www.frontiersin.org

December 2019 | Volume 10 | Article 1343


https://doi.org/10.1016/j.jneuroim.2008.04.038
https://doi.org/10.1111/nyas.13507
https://doi.org/10.1111/j.1749-6632.2012.06841.x
https://doi.org/10.1196/annals.1405.037
https://doi.org/10.1084/jem.144.3.726
https://doi.org/10.1056/NEJM198209233071301
https://doi.org/10.1016/0022-510X(88)90006-8
https://doi.org/10.1371/journal.pone.0114060
https://doi.org/10.1016/j.autrev.2013.03.003
https://doi.org/10.1097/00005072-198003000-00005
https://doi.org/10.1016/S1474-4422(17)30369-1
https://doi.org/10.1002/ana.410430315
https://doi.org/10.14814/phy2.12658
https://doi.org/10.1172/JCI21545
https://doi.org/10.1016/j.autrev.2013.03.005
https://doi.org/10.1016/j.jneuroim.2006.05.017
https://doi.org/10.1016/j.jaut.2016.11.005
https://doi.org/10.1073/pnas.1313944110
https://doi.org/10.1212/WNL.0b013e318237f660
https://doi.org/10.1016/j.jneuroim.2012.09.001
https://doi.org/10.1172/JCI66039
https://doi.org/10.1016/j.expneurol.2017.08.006
https://doi.org/10.1016/j.neuroscience.2018.01.015
https://doi.org/10.1016/j.nmd.2019.03.009
https://doi.org/10.1186/s40478-014-0179-6
https://doi.org/10.1016/S0022-510X(98)00181-6
https://doi.org/10.4049/jimmunol.169.3.1579
https://doi.org/10.1016/S0165-5728(01)00401-5
https://doi.org/10.1016/S0165-5728(01)00414-3
https://doi.org/10.4049/jimmunol.174.9.5324
https://doi.org/10.1016/j.jneuroim.2018.09.012
https://doi.org/10.1016/j.cyto.2015.06.011
https://doi.org/10.1002/mus.22070
https://doi.org/10.1111/sji.12057
https://doi.org/10.1038/srep39716
https://doi.org/10.1016/S0165-5728(01)00287-9
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Vilquin et al.

The Muscle in Myasthenia Gravis

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

and course of experimental myasthenia gravis. Clin Immunol. (2000) 94:133-
9. doi: 10.1006/clim.1999.4822

Marino M, Scuderi E, Provenzano C, Bartoccioni E. Skeletal muscle cells: from
local inflammatory response to active immunity. Gene Ther. (2011) 18:109-16.
doi: 10.1038/gt.2010.124

Plomp JJ, Van Kempen GT, De Baets MB, Graus YM, Kuks JB, Molenaar PC.
Acetylcholine release in myasthenia gravis: regulation at single end-plate level.
Ann Neurol. (1995) 37:627-36. doi: 10.1002/ana.410370513

Wang Z-W. Regulation of synaptic transmission by presynaptic
CaMKII and BK channels. Mol Neurobiol. (2008) 38:153-66.
doi: 10.1007/s12035-008-8039-7

Plomp JJ, Molenaar PC. Involvement of protein kinases in the upregulation
of acetylcholine release at endplates of a-bungarotoxin-treated rats. ] Physiol.
(1996) 493:175-86. doi: 10.1113/jphysiol.1996.sp021373

Sons MS, Busche N, Strenzke N, Moser T, Ernsberger U, Mooren FC, et al.
Alpha-Neurexins are required for efficient transmitter release and synaptic
homeostasis at the mouse neuromuscular junction. Neuroscience. (2006)
138:433-46. doi: 10.1016/j.neuroscience.2005.11.040

Toonen RFG, Wierda K, Sons MS, de Wit H, Cornelisse LN, Brussaard A,
et al. Muncl8-1 expression levels control synapse recovery by regulating
readily releasable pool size. Proc Natl Acad Sci USA. (2006) 103:18332-7.
doi: 10.1073/pnas.0608507103

Penney J, Tsurudome K, Liao EH, Kauwe G, Gray L, Yanagiya A, et al. LRRK2
regulates retrograde synaptic compensation at the drosophila neuromuscular
junction. Nat Commun. (2016) 7:12188. doi: 10.1038/ncomms12188

Wang X, Pinter M], Rich MM. Reversible recruitment of a
homeostatic pool of synaptic underlies  rapid
homeostatic plasticity of quantal content. ] Neurosci. (2016) 36:828-36.
doi: 10.1523/JNEUROSCI.3786-15.2016

Yumoto N, Kim N, Burden SJ. Lrp4 is a retrograde signal for presynaptic
differentiation at neuromuscular synapses. Nature. (2012) 489:438-42.
doi: 10.1038/nature11348

Viegas S, Jacobson L, Waters P, Cossins J, Jacob S, Leite MI, et al.
Passive and active immunization models of MuSK-Ab positive myasthenia:
electrophysiological evidence for pre and postsynaptic defects. Exp Neurol.
(2012) 234:506-12. doi: 10.1016/j.expneurol.2012.01.025

Asher O, Neumann D, Fuchs S. Increased levels of acetylcholine receptor
alpha-subunit mRNA in experimental autoimmune myasthenia gravis. FEBS
Lett. (1988) 233:277-81. doi: 10.1016/0014-5793(88)80442-3

Asher O, Neumann D, Witzemann V, Fuchs S. Acetylcholine receptor gene
expression in experimental autoimmune myasthenia gravis. FEBS Lett. (1990)
267:231-5. doi: 10.1016/0014-5793(90)80932-9

Asher O, Fuchs S, Zuk D, Rapaport D, Buonanno A. Changes in the
expression of mRNAs for myogenic factors and other muscle-specific proteins
in experimental autoimmune myasthenia gravis. FEBS Lett. (1992) 299:15-8.
doi: 10.1016/0014-5793(92)80089-Y

Guyon T, Levasseur P, Truffault F Cottin C, Gaud C, Berrih-Aknin S.
Regulation of acetylcholine receptor alpha subunit variants in human
myasthenia gravis. quantification of steady-state levels of messenger RNA
in muscle biopsy using the polymerase chain reaction. J Clin Invest. (1994)
94:16-24. doi: 10.1172/JCI117302

Guyon T, Wakkach A, Poea S, Mouly V, Klingel-Schmitt I, Levasseur P, et al.
Regulation of acetylcholine receptor gene expression in human myasthenia

reserve vesicles

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

gravis muscles. evidences for a compensatory mechanism triggered by
receptor loss. J Clin Invest. (1998) 102:249-63. doi: 10.1172/JCI1248

Wu S, Huang Y, Xing Y, Chen L, Yang M, Li S. Two pathways
regulate differential expression of nAChRs between the orbicularis oris and
gastrocnemius. J Surg Res. (2019) 243:130-42. doi: 10.1016/j.js5.2019.04.056
Iwasa K, Furukawa Y, Yoshikawa H, Yamada M. Caveolin-3 is
aberrantly expressed in skeletal muscle cells in myasthenia gravis.
] Neuroimmunol.  (2016) 301:30-4. doi:  10.1016/j.jneuroim.2016.
10.011

Iwasa K, Nambu Y, Motozaki Y, Furukawa Y, Yoshikawa H, Yamada M.
Increased skeletal muscle expression of the endoplasmic reticulum chaperone
GRP78 in patients with myasthenia gravis. ] Neuroimmunol. (2014) 273:72-6.
doi: 10.1016/j.jneuroim.2014.05.006

Oshima M, Iida-Klein A, Maruta T, Deitiker PR, Atassi MZ. Decreased
bone mineral density in experimental myasthenia gravis in C57BL/6
mice. Autoimmunity. (2017) 50:346-53. doi: 10.1080/08916934.2017.13
67772

Zhou Y, Kaminski HJ, Gong B, Cheng G, Feuerman JM, Kusner L. RNA
expression analysis of passive transfer myasthenia supports extraocular
muscle as a unique immunological environment. Invest Ophthalmol Vis Sci.
(2014) 55:4348-59. doi: 10.1167/iovs.14-14422

Feige P, Brun CE, Ritso M, Rudnicki MA. Orienting muscle stem cells
for regeneration in homeostasis, aging, and disease. Cell Stem Cell. (2018)
23:653-64. doi: 10.1016/j.stem.2018.10.006

Attia M, Maurer M, Robinet M, Le Grand F Fadel E, Le Panse R,
et al. Muscle satellite cells are functionally impaired in myasthenia gravis:
consequences on muscle regeneration. Acta Neuropathol. (2017) 134: 869-88.
doi: 10.1007/s00401-017-1754-2

Steinbeck JAA, Jaiswal MKK, Calder ELL, Kishinevsky S, Weishaupt A,
Toyka KV V, et al. Functional connectivity under optogenetic control allows
modeling of human neuromuscular disease. Cell Stem Cell. (2016) 18:134-43.
doi: 10.1016/j.stem.2015.10.002

Afshar Bakooshli M, Lippmann ES, Mulcahy B, Iyer N, Nguyen CT,
Tung K, et al. A 3D culture model of innervated human skeletal muscle
enables studies of the adult neuromuscular junction. Elife. (2019) 8:e44530.
doi: 10.7554/eLife.44530

Maffioletti SM, Sarcar S, Henderson ABH, Mannhardt I, Pinton L, Moyle
LA, iPSC-derived artificial skeletal
muscles model muscular dystrophies and enable multilineage tissue
engineering. Cell Rep. (2018) 23:899-908. doi: 10.1016/j.celrep.2018.
03.091

et al. Three-dimensional human

Conflict of Interest: The 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 © 2019 Vilquin, Bayer, Le Panse and Berrih-Aknin. 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

December 2019 | Volume 10 | Article 1343


https://doi.org/10.1006/clim.1999.4822
https://doi.org/10.1038/gt.2010.124
https://doi.org/10.1002/ana.410370513
https://doi.org/10.1007/s12035-008-8039-7
https://doi.org/10.1113/jphysiol.1996.sp021373
https://doi.org/10.1016/j.neuroscience.2005.11.040
https://doi.org/10.1073/pnas.0608507103
https://doi.org/10.1038/ncomms12188
https://doi.org/10.1523/JNEUROSCI.3786-15.2016
https://doi.org/10.1038/nature11348
https://doi.org/10.1016/j.expneurol.2012.01.025
https://doi.org/10.1016/0014-5793(88)80442-3
https://doi.org/10.1016/0014-5793(90)80932-9
https://doi.org/10.1016/0014-5793(92)80089-Y
https://doi.org/10.1172/JCI117302
https://doi.org/10.1172/JCI1248
https://doi.org/10.1016/j.jss.2019.04.056
https://doi.org/10.1016/j.jneuroim.2016.10.011
https://doi.org/10.1016/j.jneuroim.2014.05.006
https://doi.org/10.1080/08916934.2017.1367772
https://doi.org/10.1167/iovs.14-14422
https://doi.org/10.1016/j.stem.2018.10.006
https://doi.org/10.1007/s00401-017-1754-2
https://doi.org/10.1016/j.stem.2015.10.002
https://doi.org/10.7554/eLife.44530
https://doi.org/10.1016/j.celrep.2018.03.091
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

1' frontiers
in Neurology

BRIEF RESEARCH REPORT
published: 14 January 2020
doi: 10.3389/fneur.2019.01385

OPEN ACCESS

Edited by:
Fabienne Birilot,
University of Sydney, Australia

Reviewed by:

Simone Mader,

Ludwig Maximilian University of
Munich, Germany

Raquel Ruiz Garcia,

Hospital Clinic de Barcelona, Spain

*Correspondence:
Matteo Gastaldi
matteo.gastaldi@mondino. it

tORCID:
Matteo Gastaldi
orcid.org/0000-0003-2288-2000

Specialty section:

This article was submitted to
Multiple Sclerosis and
Neuroimmunology,

a section of the journal
Frontiers in Neurology

Received: 18 October 2019
Accepted: 16 December 2019
Published: 14 January 2020

Citation:

Gastaldi M, Zardini E, Scaranzin S,
Uccelli A, Andreetta F, Baggi F and
Franciotta D (2020) Autoantibody
Diagnostics in Neuroimmunology:
Experience From the 2018 Italian
Neuroimmunology Association
External Quality Assessment Program.
Front. Neurol. 10:1385.

doi: 10.3389/fneur.2019.01385

Check for
updates

Autoantibody Diagnostics in
Neuroimmunology: Experience From
the 2018 Italian Neuroimmunology
Association External Quality
Assessment Program

Matteo Gastaldi™, Elisabetta Zardini"?, Silvia Scaranzin’, Antonio Uccelli®*,
Francesca Andreetta®, Fulvio Baggi® and Diego Franciotta’

" Neuroimmunology Laboratory, IRCCS Mondino Foundation, Pavia, ltaly, 2 Department of Brain and Behavioral Science,
University of Pavia, Pavia, ltaly, ° Department of Neuroscience, Rehabilitation, Ophthalmology, Genetics, Maternal and Child
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Background: Neuroimmunology has impressively expanded in the past decade. Novel
assays, especially cell-based assays (CBAs) can detect conformational antibodies (Abs)
recognizing antigens in their native conformation. Generally, the availability of in-house
and of commercial tests has improved the diagnostics, but introduced demanding
laboratory tasks. Hence, standardization and quality controls represent a key step to
promote accuracy. We report on the results of the 2018 external quality assessment
program (EQAP) organized by the Italian Neuroimmunology Association.

Methods: EQAP regarded 10 schemes, including oligoclonal bands (OCBs),
intracellular-neuronal (ICN)-Abs, neuronal-surface (NS)-Abs, aquaporin-4
(AQP4)-Abs, myelin oligodendrocyte glycoprotein (MOG)-Abs, myelin-associated

glycoprotein (MAG)-Abs, ganglioside-Abs, acetylcholine-receptor (AChR)-Abs, and
muscle-specific-kinase (MuSK)-Abs, and 34 laboratories. Assays were classified as
tissue-based assays (TBAs), solid-phase assays (SPAs), liquid-phase assays (LPAS),
and CBAs. Thirty-three samples were provided.

Results: Three-quarter of the tests were commercial. Median accuracy for the
laboratories was 75% (range 50-100). In 8/10 schemes, at least one sample provided
discrepant results. Inter-laboratory “substantial agreement” was found in 6/10 schemes
(AChR, MuSK, MAG, AQP4, MOG, and NS-Abs), whereas the worst agreements
regarded OCBs and ganglioside-Abs. Both commercial and in-house assays performed
better in experienced laboratories.

Conclusions: Assays could be divided in (a) robust commercial tests with substantial
inter-laboratory agreement (MAG-Abs; AChR- and MuSK-Abs); commercial/“in-house”
tests with (b) partial inter-laboratory agreement (AQP4-Abs, MOG-Abs, NS-Abs,
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ICN-Abs), and (c) with large inter-laboratory disagreement (OCBs, ganglioside-Abs). This
real-life snapshot of the neuroimmunology test performances highlights shortcomings
attributable to technician-dependent performances, assay structural limitations, and
errors in test interpretations.

Keywords: external quality assessment scheme, standardization, neuroimmunology, antibodies, tissue-based
assays, cell-based assays, radioimmunoassays, ELISA

INTRODUCTION

External quality assessment (EQA) testing is part of a wider
educational approach aimed to improve and monitor quality
in laboratory diagnostics. Since 2000, the Italian Association
of Neuroimmunology (AINI) has espoused this commitment,
which includes the production of standardizations of methods
and of clinic-laboratory guidelines (1). Over these years,
neuroimmunology diagnostics has been facing formidable
challenges, especially after the discovery of autoantibodies
to cell-surface neuroglial proteins, which associate with
many potentially treatable neurological disorders (2, 3).
Such autoantibodies preferentially bind antigens when
their tertiary structure is preserved. This has revolutionized
the neuroimmunology diagnostics, with the diffusion of
“conformational” tests, such as cell-based assays (CBAs) and
immunohistochemistry on lightly-fixed brain tissues for the
diagnosis of autoimmune encephalitis (4), and for the differential
diagnosis of the acquired demyelinating diseases of the CNS,
including multiple sclerosis (5).

These new techniques have been developed as in-house
protocols in specialized laboratories, thus requiring a proper
expertise that often lacks in the large clinical chemistry
laboratories using commercially available CBAs. In these
laboratories,  moreover, = neuroimmunology  diagnostics
performed with automated or semi-automated systems is
increasingly incorporated.

We herein report on the results of the 2018 EQA program
that involved Italian laboratories of the AINT network, and that
was extended to few European laboratories. These results provide
a snapshot on how the participating laboratories perform, and
useful information on the degree of reliability and accuracy
characterizing each single test in real life.

MATERIALS AND METHODS

External Quality Assessment Program

Design

The Neuroimmunology Laboratories in Pavia and in
Milan were the program coordinators. The program was
composed of 10 schemes, each addressing different areas
of neuroimmunology diagnostics: oligoclonal IgG bands
(OCBs) detection [with isoelectric focusing (IEF)] and pattern
interpretation, intracellular neuronal antibodies (ICN-Abs),
neuronal surface antibodies (NS-Abs), aquaporin-4 antibodies
(AQP4-Abs), myelin oligodendrocyte glycoprotein antibodies

(MOG-ADbs), myelin associated glycoprotein antibodies (MAG-
Abs), ganglioside-Abs, acetylcholine receptor antibodies
(AChR-Abs), and muscle specific kinase antibodies (MuSK-
Abs). Twenty-nine Italian and five European laboratories
participated to the EQA program (Supplementary Table 1 and
Supplementary Figure 1). Each laboratory chose to take part
to any number of the proposed schemes. The procedures for
sample handling are described in Supplementary Figure 2.

A total number of 25 serum samples and 4 serum-CSF
pairs were used (Table1). The clinical diagnosis associated
to each sample was established by trained neurologists (MG,
DE and FB). The results obtained by the coordinating centers
(Pavia and Milan) were considered as the reference results. The
participating laboratories were requested to test the samples
according to their own routine standard operating procedures,
and results were reported to the coordinating team using
a result form. Report forms asked to classify the tested
sample as “positive” or “negative” and to report the specific
antibody type detected. Quantitative results from enzyme-linked
immunosorbent assay (ELISA) and radioimmunoassays (RIAs)
were collected, when appropriate.

All the results of the present EQA program will be presented
anonymized, to preserve the confidential nature of the single
laboratory performance.

Assays

Assays were classified as: (a) solid-phase assays (SPAs), including
blots and ELISA; (b) tissue-based assays (TBAs), including
immunohistochemistry/immunofluorescence on rodent and
primate brain, or peripheral nerve; (c) cell-based assays (CBAs),
including live and fixed CBA; (d) liquid-phase assays (LPAs),
namely RIAs.

Commercial assays were performed according to
manufacturer’s instructions. In house CBAs and TBAs were
performed according to published protocols, but adapted to each
laboratory routine (6-10).

Statistical Analysis
Test results were considered as “concordant” or “discordant”
when they matched/did not match the reference result, and
“partially concordant” when they either reported incompletely
what provided as reference, or when an additional positivity not
included in the reference result was reported.

Qualitative variables were summarized as percentages, and
quantitative variables as median with ranges.

Accuracy was calculated for each laboratory (frequency
of tests concordant with the reference result among all the
tests performed by the single laboratory). Between-laboratory
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TABLE 1 | Samples used in the AINI EQA program.

Test Sample N Code Material Titer* Clinical Diagnosis Sent as
Isolectric focusing 1 S1L1 Serum-CSF pair - Post-infectious Mirror (pattern #4)
encephalomyelitis
2 S2L2 Serum-CSF pair - Hydrocephalus and MGUS Monclonal
gammopathy
(pattern#5)
S3L3 Serum-CSF pair - Multiple Sclerosis Mixed (pattern#3)
S4L4 Serum-CSF pair - Clinically Isolated Syndrome OCB (pattern#2)
Onconeural antibodies 5 o1 Serum NA Paraneoplastic cerebellar Yo pos
degeneration (ovarian
tumor)
6 02 Serum NA Stiff person syndrome GAD pos
7 O3 Serum NA Healthy control Neg
Neuronal Surface antibodies 8 C1 Serum 1:1200 Limbic encephalitis LGH pos
9 Cc2 Serum 1:400 NMDAR encephalitis NMDAR pos
10 C3 Serum - Healthy control Neg
AQP4 antibodies iR Q1 Serum - Healthy control Neg
12 Q2 Serum 1:10 NMOSD Pos
13 Q3 Serum 1:100 NMOSD Pos
MOG antibodies 14 G1 Serum 1:160 Optic neuritis Pos
15 G2 Serum - Healthy control Neg
16 G3 Serum 1:640 Transverse myelitis Pos
MAG antibodies 17 MAG1 Serum 4000081y DADS neuropathy Pos
18 MAG2 Serum 25000gTy DADS neuropathy Pos
19 MAG3 Serum 1700087y DADS neuropathy Pos
Ganglioside antibodies 20 P1 Serum NA Miller-Fisher syndrome Gq1b IgG pos
21 P2 Serum - Healthy control Neg
22 P3 Serum NA CANOMAD GD1b IgM and GQ1b
IgM pos
23 P4 Serum NA Motor Multifocal Neuropathy GM1 IgM pos
AChR antibodies 24 Al Serum 3.2 nmol/L Myasthenia gravis Pos
25 A2 Serum 7.8 nmol/L Myasthenia gravis Pos
26 A3 Serum - Healthy control Neg
MuSK antibodies 27 M1 Serum 1.2 nmol/L Myasthenia gravis Pos
28 M2 Serum - Healthy control Neg
29 M3 Serum 1.4 nmol/L Myasthenia gravis Pos

CSF, cerebrospinal fluid; MGUS, monoclonal gammopathy of uncertain significance;, OCB, oligoclonal bands; NA, not available; GAD, glutamic acid decarboxylase; LGI1, leucine rich
glioma inactivated protein 1, NMDAR, N-methyl-D-aspartate receptor; AQP4, aquaporin 4, NMOSD, neuromyelitis optica spectrum disorder; MOG, myelin oligodendrocyte glycoprotein;
MAG, myelin associated glycoprotein; BTU, Biihimann Titer Units; DADS, distally acquired demyelinating sensory neuropathy; CANOMAD, Chronic Ataxic Neuropathy, Ophthalmoplegia,
IgM paraprotein, cold Agglutinin, Disialosyl antibodies; AChR, acetylcholine receptor; MuSK, muscle specific kinase.

*Titres are reported as endpoint titrations unless otherwise specified according to the coordinating centers results.

agreement for each scheme was calculated using Fleiss' Kappa
test with 95% confidence intervals (CI). Agreement was classified
as following: “poor,” kappa = 0.0; “slight,” 0.00 < kappa < 0.20;
“fair;” 0.21 < kappa < 0.40; “moderate,” 0.41 < kappa < 0.60;
“substantial,” 0.61 < kappa < 0.80; “almost perfect,” 0.81 < kappa
< 1.00 (11).

RESULTS

Overall Results
Twelve/34 laboratories participating to the EQA program took
part to 1-2 schemes, 10/34 to 3-5 schemes and 12/24 to

>5 schemes (Supplementary Figure 1 and Table 1). The OCB
scheme was the most attended (24/34 laboratories), followed by
AQP4-Abs (20/34 laboratories).

Considering the total number of assays used by each
laboratory in the EQA program, the most common assay type was
SPAs (48.3%), followed by CBAs (32.4%) (Figure 1). Commercial
assays were more common, and accounted for 76.7% of the
total. The remaining 23.3% of the assays were made “in-house”
(Figure 1).

The overall performance of all laboratories is showed in
Figure 2. Twelve/34 (67.6%) laboratories had an accuracy >80%
(Figure 2A). Overall median accuracy was 75% (range 50-100)
(Figure 2B; Supplementary Table 2).
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Bl 76.7% Commercial
W 23.3% In-house
Total=146
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[ E] | P B 015 | E] [ 13
il 16 | RE] 6
Total=24 Total=20 Total=13 Total=28 Total=18 Total=15 Total=15 Total=8 Total=5
B All Assays
H 48.3% SPA
B 11.0% TBA
[132.4% CBA
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Total=146
IEF AQP4 MOG NS MAG Ganglio AChR MuSK
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Total=24 Total=20 Total=13 Total=28 Total=18 Total=15 Total=15 Total=8 Total=5
FIGURE 1 | Assays used in the AINI-EQA program. The figure considers the number laboratory using (A) either in house or commercial assays or (B) a specific assay
type. A single laboratory could use more than one assay. MOG, myelin oligodendrocyte glycoprotein; NS, neuronal surface; AQP4, aquaporin 4; MuSK, muscle
specific kinase; ICN, intracellular neuronal; IEF, isoelectric focusing. SPA, solid phase assay; CBA, cell-based assay; LPA, liquid-phase assay; TBA, tissue-based assay.

In 8/10 schemes at least one sample was critical, providing
at least one discordant result among laboratories. The highest
number of discordant results was found in OCB pattern
interpretation (39.6%), ICN-Abs (23.4%), and NS-Abs (23.4%)
(Figure 2A). A “substantial agreement” between laboratories was
found in 6/10 schemes.

Detailed results from each
Supplementary Figures 3-5.

scheme are depicted in

Oligoclonal IgG Bands

Background of the Assay

The detection of the intrathecal production of oligoclonal
immunoglobulins, which can be revealed in form of “discrete
bands” on IEE has high diagnostic relevance in multiple
sclerosis (12), and in other inflammatory neurological diseases
(13). Difficult-to-control factors, such as room temperature and
humidity, gel conductivity, electroendosmosis, and ampholytes
lot-to-lot differences, can affect the IEF technique making
between-laboratory agreements very difficult to achieve (13).
Interpretative issues of the IEF runs add complexity to the picture
(14, 15). The introduction of semi-automated systems for IEF
has simplified the test, but there is no comparison study on test
performance vs. “in-house” assembled systems.

Results of AINI EQAS

The IEF scheme was split in two separate tasks. The first one
required to establish presence or absence of OCBs in each of
the four paired serum and CSF controls (8 samples), whilst the

second required to interpret each of the ensuing IEF run as a
whole, on the basis of the five patterns established by the 1994
consensus report on the topic (14).

S4L4 was the most critical sample, as it showed a few faint
unique-to-CSF bands.

In this sample, bands were identified by 6/24 laboratories, and
only 2/24 provided a correct interpretation of pattern #2 (14).

The serum-CSF pair S2L2, sent as pattern #5 (monoclonal
gammopathy), was misinterpreted as a mirror, or a mixed
pattern, by 10/24 laboratories.

As for the methods, 8/24 laboratories used “in-house”
assembled IEF systems (where optimal run conditions were
established in each laboratory), six using home-made agarose
gels, two using commercial gels; the other 16 laboratories
exploited semi-automated IEF systems. Overall accuracy of
“in-house” assembled systems, which were used in the most
experienced laboratories, was slightly, but not statistically
significant superior than that of semi-automated systems, in both
the task of band detection (85.9 and 81.3%, respectively), and of
pattern interpretation (62.5 and 48.4%, respectively)

Overall agreement was “moderate” for bands detection (Fleiss’
kappa = 0.51), and only “fair” for pattern interpretation (Fleiss’
kappa = 0.31) (Figure 2C).

Conclusions

In line with the other previous programs on OCBs promoted
by AINI, this EQA revealed the difficulties in detecting OCBs
in critical samples. Even when recognized, OCBs can be
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FIGURE 2 | Laboratory performances and schemes results in AINI-EQA program. (A) Accuracy is represented by the number of concordant results obtained by each
lab in all the schemes joined. Each lab participated to a variable number of schemes; (B,C) represent the performance (B) and the concordance of results (C) in each
scheme (MAG and AChR schemes are not represented since all results were concordant). MOG, myelin oligodendrocyte glycoprotein; NS, neuronal surface; AQP4,
aquaporin 4; MuSK, muscle specific kinase; ICN, intracellular neuronal; IEF, isoelectric focusing.

misinterpreted as wrong patterns, with risks of wrong messages ~ showed good analytical performances, although live CBAs

to the clinicians. performed with slightly higher accuracy (6). The use of ELISAs is
progressively decreasing due to inferior performances compared
AQP4 Antibodies to CBAs (6, 17, 21).

Background of the Assay

The presence of serum AQP4-Abs identifies acquired Results of AINI EQAS

demyelinating syndromes of the CNS mainly affecting CBAs were used by 18/19 laboratories (“in-house” live CBAs for
the optic nerves and spinal cord, collectively defined as  twoofthem),and only one used a commercial ELISA. The overall
Neuromyelitis Optica Spectrum Disorders (NMOSD) (16),  agreement was “substantial” (Fleiss’ kappa: 0.66, 95%CI: 0.52—
which are in differential diagnosis with MS. Initially, AQP4-Abs  0.79). Fifteen/20 laboratories reached 100% accuracy. Sample Q2,
were detected with immunohistochemistry on rodent brain, —a low AQP4-Ab-positive serum from an NMOSD patient (titer
but currently CBAs are the gold standard (17, 18). When  1:10 on the commercial CBA) was reported as negative by 5/19
compared with ELISAs, CBAs offer the advantage of being laboratories. Only one laboratory, using the commercial CBA,
conformational (19). The AQP4 protein arranges on the cell reported the reference negative sample Q3 as AQP4-Ab positive.
surface in tetramers, associated in the orthogonal particle arrays

(OPAs) that are relevant for AQP4-Ab binding (20-22). In a  Conclusions

multicenter comparison of AQP4-Abs detection assays, CBAs  The interpretation of fluorescence in samples with low titers
resulted the most sensitive assays (6). Both live and fixed CBAs ~ of AQP4-Abs can be challenging, and could lead to false

Frontiers in Neurology | www.frontiersin.org 57 January 2020 | Volume 10 | Article 1385


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Gastaldi et al.

AINI 2018 EQA Program

negative results in the routine practice. The comparison between
in-house and commercial CBA performances suggests that
erroneous output evaluations mainly explained the relatively
low concordance.

MOG Antibodies

Background of the Assay

Using non-conformational methods, MOG-Abs had been
associated with MS for decades (23). Subsequently, these
antibodies, when detected with appropriate conformational
methods, have been increasingly associated with non-MS
acquired demyelinating syndromes, such as optic neuritis and
transverse myelitis (7, 24-26). Since only conformational MOG-
Abs are considered clinically relevant, CBAs are the gold
standard for their detection (27). CBAs are performed on live
cells transfected with human full-length MOG; bound IgG can
then be detected with either an anti-total human-IgG (9), or
an anti-human-IgGj, as secondary antibodies. (7) The output
readout can be performed either by fluorescence microscopy,
or flow-cytometry (28, 29). Recently, a commercial CBA for
MOG-ADbs detection relying on fixed cells has become available.
In a three-center comparison, the fixed CBA showed rather
good concordance with the live CBAs, with slightly lower
specificity (30).

Results of AINI EQAS

Given the recent identification of MOG-Abs, this was the first
year that the scheme was included in the AINI EQA program.
Only laboratories using CBAs participated to this scheme, seven
with “in-house” protocols with different characteristics of the
secondary antibodies, which recognized total IgG (n = 3), IgG;
(n = 1), or both (n = 1). The remaining six laboratories used the
commercial fixed CBA.

The two positive samples had medium to high titers (1:320-
1:640), and were positive for IgG; antibodies. The overall
agreement was substantial (Fleiss’ kappa: 0.71, 95%CI: 0.5-0.92).
Eleven/13 laboratories correctly identified MOG-Abs in sample
GI1 and G2, and 13/13 recognized G3 as negative.

Conclusions

The participation of experienced laboratories only to this EQAS,
using both live and/or fixed CBAs, likely accounted for overall
good performances.

Neuronal Surface Antibodies

Background of the Assay

NS-Abs represent an expanding group of autoantibodies
targeting key proteins implicated in synaptic function (3, 31).
These antibodies associate with a wide spectrum of disorders
variably presenting with cognitive impairment, seizures,
movement disorders, and autonomic dysfunction, defined as
“autoimmune encephalitis” (2, 32). After the identification
of antibodies against the N-methyl-D-aspartate receptor
(NMDAR), many other NS-Abs have been discovered in the
last years (33, 34), including those against leucine rich glioma
inactivated-1 (LGI1) and contactin-associated protein-like 2
(CASPR2), a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic

acid receptor 1 and 2 (AMPAR), and y-aminobutyric acid A or B
receptor (GABA 4 /BR).

The use of conformational assays is crucial for NS-Ab
detection (35), and includes CBAs and/or TBAs on rodent brain
optimized with light fixation procedures (4). TBAs can be, at
least for some Abs, more sensitive than CBAs, although CBAs are
necessary to identify antigenic targets (36). The combination of
TBAs and CBAs can improve diagnostic accuracy (37).

A commercial fixed CBA is currently available for the most
frequently detectable NS-Abs. Rarer NS-Ab reactivities require
appropriate “in-house” diagnostics (2).

Results of AINI EQAS

As most laboratories used the commercial test that includes only
the most frequent NS-Abs (NMDAR-Abs, LGI1-Abs, CASPR2-
Abs, AMPAR-Abs, and GABAgR-Abs), the EQA scheme was
restricted to these Abs. Eleven/fourteen laboratories used the
commercial CBA, whilst two used a strategy combining “in-
house” TBAs and “in-house,” or commercial CBA. One laboratory
used “in-house” live CBAs only (Table 2).

Sample C2 [from a patient with definite NMDAR encephalitis
(32)] was the only one providing conflicting results, as 9/14
laboratories failed to detect NMDAR antibodies. This sample
tested at the coordinating center showed 1:200 positive titer using
a TBA, and 1:10 positive titer using the commercial CBA (weak
positivity) (42).

Conclusions

Discrepancies were mainly due to difficulties in detecting
low titer NMDAR-Abs. This supports the message that, in
autoimmune encephalitis, testing for both serum and CSF can
increase diagnostic accuracy (42). Indeed, the paired CSF sample
of the C2 control was positive at high titer.

Intracellular Neuronal Antibodies
Background of the Assay

ICN-Abs target nuclear or cytoplasmic antigens, and associate
with a wide range of neurological syndromes often occurring
in association with a tumor (paraneoplastic neurological
syndromes, PNS). Classic PNS include, among others, limbic
encephalitis, paraneoplastic cerebellar degeneration, and
subacute sensory neuronopathy (43, 44). Although their
association with cancer is much rarer, GAD-Abs are often
included in this group, and are associated with stiff person
syndrome, epilepsy, or cerebellar ataxia, but also type-1
diabetes (45-47).

ICN-Abs are usually identified with screening TBAs on
murine or primate cerebellum, followed by confirmatory SPAs
(commercial line/dot blots). Blots include the most common
antibody targets, with some differences on the panel according to
the manufacturer (Table 2). Although blots can be more sensitive
than TBA in rare cases (48), their use without TBAs can lead to
false positive results, and is therefore discouraged (4, 49, 50). In-
house CBAs have been used with selected antigens, such as CV2
and SOXI1, showing a higher sensitivity compared to commercial
blots (51, 52). GAD antibodies can be quantified using ELISAs,
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TABLE 2 | Assays used in the AINI EQA program.

Main features

Test Assay N of labs/total*
Oligoclonal IgG bands Semi-automated systems 15/23
In-house assembled 8/23
systems
Intracellular neuronal Immunohistochemistry on 6/16
antibodies fixed primate brain + blot A
Immunohistochemistry on 6/16
fixed primate brain + blot B
blot A only 4/16
Neuronal Cell Surface Immunohistochemistry on 2/16
antibodies rat brain + in-house CBA
In-house CBA 1/16
Commercial CBA 13/16
AQP4 antibodies In-house CBA 2/20
Commercial CBA 17/20
Commercial ELISA 1/20
MOG antibodies In-house CBA A 3/13
In-house CBA B 113
In-house CBA C 113
In-house live CBA D 2/13
Commercial CBA 6/13
MAG antibodies Commercial ELISA 10/14
Immunohistochemistry 1/14
Immunohistochemistry+blot 1/14
Commercial blot 1/14
Commercial blot 1/14
Antibodies to In-house ELISA 5/15
Gangliosides Commercial blot 3/15
Commercial ELISA 4/15
Commercial blot 3/15
AChR antibodies Commercial RIA 5/8
Commercial ELISA 3/8
MuSK antibodies Commercial RIA 4/5
Commercial ELISA 1/5

Precast agarose gels (small-medium size); manufacturer’s recommended
run conditions; direct immunofixation

In-house or commercial precast agarose gels (large size); run conditions
optimized in each laboratory; capillary blotting and immunofixation

Commercial (Euroimmun) chip + line-blot (Ravo), antigens: HuD, Yo, Ri,
CV2 (CRMP5), Amphiphysin, Mat, Ma2

Commercial (Euroimmun) chip + line-blot (Euroimmun), antigens: HuD, Yo,
Ri, CV2 (CRMP5), Amphiphysin, Ma, PCA-2, Tr, SOX1, titin, recoverin

Line-blot (Ravo or Euroimmun), antigens: see above

In-house obtained slices from lightly fixed rat brain + in-house fixed
(Euroimmun), or live CBA designed according to the staining pattern on
tissue (10, 36)#

Live CBAs for specific antigens (38, 39)#

Fixed CBA mosaic chip (Euroimmun); antigens: NMDAR, LGI1, CASPR2,
AMPAR 1/2, GABAgR

Live CBA, transfection with M23 AQP4 isoform

Fixed CBA (Euroimmun), transfection with M23 AQP4 isoform

RSR Limited, no information on AQP4 isoform used

Live CBA, transfection with full-length MOG, total IgG secondary antibody,
titration cut-off (1:160) (8, 9)#

Live CBA, transfection with full-length MOG, IgG1 secondary antibody (7)#

Live CBA, transfection with full-length MOG, total IgG secondary antibody,
titration cut-off 1:160 + IgG1 secondary antibody (7, 9)#

Like CBA A, cytofluorimetric analysis (40)#

Live CBA, transfection with full-length MOG, total IgG secondary antibody,
titration cut-off (1:10)

BUhlmann

Commercial, Immco Diagnostics
Commercial, not specified
Ravo

Euroimmun

In accordance with INCAT (41)
Line blot (Euroimmun)
Buhlmann

Dot blot (Generic Assay)

IBL International; RSR Limited
RSR Limited

RSR Limited

RSR Limited

NMDAR, N-methyl-D-aspartate receptor; LGl1, leucine rich glioma inactivated 1; CASPR2, contactin-associated protein-like 2; GABAgR, y-aminobutyric acid B receptor; AMPAR,
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; AQP4, aquaporin 4; ELISA, enzyme-linked immunosorbent assay; MOG, myelin oligodendrocyte glycoprotein; MAG,
myelin associated glycoprotein; INCAT, Infammatory Neuropathy Cause and Treatment; RIA, radioimmunosorbent assay; AChR, acetylcholine receptor; MuSK, muscle specific kinase.
*Single laboratories can use more than one test; CBA, cell-based assay; #In-house assays were performed according to published protocols, but adapted to each laboratory routine.

RIAs, and luciferase immunoprecipitation system (LIPS) (47, 53),
which are more sensitive than TBAs and line/dot blots (4).

Results of AINI EQAS

Among the participating laboratories, the ICN-Ab detection
was characterized by some heterogeneity of laboratory assays.
Twelve/sixteen laboratories used a combination of TBAs and
confirmatory SPAs, with two different commercial line blots
(each used by six laboratories). Four laboratories did not perform

a screening with TBA. No laboratory performed ELISAs, or LPAs
for GAD antibodies.

Overall agreement for this scheme was “fair” (Fleiss’ Kappa:
0.39, 95%CI: 0.3-0.49).

Sample O2 was wrongly identified as negative by 4/16
laboratories. One of the laboratories detected a compatible
staining pattern with TBA, not confirmed on line blots, and
the three remaining laboratories performed the line blot only.
In addition, for the same sample 8/16 laboratories additionally
reported a positivity for titin-Abs detected with line blots. The
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same reactivity was reported by 7/16 laboratories with the sample
O3 (sent as negative). Titin-Abs are variably used in patients with
myasthenia gravis (MG) as biomarker of thymoma (54). O2 and
O3 patients did not show any clinical manifestation of MG, and
had no thymoma.

Conclusions

The poor performances of many laboratories in this EQA scheme
could have the following main reasons: (a) TBAs are mandatory
screening tests (42), so that using only line/dot blots, based on
recombinant proteins, can yield false positive and false negative
results (49); (b) the recognition of particular ICN-Abs patterns
on TBAs is challenging (42); (c) faint antibody reactivities on
line/bot blots should be interpreted as negative results.

The introduction of the titin antigen in the commercial
dot/line blots for ICN-Abs is questionable, as MG had been
considered an “independent disease,” and thus excluded by the
diagnostic criteria for PNS (42).

Ganglioside Antibodies

Background of the Assay

Ganglioside-Abs are associated with a wide spectrum of
inflammatory peripheral neuropathies (55). However, only
few of them have actual diagnostic meaning and associate
with well-defined clinical phenotypes. These include: (a)
antibodies against a dialosyl epitope, a sequence contained in
GD1b, GD3, GT1b, and GQ1b molecules in patients with a
paraproteinemic neuropathy defined as CANOMAD (Chronic
Ataxic Neuropathy, Ophthalmoplegia, IgM paraprotein, cold
Agglutinin, Disialosyl antibodies) (56, 57); (b) GM1 IgM-Abs
in patients with motor multifocal neuropathy with conduction
blocks (MMN) (58); (c) GQIlb (with/without GT1la) IgG
antibodies in patients with Fisher syndrome, a variant of
Guillain-Barré syndrome (GBS) with ophthalmoplegia and
ataxic neuropathy (59, 60). GDla, GM1la, GM1b, and GalNAc-
GD1la-Abs (IgG isotype) characterize the acute motor axonal
neuropathy (AMAN), and GMI1 and GDla-antibodies (IgG
isotype) characterize acute motor and sensory axonal neuropathy
(AMSAN), but these axonal forms of GBS are more common
in Asia and Central and South America than in North America
and Europe.

Thin layer chromatography is considered the gold standard,
but it is often unavailable for routine diagnostics, for
which available options include line/dot blots and ELISAs,
with suboptimal performances (56). In order to improve
standardization, in 1999 an ELISA for ganglioside-Abs has
been proposed by an experts panel (INCAT-ELISA) (41), and is
still considered a valid assay notwithstanding the documented
inter-laboratory variability (61). Limiting the tests to the above-
mentioned autoantibodies, and considering positive results only
when high titers are detected represent useful recommendations
for clinicians (61).

Results of AINI EQAS

Five/fifteen laboratories performed ELISAs according to
the INCAT guidelines, 4/15 used commercial ELISAs, and
6/15 commercial blot from two different manufacturers

(Table 2). The EQA scheme for ganglioside-Abs had the lowest
agreement (Fleiss kappa: 0.29, 95%CIL: 0.21-0.36), and the
lowest accuracy (median: 50; range: 25-100) within the EQA
program. Twelve/fifteen laboratories performed suboptimally,
showing an accuracy <50%. Sample P1 (from a patient with
Fisher syndrome) was correctly reported as GQ1b-IgG positive
by 14/15 laboratories, but three laboratories additionally
identified other ganglioside-Abs, such as GM1-IgM, or GTla
IgG, which, however, can coexist with GQ1b-IgG. Sample P3
(from a patient with CANOMAD) was classified as positive for
both GD1b and GQIb-IgM. Only three laboratories showed
agreement with the reference value. Four/fifteen laboratories
reported only one of the two ganglioside-Abs, whilst four
reported additional ganglioside-Abs, possibly compatible with
the clinical syndrome (such as, GD1b-IgM), or unrelated (such
as, sulfatide IgM). Similarly, in sample P4 (from a patient
with MMN, sent as GMI1-IgM-positive) 9/15 laboratories
reported additional reactivities including GM2 and GD1b-IgM.
The interpretation of this scheme thus needed the arbitrary
setting up the category of “partially concordant” results,
when antibody reactivities compatible with the established
clinical phenotypes were reported in addition to the reference
reactivities. However, the statistical analysis of this EQAS was
calculated including “partially concordant” results into the
category of “discordant” results.

Conclusions

This scheme was the most critical of our EQA program,
likely due to the relatively high heterogeneity of the tests
employed by the various laboratories, and the technical
drawbacks that intrinsically affect the current methods for
ganglioside-Abs testing (62). The poorest performances still
remain even if the category of “partially concordant” joins that
of “concordant” results.

MAG Antibodies

Background of the Assay

MAG neuropathy is a rare disease typically associated with
monoclonal IgM that recognize the glycoprotein (63). A
slowly progressing neuropathy characterizes the disease (Distal
acquired demyelinating symmetric neuropathy, DADS). MAG-
Abs detection is preferentially performed with ELISA, which
produces quantitative results useful for monitoring the disease.
Other tests, including Western or line blot, and TBAs are
available, but they show lower accuracy (63, 64).

Results of AINI EQAS

Despite the heterogeneity of the assays used (Table2), all
laboratories correctly identified MAG-Abs in the three reference
samples, all from patients with DADS.

Conclusions

MAG scheme was not critical. However, among the laboratories
that used the Bithlmann ELISA, large differences in quantitative
values were detected, thus suggesting between-laboratory
difference in performing the test.
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AChR and MuSK Antibodies

Background of the Assay

MG is an autoimmune disorder of the neuromuscular junction
characterized by muscle fatigue and reduced endurance upon
repetitive use (65, 66). AChR-Abs are highly specific for MG,
and are found in 85-90% of patients with generalized MG and
in 40-70% with ocular MG (66, 67). More recently discovered,
MuSK-Abs are present in serum samples of about one third of
AChR-Abs-negative MG patients (68, 69).

LPA, and particularly RIA, either “in-house” or commercially
available, are considered the gold standard for both AChR- and
MuSK-Ab detection (69). Recently, novel tests using CBAs have
been implemented, showing high sensitivity in detecting AChR-
and MuSK-Abs in LPA antibody-negative patients (70, 71). This
advantage is likely linked to the antigen clustering at the cell
surface, thus improving the binding of divalent low-affinity
AChR-Abs. However, such tests are performed on live cells,
and thus they are necessarily “in-house” and non-standardized.
Alternatively, commercial ELISAs are available for the detection
of both AChR- and MuSK-Abs, but their performances are
inferior to those of RIAs (69).

Results of AINI EQAS

The number of laboratories participating to AChR- and MuSK-
Ab schemes was limited (8 and 5, respectively). Three laboratories
in the AChR-AD scheme, and one in the MuSK-Ab scheme, used
a recently released commercial ELISAs, whilst the remaining
laboratories used the consolidated commercial RIAs. Accuracy
was high, but one laboratory using the ELISA identified MuSK-
Abs in a negative sample.

Conclusions

RIAs remain the gold standard for AChR- and MuSK-Ab
detection. CBAs for their detection are showing promising
preliminary results (38), and forthcoming EQA programs will
evaluate their performances.

GENERAL CONCLUSIONS

The Holy Grail of precision medicine requires endless
efforts toward the production of biomarker data for accurate
stratifications of patients, and, to determine the best approach to
prevent, diagnose, or treat diseases. These efforts are exploiting
the impressive technological advancements to identify new
biomarkers. On the other hand, the contribute of well-established
biomarkers should not be overlooked.

The here reported data from the 2018 AINI EQA
program depict a complex picture on how currently
used neuroimmunology biomarkers work in real life. The
evidence derives from a single EQA evaluation, but we found
similar performances in our previous AINI EQA programs
[personal communication].

Briefly, the neuroimmunology tests here evaluated can fall
into three categories:

(a) standardized and robust commercial tests with substantial
inter-laboratory agreement (MAG-Abs; AChR- and MuSK-Abs);
(b) commercial and “in-house” tests with partial inter-laboratory
agreement (AQP4-Abs, MOG-Abs, NS-Abs, ICN-Abs); (c)

commercial and in-house tests with large inter-laboratory
disagreement (OCBs, ganglioside-Abs).

The CBAs used for AQP4 and MOG-ADb detection are of
relatively recent introduction. Both in-house and commercial
tests seem to perform suboptimally in low-titer sample controls.
Accordingly, a large multicenter comparison of various tests for
AQP4-Abs suggests that technical accuracy improves when tests
are carried out in specialist laboratories (18).

As a whole, technical inaccuracy and shortcomings in results
interpretations are likely the main reasons underlying the
suboptimal performance put in evidence by our EQA program
for NS- and ICN-Abs too. However, there are two tests that
carry well-known “structural” limits, namely the IEF for OCB
detection (8), and ELISA, or dot/line blot tests for ganglioside-
Abs (60), which are very difficult to overcome. As for OCBs, such
limits were one of the main points supporting their exclusion
from MS diagnostic criteria (72). Exploiting the expertise of
specialized laboratory, with a centralization of OCB testing, could
minimize the above-mentioned shortcomings. The limits of the
available tests for ganglioside-Abs, once recognized, should lead
to a consensus including experts and the main manufacturers, to
find the best compromise on the best single method to use and
on interpretative rules for positive results.

The commercial fixed CBA for MOG-Abs seemed to perform
as well as the in-house live CBAs, but only three samples were
tested, not allowing the due statistical evaluations. The in-house
live CBA for MOG-Abs yielded better results than a fixed CBA in
a three-center comparison study (29).

The main limitation of this study is the low number (3 or
4) of samples sent for each assay. On the other hand, high
volumes of control samples from patients with a given disease,
that are necessary when many centers are involved in EQA
programs, are not easily obtainable, and evaluations on single
assay performances should better imply high numbers of samples
tested by a few selected centers.

In conclusion, our findings give clinicians a panorama of
what they can expect when they ask for neuroimmunology
tests. Although restricted to Italian and a few European
laboratories, the data of this EQA program are indeed in line
with other similar surveys promoted for single tests (18, 29,
50). It is conceivable that in countries where neuroimmunology
diagnostics is centralized in laboratories with specific expertise
the quality of the service could be higher. Further efforts for
standardizations are still needed, as well as the promotion of EQA
programs, which are fundamental even for expert laboratories.
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Over the last two decades, the discovery of antibodies directed against neuronal
surface antigens (NSA-Abs) in patients with different forms of encephalitis has
provided a basis for immunotherapies in previously undefined disorders. Nevertheless,
despite the circumstantial clinical evidence of the pathogenic role of these
antibodies in classical autoimmune encephalitis, specific criteria need to be applied
in order to establish the autoimmune nature of a disease. A growing number
of studies have begun to provide proof of the pathogenicity of NSA-Abs and
insights into their pathogenic mechanisms through passive transfer or, more rarely,
through active immunization animal models. Moreover, the increasing evidence
that NSA-Abs in the maternal circulation can reach the fetal brain parenchyma
during gestation, causing long-term effects, has led to models of antibody-induced
neurodevelopmental disorders. This review summarizes different methodological
approaches and the results of the animal models of N-methyl-d-aspartate receptor
(NMDAR), leucine-rich glioma-inactivated 1 (LGI1), contactin-associated protein
2 (CASPR2), and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
(AMPAR) antibody-mediated disorders and discuss the results and the limitations.
We also summarize recent experiments that demonstrate that maternal antibodies to
NMDAR and CASPR2 can alter development in the offspring with potential lifelong
susceptibility to neurological or psychiatric disorders.

Keywords: animal models, neuronal surface antibodies, passive transfer, maternal transfer, active immunization

INTRODUCTION

Over the last two decades, it has become clear that antibodies against neuronal surface antigens,
particularly receptor-gated ion channels of ion-channel-associated proteins, can reach the brain
to cause a group of disorders referred to as antibody-mediated or autoimmune encephalitis (AE)
(1). These are immune disorders of the central nervous system (CNS) characterized by a wide
range of neurological and psychiatric clinical features and associated with antibodies against
different proteins expressed on the neuronal surface, mainly at excitatory, and inhibitory synapses
(Figure 1). Distinct from classical paraneoplastic syndromes that are associated with onconeural
antibodies (3), in AE, the neuronal surface antibodies (NSAbs) are considered to be pathogenic,
and patients respond substantially to immunotherapies that reduce antibody levels (4).
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FIGURE 1 | (A) Schematic representation of central excitatory and inhibitory synapses and main antibody targets. The proteins targeted by antibodies associated with
autoimmune encephalitis are proteins expressed on the neuronal surface, often at both presynaptic and postsynaptic levels on inhibitory (GABAergic) and/or
excitatory (glutamatergic) neurons in the central nervous system (CNS). (B) Schematic representation of CASPR2. CASPR2 localizes at the juxtaparanode of
myelinated axons. CASPR2 binds to contactin-2/TAG-1 via its extracellular domain and links to PDZ-binding proteins and to the cytoskeleton via protein 4.1B,

stabilizing Kv1 channels [adapted with permission from Giannoccaro et al. (2)].

Interestingly, these pathogenic antibodies can be either
predominantly immunoglobulin G1 (IgG1) or IgG4, depending
on the target antigen. In vitro studies have helped to decipher
the mechanisms by which they lead to neuronal dysfunction:
in many cases, divalent antibodies (IgGl > IgG3, IgG2) cause
internalization of adjacent surface proteins, leading to their loss
from the membrane; complement activation by these antibodies
can be demonstrated in vitro but may not always occur in vivo.
By contrast, in some disorders, IgG4 antibodies predominate and
act principally or exclusively by direct inhibition of the function
of the target antigen [see (5) and Figure 2].

However, an effect of the antibodies in vitro does not
necessarily reflect a pathogenic role in vivo. For instance,
IgG, IgA, and IgM N-methyl-D-aspartate receptor (NMDAR)
antibodies (NMDAR-Abs) have been identified in a small
proportion of healthy humans and mammals (6-9) and
cause internalization of the NMDAR in cultured neurons
(9, 10), similar to the antibodies found in patients with
the IgG NMDAR-Ab encephalitis (NMDARE) (11). This
suggests that other factors are likely required to induce the
clinical syndrome, factors that may be difficult to model in
vitro alone.

Indeed, according to the modified Witebsky criteria (12),
direct and indirect evidence of pathogenicity requires the
reproduction of the disease in a recipient through direct
transfer of the antibodies (passive transfer) or through
active immunization, respectively. Animal models not
only provide evidence of pathogenicity but can also offer
insight into sites of action, pathogenic mechanisms, and
therapeutic approaches.

Accordingly, over the last few years, animal models, usually
in mice, have been established for the most commonly
encountered NSAbs in clinical practice. Below, we describe
the approaches used and the results of these models and
discuss their advantages and limitations. We also summarize
recent experiments that demonstrate that maternal antibodies
to these or other NSAbs can alter development in the
offspring with potential lifelong susceptibility to neurological or
psychiatric diseases.

DIFFERENT MODELS OF
ANTIBODY-MEDIATED DISORDERS

Animal models of autoimmune disorders can be divided into two
main categories: (1) spontaneous models where, comparably to
humans, animals develop an autoimmune disease spontaneously
and (2) induced models where an autoimmune disease is
artificially provoked. Spontaneous forms of AE have been
reported in different species, but they are uncommon (13, 14).
Most of the models of AE have been obtained through induction
by passive or active immunization. Passive immunization is
based on the reproduction of the disease in a healthy recipient
by transfer of serum, purified immunoglobulins, monoclonal
antibodies, or, more rarely, antibody-producing cells isolated
from an affected human or animal donor. Active immunization
is based on the exposure to an antigen, often in association
with adjuvants, to generate an adaptive immune response. The
antigen can be in the form of purified proteins, recombinant or
synthesized peptides (15).
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FIGURE 2 | Main mechanisms by which antibodies act to reduce the function of their targets. Immunoglobulin G1 (IgG1) and IgG3 can cross-link antigenic targets,
leading to internalization, and degradation of the antigen in lysosomes. Also, IgG1 and IgG3 can activate the complement cascade via their Fc domains, which interact
with complement proteins C1 and C1qg. The complement cascade culminates in the formation of the membrane attack complex which disrupts the phospholipid
bilayer, resulting in cell damage. Finally, some autoantibodies can directly block receptors by binding to an essential transmitter or regulatory binding site, but
monovalent IgG4 can only act by disrupting the function of the target or the interaction between their target and partner proteins.

Work on myasthenia gravis (MG) provides examples of both
active and passive immunization and has helped to shape our
understanding of antibody-mediated diseases (Table 1). Passive
transfer is the best way to assess the acute effects of human
autoantibody-mediated diseases and has been used extensively to
study patients’ derived antibodies in MG [(16); see a brief review
by Phillips and Vincent (17). By contrast, active immunization
(see (18)] has been particularly useful to investigate more broadly
the immunological factors underlying the disease, though with
the limitations of possible differences between the function of
the human and rodent immune systems and between different
strains of mice. For instance, C57B1/6 mice were very susceptible
to active immunization with acetylcholine receptor (AChR),
whereas AKR/] mice were resistant (19, 20). Moreover, the use
of the target antigen as a whole protein often induces high titers
of antibodies, but if the protein is from a different species, not
all of the antibodies will necessarily cross-react with the mouse
antigen or be directed against the disease-causing epitope(s).
Therefore, active immunization models are not always relevant
to the human pathology but, when successful in producing
an appropriate clinical and physiological phenotype, provide
a long-term model of the disease that is suitable for testing
experimental therapies.

In contrast to conditions such as MG, where the target
antigens of the antibodies are peripheral and thereby easily
accessible from the systemic circulation, the blood-brain barrier
(BBB) limits the access of immune molecules to the brain.
One way to overcome this limitation, in models of CNS

antibody-mediated diseases, is to infuse the antibodies directly
into the cerebrospinal fluid (CSF) within the cerebral ventricle(s)
(intracerebroventricular, icv) or to inject them into the brain
parenchyma. However, in the majority of autoimmune forms of
encephalitis, the antibody levels are higher in the serum than in
the CSE, suggesting that the antibodies could initiate the disease
by diffusion through an incomplete or temporarily disrupted
BBB (32) or at sites of limited BBB protection such as the
choroid plexus. Therefore, another approach is to administer
the antibodies in the periphery, using the intravenous (iv) or
intraperitoneal (ip) route and if necessary to induce artificially
a breach in the BBB to allow the antibodies to reach their targets.
Classically, the latter is obtained by one or two ip injections of
lipopolysaccharide (LPS), which induces a transient disruption
of the BBB, particularly in the frontal cortex, thalamus, pons—
medulla, and cerebellum (33). It is not yet clear whether the icv or
ip route of administration is most appropriate and whether they
could lead to different CNS changes.

Finally, there is a possibility of transfer from a mouse
dam to developing embryos. Although the BBB interfaces are
formed early in development (34), maternal IgG antibodies
can cross into the fetal brain parenchyma during gestation
(32). It is long established that a neonatal form of MG
can result from the transfer of IgG antibodies from an
affected mother to her fetus in wutero (27, 35). Human
MG AChR antibodies injected intraperitoneally into pregnant
mice were shown to cross efficiently from the mouse dam
to her fetuses and to cause neuromuscular changes in
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TABLE 1 | Example of antibody-mediated diseases: clinical and experimental evidence for MG.

IN HUMANS:

IgG and complement deposition are found at the neuromuscular junction (24).

multiplex congenital) (28).
GENETIC CONDITIONS:

Clinical features (weakness and fatigue) can be reversed by plasma exchange and other immunotherapies (21).
IgG1 and IgG3 antibodies to the AChR are present in the majority of patients (22, 23).

The thymus gland contains germinal centers and produces some of the AChR antibodies (25).
Thymectomy leads to long-term clinical benefit, reducing the need for immunotherapies (26).
Mothers can transfer pathogenic antibodies to the fetus or neonate, causing a transient form of MG (27) or rarely a severe neurodevelopmental disorder (arthrogryposis

e Genetic conditions caused by mutations in genes encoding AChRs cause similar clinical features but without evidence of autoimmunity.

* Genetic conditions can be modeled in transgenic mice [see (29)].
IN EXPERIMENTAL ANIMALS:

® |njection of patient IgG into mice or other species leads to short-term clinical or electrophysiological evidence of the disease (16).

¢ Active immunization against purified AChRs leads to a more severe and prolonged model (30).

For a brief review of the history of research into myasthenia gravis, see Vincent (31). MG, myasthenia gravis; IgG, immunoglobulin G; AChR, acetylcholine receptor.

utero (36); this model has since been used to study the
effects of human serum antibodies on brain development (as
described below).

MODELS OF NEURONAL
ANTIBODY-MEDIATED DISORDERS

The clinical and investigative features of the patients with
antibodies to neuronal surface proteins, and the results of the
existing models, are summarized in Table 2.

NMDAR-AB ENCEPHALITIS

Clinical Disease and in vitro Mechanisms
NMDARE, the classical syndrome associated with IgGl
NMDAR-Abs, is the most commonly recognized AE in
clinical practice. It is characterized by psychiatric symptoms,
such as confusion, abnormal behavior, paranoia, and
hallucinations, in addition to memory problems, seizures,
dyskinesia, autonomic instability, catatonia, hypoventilation,
lethargy, and language deficits (56). In vitro, pathogenic
NSAbs bind and cause clustering (57), cross-linking, and
internalization of NMDAR, leading to a loss of functional
receptors on the cell surface (NMDAR hypofunction), which
is reversible on removal of the NMDAR-Abs (11). Moreover,
NMDAR-Abs induce dispersal of GluN2A-NMDAR, through
the blockade of the interaction between the extracellular
domains of GluN1/GluN2 subunits and ephrin-B2 receptors
(EPHB2R) (58).

In a high proportion of younger women, the disease is
caused by the presence in an ovarian teratoma of neuronal
tissue expressing NMDARs and inducing an immune response
(59, 60). In others, particularly young children, the disease can
follow herpes simplex virus encephalitis (HSVE), probably as
a secondary response to the neuronal damage caused by the
virus (61).

Spontaneous or Genetic Disease

NMDAR-Abs have been described in other mammals (9) and are
present at a low percentage (around 1%) in healthy individuals.
In 2014, a retrospective study showed that Knut, the polar bear
of the Berlin Zoological Garden who drowned in 2011 following
seizures, had high levels of NMDAR-Abs in his serum and
CSF, making him the first non-human case of NMDARE and
reaffirming the epileptogenicity of these antibodies in mammals.
Pathological examination showed a patchy distribution of
infiltrating immune cells, with numerous plasma cells around
vessels and within the parenchymal infiltrates, in the absence of
marked neuronal abnormalities (14).

Mutations in GRIN1 [which encodes the GIluN1 (NRI)
subunit of NMDAR] have been associated with a phenotype
consisting of severe intellectual disability, seizures, hyperkinetic
and stereotyped movement disorders, and dysmorphic features
(62-64). In mice, selective deletion of GluN1 in CA1 and CA3
pyramidal neurons abolished long-term potentiation (LTP) and
induced memory impairment (65, 66).

Passive Transfer Models
Animal models of NMDARE have been published recently with
results that recapitulate some of the specific features of the human
disease. In rats, stereotactic parenchymal injection of CSF or
purified IgGs from patients with NMDARE produced different
outcomes. Infusion in the CAl and premotor cortex increased
the levels of extracellular glutamate and, consequently, neuronal
excitability (46). On the other hand, several studies showed that
a single injection of CSF from patients with NMDARE into
the hippocampus produced a reduction of LTP in the CAlL,
CA3, and dentate gyrus (47-49). Behaviorally, effects ranging
from impaired Morris water maze memory performance (47)
to a lack of novel object recognition (49) were reported, in the
absence of significant changes in locomotor activity or anxiety-
like behavior (49).

Continuous