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Opver the last years it has become evident that many
neurological diseases of the central nervous system
(CNS) are induced by a specific adaptive immune
response directed against molecules expressed on
CNS-resident cells. Well-recognized examples are
anti-N-Methyl-D-Aspartate Receptor (NMDAR)
encephalitis which is characterized by the presence
of antibodies against neuron-expressed NMDAR, or
neuromyelitis optica (NMO), induced by antibodies
to astrocyte-expressed aquaporin-4. Many more
examples exist, and antibodies, and T or/and B cells
have increasingly been associated with CNS disease.
Often the symptoms of these diseases have not been
typically reported to have an immune aetiology.
Beside classical neurological symptoms like ataxia,
vision disturbance, and motor or sensory symptoms,
these can include cognitive disturbances, behavioral
abnormalities, or/and epileptic seizures. Although
much hasbeen learned regarding the pathophysiology
of prototypic examples of these disorders, there are
still major gaps in our understanding of their biology.
This may be due to the fact that they are rare diseases,
and their therapies are still very limited. This research
topic includes contributions addressing the analysis
of the adaptive immune response driving disease
including target antigens, molecular epitope mapping,
and factors involved in the disease pathogenesis
such as complement activation cascades, genetic
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and genomic regulation, as well as environmental triggers. Diagnostic criteria and methods,
and treatment are also discussed. The overall aim of the volume is to review progress in our
pathophysiological understanding of immune-mediated CNS disorders in order to advance
diagnostic and therapeutic approaches, and ultimately improve outcomes for patients.

Citation: Weissert, R., Brilot, F., eds. (2017). Induction of Central Nervous System Disease by the Adaptive
Immune Response. Lausanne: Frontiers Media. doi: 10.3389/978-2-88945-347-4
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Editorial on the Research Topic

Induction of Central Nervous System Disease by the Adaptive Inmune Response

T and B cells are of paramount importance in autoimmune diseases. This has been recog-
nized for a long time and is not called into question. Nevertheless, it is often surprising how
much energy it takes to convince colleagues that are not directly working in the field of
neuroimmunology that the role of the adaptive immune responses is getting more and more
important in many diseases of the central nervous system (CNS). In the past, many of those
have not been considered to have an autoimmune origin, namely diseases with behavioral
and/or psychiatric phenotypes. A prototype example of such a novel type of disease is anti-
N-methyl p-aspartate receptor (anti-NMDAR) encephalitis which often mimics in certain aspects
psychiatric diseases, such as schizophrenia or depression (1). In this specific form of autoim-
mune encephalitis (AE) that can have a paraneoplastic or purely autoimmune origin, antibodies
target the NMDAR that is subsequently being internalized (2). This leads to changes in neural
functioning with consequences on behavior. So far, the B cell and antibody side of this disease
has been investigated in much detail, there is still incomplete knowledge regarding the T cell
response. More and more CNS antigens exposed on cells are presently recognized as autoantigens
of autoimmune CNS disorders. Based on this scientific progress, we decided that it would be of
interest to summarize the current state of the field of autoimmune CNS disorders in which the
adaptive immunity is the major disease driver.

Ehrenreich summarizes in her article the current understanding of anti-NMDAR encephalitis.
She stresses the importance of the presence of anti-NMDAR antibodies in cerebrospinal fluid
for disease precipitation (3). She also provides recommendations for the clinical diagnosis of
this novel disease entity. Platt et al. also focus on the role of antibodies in various types of AE
and discuss the triggers and induction of CNS autoimmune diseases. Strong emphasis is put
on the blood-brain barrier and its role in AE. Zong et al. assess the impact of autoantibodies
against additional target structures and consequences on disease phenotypes such as emergence
of depression. The authors stress the value of broader assessment of antibody responses against
different targets such as receptor complex, as well as and discrete epitopes within targets.

Pilli et al. review the current knowledge regarding T and B cell immunity against various antigens
expressed in the CNS in multiple sclerosis (MS), neuromyelitis optica spectrum disorders (NMOSDs),
and AE and assessment of immune responses to such CNS antigens using various methodological
approaches.

Frontiers in Immunology | www.frontiersin.org 6

October 2017 | Volume 8 | Article 1218


http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2017.01218&domain=pdf&date_stamp=2017-10-02
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2017.01218
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:robert.weissert@ukr.de
mailto:robert.weissert@googlemail.com
mailto:fabienne.brilot@sydney.edu.au
https://doi.org/10.3389/fimmu.2017.01218
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01218/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01218/abstract
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01218/abstract
http://loop.frontiersin.org/people/124153
http://loop.frontiersin.org/people/312622
http://journal.frontiersin.org/researchtopic/4667
https://doi.org/10.3389/fimmu.2017.00181
https://doi.org/10.3389/fimmu.2017.00442
https://doi.org/10.3389/fimmu.2017.00752
https://doi.org/10.3389/fimmu.2017.00652

Weissert and Brilot

Immunity Targeting the CNS

Weissert summarizes the current knowledge regarding pres-
ence and localization of such antigens in CNS target cells and
the distribution of such antigens within the cell. Differences and
similarities between autoimmune and paraneoplastic immune-
mediated disorders of the CNS are also discussed. The current
understanding of the impact of the major histocompatibility
complex (human leukocyte antigens) in MS as well as in NMOSD
and AE is presented. Parnell and Booth review the current
knowledge regarding genetic regulation in MS. They provide
insight into the genetic regulation of function of single cell types
by multiple genes, an interesting research area in the context of
recent progresses in immunogenetics.

NMOSDs have been in the focus of research for the last
years since the discovery of immunity against aquaporin-4,
a water channel protein, expressed on astrocytes (4). Long
et al. provide novel data that indicates that the disease
course in NMOSD can strongly vary dependent on the ini-
tial symptom of the presentation of the disease. Zhao et al.
provide some additional insight about the strong therapeutic
effects of rituximab in patients with NMOSD. They found a
reduction of circulating T follicular helper (cTth) cells after treat-
ment with rituximab in NMOSD patients. They conclude that
this reduction in cTfh cell numbers and the reduced function of
such cells could contribute to the observed beneficial effects of
treatment of rituximab in NMOSD patients. This data could also
be of relevance for other autoimmune disease of the CNS like AE.

Myelin oligodendrocyte glycoprotein (MOG) is a protein
which is exposed on the outer surface of the myelin sheath.
Research regarding this molecule in relation to MS has started
in the 80s of the last century (5). Presently, the role of MOG in
the pathogenesis of MS is still strongly debated. A subgroup of
patients with NMOSD has persistent immunity against MOG
(6). Peschl et al. reviewed in their article the current knowledge
regarding MOG-directed autoimmunity in humans and experi-
mental models of MS. The knowledge on MOG immunity that
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has been consolidated over the last decades will be of value also
for other autoimmune diseases of the CNS.

Greer et al. demonstrate reactivity in patients with MS
against novel thyroid-derived autoantigens. They also show
overlapping autoimmunity against CNS and thyroid antigens in
patients. These data are possibly of great importance and can
explain much of the observed comorbidity of CNS demyelina-
tion in MS and thyroid disease. Interestingly, all the affected
individuals were females underscoring the impact of genetics
or/and hormonal regulation.

Autophagy has a strong impact on development of autoim-
munity (7) and is a very important topic that is relevant for the
pathogenesis of MS, NMOSD, and AE is. The field is currently
fast-growing and much will be learned in the future about the
relevance of autophagy in CNS-related autoimmune disorders.
Keller and Linemann et al. provide a current overview about
autophagy and potential impact on immune-mediated diseases
of the CNS.

Beside the ambitious research themes and stringent data
that have been summarized in the collection of articles, there is
another great serendipitous achievement. The researchers that
contributed articles work in research institutions all over the
world namely in Europe, Asia, USA, and Australia. Most of them
did not previously know each other but were enthusiastic to be
part of this project based on shared knowledge. Possibly this has
already lead to novel research projects, collaborations, and fund-
ing. Finally, we want to thank the Frontiers Multiple Sclerosis
and Neuroimmunology team for their continuing support, and
especially the many colleagues who served as critical referees
and contributed to the all-important peer-review process of this
research topic.
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Autoantibodies against the N-Methyl-
p-Aspartate Receptor Subunit NR1:
Untangling Apparent Inconsistencies
for Clinical Practice

Hannelore Ehrenreich*

Clinical Neuroscience, Max Planck Institute of Experimental Medicine, DFG Research Center for Nanoscale Microscopy and
Molecular Physiology of the Brain (CNMPB), Géttingen, Germany

This viewpoint review provides an integrative picture of seemingly contradictory work
published on N-methyl-p-aspartate receptor 1 (NMDAR1) autoantibodies (AB). Based on
the present state of knowledge, it gives recommendations for the clinical decision pro-
cess regarding immunosuppressive treatment. Brain antigen-directed AB in general and
NMDAR1-AB in particular belong to a preexisting autoimmune repertoire of mammals
including humans. Specific autoimmune reactive B cells may get repeatedly (perhaps
transiently) boosted by various potential stimulants (e.g., microbiome, infections, or
neoplasms) plus less efficiently suppressed over lifespan (gradual loss of tolerance), likely
explaining the increasing seroprevalence upon aging (>20% NMDAR1-AB in 80-year-
old humans). Pathophysiological significance emerges () when AB-specific plasma cells
settle in the brain and produce large amounts of brain antigen-directed AB intrathecally
and/or (ll) in conditions of compromised blood—brain barrier (BBB), for instance, upon
injury, infection, inflammation, or genetic predisposition (APOE4 haplotype), which then
allows substantial access of circulating AB to the brain. Regarding NMDAR1-AB, func-
tional effects on neurons in vitro and elicitation of brain symptoms in vivo have been
demonstrated for immunoglobulin (Ig) classes, IgM, IgA, and IgG. Under conditions of
brain inflammation, intrathecal production and class switch to IgG may provoke high
NMDAR1-AB (and other brain antigen-directed AB) levels in cerebrospinal fluid (CSF)
and serum, causing the severe syndrome named “anti-NMDAR encephalitis,” which
then requires immunosuppressive therapy on top of the causal encephalitis treatment (if
available). However, negative CSF NMDAR1-AB results cannot exclude chronic effects
of serum NMDAR1-AB on the central nervous system, since the brain acts as “immu-
noprecipitator,” particularly in situations of compromised BBB. In any case of suspected
symptomatic consequences of circulating AB directed against brain antigens, leakiness
of the BBB should be evaluated by CSF analysis (aloumin quotient as proxy) and mag-
netic resonance imaging before considering immunosuppression.

Keywords: blood-brain barrier dysfunction, immunoglobulin class, serum, cerebrospinal fluid, inflammation,
functionality assays, neuropsychiatric diseases, healthy subjects
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Ehrenreich

NMDAR1-AB—Unraveling a Confusing Mosaic

This viewpoint review is arranged around two tabulated figures,
one summarizing NMDARI1 autoantibody (AB) findings and
integrating them into an explanatory model (Figure 1) and
the other trying to give clear recommendations for the clinical
decision process on immunosuppressive treatment based on the
present state of knowledge (Figure 2).

Please note that the new nomenclature GluN1 for NMDAR1/
NRI is disregarded here for consistency with most of the respec-
tive reviewed literature.

NMDA RECEPTORS IN BRAIN AND
PERIPHERY

N-methyl-p-aspartate receptors (NMDAR) are glutamate-gated
ion channels, abundantly expressed in mammalian brain (1).
They form heteromers of NR1, NR2, and NR3 subunits, with
NR1 being the only obligatory partner. NMDAR are pivotal for
regulating neuronal/synapse function and are also expressed
by non-neuronal cell types in the brain like astrocytes, oligo-
dendrocytes, or endothelial cells (2-5). In addition, peripheral

autoimmune repertoire of mammals includes
autoantibodies against NMDAR1 epitopes — (IgM, IgA, IgG)

specific B cell clones survive & stay silent — (IgM, IgA, IgG)

serum NMDAR1-AB at young age often below detection limit

over lifespan: increasing probability of (repeated) boosting
and expansion of NMDAR1-AB specific B cell clones

‘specific’ epitope recognition
e.g. exposure of immune cells (B, T) on
inflammation to peripheral or central
NMDAR?1 (BBB leakiness) or to antigen
expressing tumors (ovarian teratoma)
or molecular mimicry by microbiome or
infections (influenza A and B) or others?

‘non-specific’ B cell stimulation
on any fulminant inflammation/ immune
activation (e.g. Herpes infection)?

c
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potential genetic add-on (rs524991)

circulating NMDAR1-AB temporarily (?) or permanently up

with normal aging: NMDAR1-AB suppression less efficient (?)
& BBB more leaky (likelihood of epitope exposure increases)
>20% seroprevalence in healthy 80 year-old subjects

(patho)physiological significance upon BBB breakdown
potentially harmful upon lasting exposure: dementia,
epilepsy, psychotic or extrapyramidal symptoms

extreme situation at any age: encephalitis of
various origin (e.g. infectious, posttraumatic, genetic,
others), immune cell migration into the brain - also
NMDAR1-AB producing B cells may arrive intrathecally -
class switch to IgG in inflammatory environment -
excessive NMDAR1-AB IgG production: ‘Dalmau’s
encephalitis’, i.e. shaping of the underlying encephalitic
phenotype by NMDAR1 antagonism

FIGURE 1 | Integration of NMDAR1 autoantibodies (AB) findings into
an explanatory model.

expression has been reported, e.g., in the gastrointestinal tract or
in immune cells (6).

ANTI-NMDAR ENCEPHALITIS

Autoantibodies of the immunoglobulin G (IgG) class directed
against NMDARI1 have been originally linked with a condition
named “anti-NMDAR encephalitis” (7-10). In 2007, Dalmau and
colleagues first described a paraneoplastic syndrome, based on 12
women with ovarian teratoma, carrying IgG AB against NMDAR
NR1/2 subunits. The syndrome variably consisted of psychosis,
cognitive decline, epileptic seizures, dyskinesia, decreased
consciousness, and autonomic instability. The authors reported
in many subsequent publications, based on increasing numbers
of individuals with anti-NMDAR encephalitis, high serum and
cerebrospinal fluid (CSF) titers of NMDARI-AB of the IgG
class in this condition as well as frequently favorable response
to immunosuppressive therapy (7-10). As syndrome-pertinent
pathophysiological mechanism, NMDARI1-AB induced decrease
of NMDAR-mediated currents, due to enhanced receptor
internalization, and thus reduced surface expression, has been
suggested (11). However, over several years, healthy subjects were
not even investigated in appreciable numbers for NMDAR1-AB
seroprevalence. Nevertheless, the presence of NMDARI-AB of
the IgG class in serum (not only in CSF) was and still is claimed
to be disease specific (7-10), causing some confusion in the
literature and unfortunately also in clinical practice.

SYNDROMES REMINISCENT OF NMDAR1
ANTAGONISM

Since NMDAR hypofunction had been hypothesized to be
a central mechanism in schizophrenia, due to induction of
psychotic symptoms by antagonists (12, 13), the question arose
several years ago whether a subpopulation of schizophrenic
subjects may be previously overlooked anti-NMDAR encepha-
litis cases. So far, the literature—mostly based on small sample
sizes and following the original “disease-specificity claim of
NMDARI-AB of the IgG class”—yielded discordant results
(14-20). Analogously, other pathological conditions, likewise
reminiscent of NMDAR antagonism, e.g., epilepsy or dementia,
were investigated for the presence of NMDARI1-AB. A flood of
publications appeared—many of them case reports—describing
associations of NMDARI1-AB with a wide variety of syndromes.
Finally, NMDARI1-AB of other immunoglobulin (Ig) classes
(IgM and IgA) were also reported to be associated with dis-
ease conditions (17, 21-23). An interesting question that has
remained totally open up to now is whether NMDARI1-AB can
also lead to “peripheral phenotypes,” considering the expression
of NMDAR in peripheral organs and tissues (6).

EQUAL DISTRIBUTION OF SERUM
NMDAR1-AB ACROSS HEALTH AND
DISEASE

Unexpectedly, recent work of us and others on together >5,000
individuals challenged the “disease-specificity claim” of any
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I NMDAR1-AB in serum: IgM, IgA, IgG, or any combination thereof
_
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FIGURE 2 | Recommendations for the clinical decision process.
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NMDARI1-AB by demonstrating age dependent up to >20%
NMDARI1-AB seroprevalence, including IgM, IgA, and IgG, in
both healthy and ill subjects. Interestingly, NMDAR1-AB of the
IgE class were searched for but never detected (24). Diseases
investigated in these studies comprise neuropsychiatric condi-
tions (schizophrenia, affective disorders, Parkinsons disease,
amyotrophic lateral sclerosis, Alzheimer’s disease, stroke,
multiple sclerosis, and personality disorders) as well as general
medical conditions, e.g., diabetes or hypertension (24-28). Also
NMDARI1-AB titer range in serum and the distribution of Ig
classes were comparable across all investigated disease groups
as well as healthy individuals (24-28). Any 40-year-old person
has a ~10% and any 80-year-old person has a ~20% chance of
displaying NMDARI1-AB seropositivity (24).

FUNCTIONALITY OF NMDAR1-AB

This surprising discovery raised the question of whether these AB
are all functional. Since biochip mosaics and a cell-based assay,
the clinical standard procedure (HEK293T-cells transfected
with NMDARI and secondary AB against human IgG, IgM, or
IgA; Euroimmun, Liibeck, Germany), were used for all of these
NMDARI1-AB determinations (see also below), additional assays
had to be performed to further consolidate these unanticipated
findings by proving AB functionality. These in vitro assays (all
conducted with sera following ammonium sulfate precipita-
tion of immunoglobulins and dialysis) revealed similar effects

of NMDARI-AB—independent of the Ig class—on receptor
internalization in human IPSC-derived neurons as well as in
primary mouse neurons. Likewise, NMDAR1-AB of all Ig classes
reduced glutamate-evoked currents in NR1-1b/NR2A expressing
Xenopus laevis oocytes (26, 28, 29). In vivo studies in mouse and
human suggest comparable effects of serum NMDARI-AB of
all Ig classes regarding modulation of brain functions (see more
details below).

METHODS OF AB DETECTION—STILL
ROOM FOR IMPROVEMENT

A still pending problem calling for standardization is the diversity
of methods applied for AB determination with different speci-
ficity and sensitivity. Regarding NMDAR1-AB (where we have
the most solid own experience), cell-based assays are certainly
the superior method to detect NMDARI-AB since epitopes are
exposed in a natural way to enable AB to specifically detect them.
But even these assays differ, with some authors using transiently
transfected live cells accepting their potential variability and
batch-to-batch variation problems, versus others using fixed and
permeabilized cells expressing the whole NMDARI1 subunit,
likely allowing better standardization (Euroimmun). This latter
assay is currently being used throughout the world to diagnose
NMDARI-AB encephalitis. Based on our own experience with
this assay in association with functionality studies performed in
parallel (receptor internalization, electrophysiology, and in vivo
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studies), it appears to be the most reliable method at this point. It
is, however, strongly recommended to use this assay in combina-
tion with secondary AB that are highly specific for the various Ig
classes (anti-human IgG, anti-human IgA, and anti-human IgM)
since cross-reacting AB may lead to wrong conclusions regard-
ing, e.g., the prevalence of IgG AB. The use of rat, mouse, human,
or monkey brain sections for immunohistochemical detection
of specific AB may be a helpful addition providing supportive
evidence. In contrast, the typical ELISA based on peptides can-
not be recommended as a detection method for NMDAR1-AB,
since many false-positive and/or false-negative results may be
obtained due to the unnatural (removed from the position in
the cell membrane) epitope exposure. These assays seem only
suitable for follow-up analyses, for instance, the determination
of the AB titer course using a series of samples from the same
donor, previously clearly diagnosed as seropositive by cell-based
and functional assays.

A DECISIVE ROLE OF THE BLOOD-BRAIN
BARRIER (BBB) FOR SYNDROMIC
RELEVANCE

Wondering why so many serum NMDARI-AB carriers remain
healthy, we hypothesized that a compromised BBB might decide
on their pathophysiological significance. Importantly, enhanced
BBB permeability may differ regionally, thereby explaining indi-
vidually variable symptomatic consequences (30). As an animal
model, we studied ApoE~~ mice with known BBB leakage in
comparison to wild-type littermates (31). Intravenous injection
of purified Ig fractions from NMDAR-AB seropositive (IgM, IgG,
and IgA) human subjects led to alterations in spontaneous open
field activity and hypersensitive (psychosis related) response
to MK-801 in the open field exclusively in ApoE~~ mice (28).
Exploring the role of a compromised BBB subsequently also in
humans, we saw indeed more severe neurological symptoms in
NMDARI1-AB carriers (of any Ig class) with a history of birth
complications or neurotrauma, conditions with likely chronically
leaky BBB (28). Along the same lines, we investigated APOE4
carriers since the APOE4 haplotype has been associated with a
permeable BBB (32, 33). We obtained first hints that NMDAR-AB
may enhance delusions of grandiosity and mania in neuropsychi-
atrically ill APOE4 carriers, which are then more likely diagnosed
schizoaffective (29). A modifier role of preexisting circulating
NMDARI-AB (again of all classes) was also seen in human
ischemic stroke. In patients with intact BBB before occurrence of
the insult, NMDARI1-AB were protective with respect to evolu-
tion of lesion size, whereas in APOE4 carriers, NMDARI1-AB
were associated with larger insult volumes (24). These findings
emphasize that not only degree but also duration of BBB dysfunc-
tion, acute versus chronic, may play a pivotal role in syndrome
shaping by NMDARI1-AB.

THE BRAIN AS IMMUNOPRECIPITATOR
OF NMDAR1-AB

Circulating NMDARI1-AB of all Ig isotypes temporarily
decreased after stroke (24). This led us hypothesize that

brain tissue with its densely expressed NMDARI (acces-
sible after BBB breakdown) may act as a trap for circulating
NMDARI1-AB (25). We first addressed the question of whether
serum NMDARI-AB would be detectable in the CSE. Of
N = 271 middle-aged subjects (diagnosed with multiple
sclerosis or disease controls) with CSF-serum pairs available,
26 were NMDARI1-AB seropositive (which is in the expected
range) but, remarkably, only 1 was CSF positive. In contrast,
tetanus-AB (omnipresent due to obligatory vaccination but
not binding to brain tissue) were present in serum and CSF
of all subjects, with CSF levels higher upon compromised
BBB. Translational experiments in mice proved the hypothesis
that the brain acts as “immunoprecipitator”: simultaneous
injection of NMDAR1-AB IgG and a non-brain-binding “non-
sense-AB” (anti-GFP IgG) resulted in high detectability of the
former only in the brain (distinctly more pronounced upon
BBB dysfunction) and the latter only in CSF (25). These data
may help explaining potential symptomatic consequences of
serum AB directed against brain antigens. Whereas leakiness
of the BBB has a major role and should be evaluated in cases
where pathological relevance of circulating NMDARI1-AB is
suspected, negative results regarding AB titers in CSF cannot
automatically exclude brain effects.

EPITOPES RECOGNIZED BY NMDAR1-AB

The next question was whether these apparently overall functional
NMDARI1-AB would recognize the same epitope and whether
this could potentially explain their high seroprevalence. Again
unexpectedly, epitope mapping using seven different NMDARI1
constructs revealed recognition by NMDAR1-AB-positive sera
of different epitopes, located in the extracellular ligand binding
and the N-terminal domain (NTD) as well as the intracellular
C-terminal and the extra large pore domain. NMDAR1-AB sero-
positivity was polyclonal/polyspecific in half of the investigated
sera and likely mono or oligoclonal/oligospecific (mainly IgG)
in the other half. Overall, no particular disease-related pattern
appeared: NMDARI epitopes were comparable across disease
groups (26). Published work on NMDARI-AB epitopes has been
scarce before this systematic investigation and had focused on
IgG recognizing NTD and the NTD-G7 domain (N368/G369),
probably because this region and Ig class were first deemed
pathognomonic for anti-NMDAR encephalitis (8, 34). Indeed, it
seems that factors predisposing young women [including those
with ovarian teratoma and with lupus erythematosus (35)] to
neuropsychiatric manifestations of NMDARI-associated auto-
immunity are connected with NTD or NTD-G7 epitopes. The
accentuated role of IgG in this context is still a matter of specula-
tion but likely related to inflammation-induced class switch in
the brain (36).

PREDISPOSING FACTORS TO CARRY OR
BOOST NMDAR1-AB

On the basis of these in vitro and in vivo findings, we have to
assume that basically all naturally occurring NMDARI1-AB
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have pathogenic potential irrespective of epitope and Ig class.
This does, however, not mean that the type of Ig class cannot
initiate distinct cascades of secondary events and thereby
further shape the ultimate tissue response. But now even more
questions arise: How can we explain the disease-independent
high seroprevalence of NMDARI-AB, increasing with age?
Do we know of any predisposing factors, and if so, how can
we integrate their role into the full picture? NMDARI1-AB were
initially associated with oncological conditions (teratoma) (7).
Later on, a predisposition to carry these AB was seen upon
influenza A and B seropositivity, a finding replicated in an
independent sample (25, 28). Also a genome-wide significant
genetic marker, rs524991, even related to NMDAR biology, was
found associated with NMDAR1-AB (28). Whether aleaky BBB,
causing enhanced exposure of central NMDARI to cells of the
immune system, can induce NMDAR1-AB formation and/or
boost preexisting specific B cell clones is presently unclear and
needs to be systematically investigated. Another attractive idea
that has not yet been pursued in the NMDARI1-AB field is the
potential modulatory influence of the microbiome on boosting
of NMDARI-AB (37).

OTHER BRAIN ANTIGEN-DIRECTED AB

Why do we see NMDARI1-AB so abundantly in health and
disease? Does this also hold true for other AB directed against
brain antigens? To address these questions, we analogously
studied 24 other brain antigen-directed serum AB, previously
connected with pathological conditions. Again to some sur-
prise, this work revealed comparable frequency, titers, and Ig
class distribution in healthy and ill subjects. Seroprevalence,
however, of all of these 24 AB was distinctly lower (<2%) in
contrast to NMDARI1-AB (up to >20%) (27). Strikingly, the
predominant Ig class did not depend on health or disease state
either, but on antigen location, with intracellular epitopes
predisposing to IgG (27). The equal distribution of these 24
other AB in health and disease is less astonishing when con-
sidering that multiple brain-directed AB have been reported
in serum of healthy humans and of different other mammalian
species (38, 39) as well as abundantly in CSF of encephalitis
cases (40), even though the respective brain antigens were not
specified. To sum up, brain antigen-directed AB in general and
NMDARI1-AB in particular seem to be part of a preexisting
autoimmune repertoire (37, 41-44) that gains (patho)physi-
ological significance in conditions of intrathecal synthesis or
compromised BBB, for instance, upon injury, infection, brain
inflammation, or genetic predisposition to BBB leakiness
(APOE4 haplotype).
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Antibodies against neuronal receptors and synaptic proteins are associated with
autoimmune encephalitides (AE) that produce movement and psychiatric disorders. In
order to exert their pathological effects on neural circuits, autoantibodies against central
nervous system (CNS) targets must gain access to the brain and spinal cord by crossing
the blood-brain barrier (BBB), a tightly regulated gateway formed by endothelial cells
lining CNS blood vessels. To date, the pathogenic mechanisms that underlie autoanti-
body-triggered encephalitic syndromes are poorly understood, and how autoantibodies
breach the barrier remains obscure for almost all AE syndromes. The relative importance
of cellular versus humoral immune mechanisms for disease pathogenesis also remains
largely unexplored. Here, we review the proposed triggers for various autoimmune
encephalopathies and their animal models, as well as basic structural features of the
BBB and how they differ among various CNS regions, a feature that likely underlies some
regional aspects of autoimmune encephalitis pathogenesis. We then discuss the routes
that antibodies and immune cells employ to enter the CNS and their implications for AE.
Finally, we explore future therapeutic strategies that may either preserve or restore barrier
function and thereby limit immune cell and autoantibody infiltration into the CNS. Recent
mechanistic insights into CNS autoantibody entry indicate promising future directions for
therapeutic intervention beyond current, short-lived therapies that eliminate circulating
autoantibodies.

Keywords: blood-brain barrier, autoimmune encephalitis, basal ganglia encephalitis, NMDA receptor, dopamine

receptor, autoantibodies, pediatric autoimmune neuropsychiatric disorders associated with streptococcal
infections, Sydenham’s chorea

INTRODUCTION

Antibody-mediated central nervous system (CNS) autoimmunity, the hallmark of several autoim-
mune encephalitis (AE) syndromes that produce movement and psychiatric disorders, is initiated
when antibodies recognize neuronal receptors or synaptic proteins as foreign proteins (1-3).
Antibodies directed against neuronal antigens can arise in the periphery when target proteins
are expressed ectopically on tumor cells. AE has also been linked to various infectious triggers,
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including bacteria, viruses, fungi, and other parasites. However,
an underlying infection is the causative agent for only a small
fraction of all AE cases; in many cases, the triggers are either
unknown or unidentified infectious agents (4, 5). While the
evidence supporting various microbial triggers is scant, some
autoimmune encephalopathies have well-established infectious
links. For example, untreated Group A Streptococcus (S. pyogenes)
infections cause autoimmune sequela in many target tissues
such as the heart or CNS, manifested as either rheumatic fever
or Sydenham’s chorea (SC), respectively (6-8). Several recent
reviews have highlighted the clinical and mechanistic features
for many of these currently accepted autoimmune encephalitides
and the aberrant autoimmunity/CNS axis (4, 5, 9-15). Here, we
review infectious and non-infectious triggers for AE and discuss
findings from animal models of AE related to blood-brain
barrier (BBB) integrity, immune cell infiltration into the CNS,
and neuronal circuit dysfunction that provide useful avenues to
improve diagnosis (e.g., clinical assays and imaging techniques).
We will then outline routes for antibody and immune cell entry
into the CNS, with a focus on the predominant pathways leading
to BBB breakdown that allows entry of autoantibodies into the
CNS. Finally, we will briefly review current therapies for selected
AEs and propose future treatment options aimed at preventing
autoantibody entry. Recent advances point to an underlying
autoimmune etiology that may be relevant for many movement
and neuropsychiatric diseases (2, 4, 16). Thus, elucidating the
mechanisms for autoantibody access to the CNS may provide
a wider spectrum of treatment options for patients with these
complex and puzzling disorders.

AUTOIMMUNE ENCEPHALITIS TRIGGERS

Autoimmunity against brain targets is inherently mysterious,
because traditional thinking holds that the immune system
minimally surveys the CNS compared to other organs. Non-CNS
self-antigens are selected against to maintain tolerance; however,
CNS antigens have been thought to be excluded from immune
monitoring (17). Although this thinking has been recently chal-
lenged with the identification of both glymphatic and lymphatic
circulation in the CNS (18, 19), re-exposure of the immune
system to brain antigens, or the presence of an outside trigger that
causes production of cross-reactive autoantibodies, is a crucial
step in CNS autoimmune disease.

Bacteria

Perhaps the earliest identified CNS autoimmune disease is linked
to an infectious trigger: untreated Group A Streptococcus (GAS
or S. pyogenes) infections can in some cases give rise to SC, in
which antibodies directed against a streptococcal surface protein
cross-react with brain antigens (20). While SC is characterized by
movement difficulties (chorea) affecting both gait and the tone of
large muscle groups, more recently, a group of children within an
SC cohort displaying both prominent psychiatric symptoms and
fine choreiform movements prompted the recognition of a new
syndrome: pediatric autoimmune neuropsychiatric disorders
associated with streptococcal infections (PANDAS) (21). Both SC
and PANDAS are part of a group of basal ganglia autoimmune

encephalopathies (BGE) for which the humoral adaptive immune
response (i.e., autoantibodies) plays an important role in disease
pathogenesis, as described in human patients as well as rodent
models (3, 16). In most cases, a recent GAS exposure or infection
can be identified in afflicted children and subsequent exposures
typically prompt an acute exacerbation of symptoms (22). Anti-
GAS titers correlate with symptom severity in many but not all
SC and PANDAS cases (23). Anti-neuronal autoantibodies that
erroneously recognize dopamine DIR/D2R receptors or other
neuronal targets in the basal ganglia have been identified in sera
from patients with SC or PANDAS, and they respond positively
to immune therapies such as intravenous immunoglobulin (IVIg)
or plasmapheresis, consistent with an autoimmune mechanism
(7,16, 21, 24-30). The autoimmune mimicry hypothesis, namely
that antibodies generated from an aberrant humoral immune
response to S. pyogenes infections recognize host-specific pro-
teins due to epitope similarity, has been proposed to underlie
the secondary sequela in BGE (20, 31). However, this hypothesis
assumes that BBB permeability is impaired to allow antibody
entry into the CNS, because BGE occurs in the absence of brain
infection.

Infections by Campylobacter jejuni and, in rare cases, by other
bacteria (32, 33), induce Guillain-Barré syndrome (GBS) and the
atypical Guillain-Barré-related diseases [Miller Fisher syndrome
(MFS) and Bickerstaft brainstem encephalitis (BBE)], whose
symptoms lie on a continuum with traditional GBS including
prickling, weaknesses in extremities, motor deficits, and pain
(34-36). While these diseases are caused by the same autoantibod-
ies against gangliosides (GD3, GQ1b, GM1, or GT1a), GBS and
MEFS affect peripheral nerves whereas BBE affects primarily the
CNS (37, 38). Blood vessels in peripheral nerves are protected by a
blood-nerve barrier (BNB) that has some similarities to the BBB
(39-41). Although the BNB can be disrupted by autoantibodies
present in sera from patients with multifocal motor neuropathy
(42), this review is primarily focused on autoantibody entry into
the CNS across the BBB rather than PNS across the BNB.

Viruses

Viruses have been proposed to initiate some autoimmune
encephalopathies. In systemic lupus erythematosus (SLE), auto-
antibodies cross-reacting with Epstein-Barr nuclear antigen-1
and the 60 kDa Ro protein target a variety of organs, including
the CNS (31). Anti-Ro antibodies are frequently generated and
detected early in clinical SLE, making them attractive candi-
dates for an initiating autoantigen. Other viruses implicated
in neuropsychiatric disease include influenza, herpes virus-1
and -2, Epstein-Barr virus, and bornavirus (43, 44). Herpes sim-
plex encephalitis has been linked to subsequent development of
NMDAR encephalitis in some cases (2, 9). Notably, the majority
of viral triggers are hypothesized to create a pro-inflammatory
state that “primes” the immune system, including CNS-resident
immune cells termed microglia, to become overactive lead-
ing to an autoimmune response against the CNS (2, 45). This
contrasts with the molecular mimicry hypothesis proposed for
S. pyogenes-induced BGE, in which antibodies directed against
bacterial surface antigens cross-react directly with self-antigens
(20, 31).
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Tumors

In contrast to molecular mimicry, production of antibodies
against a brain antigen can occur in the periphery when a tumor
cell expresses surface proteins found in the brain. Tumor masses
are known to express a wide variety of non-tissue-specific sur-
face proteins, including neuronal antigens. The original cohort
of NMDA receptor encephalitis (NMDARE) patients contained
young women bearing ovarian teratomas that express NMDAR,
thus initiating peripheral immune activation (46). Subsequent
BBB permeability by an unknown mechanism would then
allow NMDAR antibodies to target glutamatergic synapses also
containing this receptor. However, tumors are not present in all
cases of NMDARE, and indeed, the tumor rate is approximately
50% for such patients (47). Anti-GADG65 antibodies, which are
the putative culprits underlying cerebellar ataxia, stiff person
syndrome, and Batten’s disease (3), are also associated with
neoplasms that aberrantly express GADG65, albeit at lower
frequency than those producing NMDAR antibodies (48, 49).
Finally, serum antibodies targeting the voltage-gated potassium
channel (VGKC) complex may be also linked to tumors. These
include antibodies against leucine-rich glioma-inactivated 1
(LGI1), contactin-associated protein 2 (Caspr2), and contactin
2 as well as those recognizing the entire VGKC protein com-
plex. IgGs targeting the VGKC complex have been found in
sera (50, 51) and cerebrospinal fluid (CSF) (51) from patients
with both limbic encephalitis and Morvan syndrome (VGKC
complex encephalitis, peripheral nerve hyperexcitability) (52),
and Morvan syndrome has been linked to thymoma in 37% of
patients (53). Conversely, anti-VGKC complex antibodies are
present in sera from 32% of patients with verified thymoma,
the majority of whom develop myasthenia gravis, which targets
acetylcholine receptors on muscles that are supplied by blood
vessels lacking a tight endothelial barrier (54). Since only a
minority of patients with VGKC complex antibodies have
co-occurring thymoma, this suggests that other mechanisms
underlie development of these autoantibodies, similar to
NMDARE. In addition, the clinical features accompanying
patients with VGKC antibodies are highly variable (52). VGKC
antibodies may, therefore, be useful biomarkers for inflamma-
tory neurological disease in general and are potentially associ-
ated with the presence of other autoantibodies or immune cell
infiltration into the CNS (52).

ANIMAL MODELS FOR CNS
AUTOIMMUNE DISORDERS

Numerous rodent studies have expanded our understanding
of the molecular events involved in antibody generation and
pathogenicity for several varieties of AE, shedding light on the
mechanisms of immune cell infiltration and barrier breakdown.
Rodent models for NMDARE, BGE, GAD65 encephalitis, BBE,
and Morvan syndrome vary widely in both their methods of
antigen exposure and the disease parameters recapitulated (see
Table 1 for summary). A majority of the studies surveyed here use
animal models in which disease is initiated either by exposure to
an initial trigger (bacteria or virus) in the periphery or by direct

infusion into the CNS of sera or purified autoantibodies isolated
from patients, thereby circumventing the BBB.

S. pyogenes-Triggered BGE

Animal models for post-streptococcal BGE have been focused
on demonstrating the ability of GAS to prime development of
an autoimmune reaction by stimulating adaptive cellular and
humoral immune responses. In the mouse, intranasal (in.)
infections with live bacteria polarize T cells located in the nasal-
associated lymphoid tissue (NALT, the mouse structural analog of
human tonsils and adenoids) toward a Th17 phenotype, a T cell
subtype that is both essential for mucosal immune protection
against bacteria but also strongly implicated in many autoim-
mune diseases (Figure 1A). Multiple i.n. S. pyogenes infections
strengthen this Th17 immune response, largely due to induction
of IL-6 and TGF-B1, which are two pro-inflammatory cytokines
essential for Th17 differentiation (68). IL-6 is essential for clear-
ance of bacteria after i.n. infection, via generation of Th17 cells;
IL-67"~ mice are capable of generating a Th1 immune response to
an i.n. bacterial challenge but cannot control infection (69). This
model has been used to demonstrate that repeated i.n. infections
with S. pyogenes induce migration of GAS-specific Th17 cells and
other T cell subtypes from the nasal epithelium to the olfactory
bulb (OB) (Figure 2), where sensory axons make connections
with projection interneurons to form the neural circuitry essen-
tial for odor discrimination, as well as to other CNS regions (55).
The presence of Streptococcus-specific Th17 cells in the CNS after
repeated i.n. infections increases the permeability of capillaries in
several CNS regions, including the OB, amygdala, and hypothala-
mus, thereby enabling deposition of serum IgGs and potential
anti-CNS autoantibodies. This is largely due to disruption in the
organization of tight junction (T])-associated proteins, which
control an essential aspect of BBB function (55) (see below for
a more detailed discussion). The intranasal model produces pro-
found changes in olfactory neural circuitry by reducing vGluT2
expression and thus excitatory input at the presynaptic terminals
of olfactory sensory axons and perturbing the excitatory/inhibi-
tory balance within the primary olfactory circuit (55). This model
of post-S. pyogenes autoimmunity demonstrates a central role for
the cellular adaptive immune response (e.g., bacterial-specific
Th17 cells in the CNS) in disrupting BBB function, thus promot-
ing entry of antibodies into the CNS and inducing changes in
synaptic signaling. Although such a cellular adaptive immune
response has not been identified to date in the nervous systems
of children suffering from BGE, S. pyogenes-specific Th17 cells
can be found in the tonsils of human patients (55), making Th17
lymphocytes a potential causative agent in either initiation or
persistence of BGE disease pathogenesis.

Asecond group ofrodent models for BGE employs subcutane-
ousimmunizationwithanantigenictarget(bacterialhomogenate)
plus complete Freund’s adjuvant to activate the immune system,
in conjunction with agents (i.e., B. pertussis toxin) that open
the BBB to provide access to brain targets (Figure 1B). In
this model, mice and rats develop a strong humoral immune
response toward S. pyogenes and show behavioral abnormalities.
Specifically, GAS-immunized rodents display increased rearing
and decreased locomotion, as well as increased repetitive and
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T cell phenotype Th1 Macrietal, (59)

T cells in CNS Few maci et al, (59) Many bikepan et al. (55)

Robust Dileepan et al. (55)
Degraded

Dileepan et al. (55)

Microglial activation | Moderate wmacrietal., (59)

Glomerular synapses | ?

High, autoreactive

Brimberg et al., (56); Lotan et al. (58) ?
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Not assessed

Perseveration, Motor deficits
Yaddanapudi et al. (57); Brimberg et al., (56) 7

BBB permeability ngh Dileepan et al. (55)

Behavioral outcomes

FIGURE 1 | Comparison of mouse pediatric autoimmune neuropsychiatric disorders associated with streptococcal infections (PANDAS)/Sydenham’s
chorea (SC) models. (A) Schematic representing the initiation of the intranasal model, where mice receive live bacteria intranasally once a week for 5 weeks prior to
sacrifice. (B) Subcutaneous GAS exposure involves adjuvant and antigen exposure three times, every 2 weeks, following an initial boost with intravenous pertussis
toxin. (C) Comparison of immune, neural, and behavioral outcomes after each route of GAS exposure. Investigators have used either subcutaneous or intranasal routes
to induce an immune response against S. pyogenes [Group A Streptococcus (GAS)] in efforts to understand the mechanisms underlying the behavioral and motor
symptoms characteristic of PANDAS and SC patients. The former route necessitates opening the blood-brain barrier (BBB) artificially using B. pertussis toxin, whereas
the latter features intranasal inhalation of live bacteria to trigger a Th17 response in nasal tissue that is directly communicated to the brain along the olfactory nerve.

perseverative behaviors, impaired pre-pulse inhibition, and
reduced concentrations of serotonin in the prefrontal cortex
as compared to controls (56, 57, 59, 70). Moreover, adoptive
transfer of serum IgGs from S. pyogenes-immunized mice to
naive recipient mice, or direct infusion of sera into rat brains,
recapitulates some of the behavioral deficits in recipient rodents,
whereas no effects were observed after adoptive transfer of

IgG-depleted serum (57, 58). Histological examination of brain
tissue revealed antibody deposition in the deep cerebellar nuclei
and hippocampus in mice and the striatum, cortex, and thala-
mus in rats (56, 57, 70). Serum IgG isolated from immunized
rodents recognizes both cerebellar targets and human D1/
D2 dopamine receptors by either western blotting or ELISA
(56, 57). There is a high variability among the mouse and rat
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FIGURE 2 | T cells originating in the nose infiltrate the brain parenchyma. In a mouse model for pediatric autoimmune neuropsychiatric disorders associated
with streptococcal infections, T cells first arise in the nasal-associated lymphoid tissue and olfactory epithelium at the site of a latent S. pyogenes infection. These
cells then respond to chemotactic cues release by olfactory ensheathing glia to accompany sensory axons into the brain. Once there, infiltrating T cells release
inflammatory cytokines and chemokines, damaging synapses within olfactory glomeruli and breaking down tight junctions of olfactory bulb capillaries. These T cells
may then move centrally, against the rostral migratory stream and toward the SVZ, and exit through the ventricles, or continue following the projections of olfactory

mitral/tufted neurons.

and CNS) and demonstrate a clear link between S. pyogenes
exposure and behavioral abnormalities (see Figure 1C for
comparison of intranasal and subcutaneous models). However,
these are somewhat artificial models for immune system activa-
tion, because human GAS infections occur primarily by the i.n.
route. Moreover, subcutaneous animal models for BGE leave
unanswered an important question for disease pathogenesis,
namely how these autoantibodies can penetrate the CNS since
the BBB is artificially opened (71).

BGE models. This may reflect differences in key immune-related
genes between species, especially those related to T cell function
or within the MHC locus for antigen presentation and immune
cell stimulation. All studies used inbred animals (Lewis rats
and SJL or C57BL/6 mice); therefore, intra-strain variability
is low in these highly variable regions; however, differences
between strains and species may be more pronounced. It is also
possible that differences observed in mouse and rat studies are
due to variability in their humoral immune response to GAS or
differences in immunization protocols. Taken together, subcu-
taneous animal models for BGE have provided useful informa-
tion regarding the humoral immune response after bacterial
infection (i.e., the presence of antibodies directed against GAS

NMDA Receptor Encephalitis
Most animal models for NMDARE involve infusing serum
antibodies from acutely ill patients into the rodent brain in an

Frontiers in Immunology | www.frontiersin.org 20 April 2017 | Volume 8 | Article 442


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Platt et al.

Autoimmune Encephalitis and the BBB

attempt to replicate behavioral symptoms of the human disease.
Infusion of autoantibodies from NMDARE patients into the
lateral ventricles of mice causes impaired recognition memory
after 10 days of infusion, which is reversible after antibody wash-
out (63). Histologically, patient IgG binding is strongest in the
hippocampus, which has a very high concentration of NMDARSs,
supporting the conclusion that internalization of NMDAR in
this region may underlie memory deficits with minimal effects
on aggression, locomotion, and anxiety-like behavior (61, 63).
Intraventricular delivery of NMDAR antibodies also decreases
seizure thresholds after administration of the convulsant pen-
tylenetetrazol, resulting in more frequent and stronger seizures
in NMDAR antibody-recipient mice (61). These data mirror the
course of human disease, because NMDARE patients frequently
present with seizures in conjunction with memory loss, hal-
lucinations, and anxiety (72). Using the electroencephalograph
(EEG), NMDARE patients show unusual delta rhythmic activity
with superimposed beta or gamma activity (72). Similar spike
events are also detectable using EEG during seizures in mice after
NMDAR antibody infusion. Electrophysiological changes are also
apparent in hippocampal neurons after intrahippocampal infu-
sion of anti-NMDAR antibodies (73). Patient-derived NMDAR
antibodies decrease NMDAR-dependent hippocampal long-term
potentiation (LTP) in a manner similar to antibodies directed
against extracellular domains of the NR2 or NRI1 subunits of the
NMDAR. After anti-NMDAR antibody treatment, dentate gran-
ule cells show smaller evoked responses to stimulation, increased
spike thresholds after EPSP, impaired LTP, and decreased
NMDAR densities in postsynaptic areas (60). In summary, there
is strong evidence that antibody binding to the NMDAR leads
to cross-linking and internalization but not necessarily destruc-
tion of the receptor, causing deficits in synaptic transmission
that include LTP. NMDAR antibody deposition is strongest in
the hippocampus after intraventricular infusion, indicating that
deficits in perforant pathway may be the most prominent in this
animal model for NMDARE. However, this model bypasses the
BBB. In an elegant series of experiments, Hammer and colleagues
showed that the BBB efficiently excluded NMDAR antibodies
from the hippocampus if delivered intravenously (i.v.) in healthy
mice. However, in ApoE~~ mice that have a defective BBB, intra-
venously injected anti-NMDAR antibodies can access brain anti-
gens, and mutant mice injected i.v. with anti-NMDAR antibodies
from patient sera show decreased locomotion as compared to
those treated with control sera (62). Therefore, there is a clear
need to develop animal models for NMDARE that incorporate
mechanisms that disrupt BBB integrity to more closely mirror
the human syndrome.

Anti-GADG65 Antibodies

Autoantibodies against proteins involved in GABAergic trans-
mission, including anti-glutamic acid decarboxylase (GAD) 65,
anti-GADG67, and anti-amphiphysin, are the putative autoanti-
bodies for cerebellar ataxia, stiff person syndrome, and Batten’s
disease (3, 74). Animal models using intraventricular infusion
of anti-GAD65 antibodies isolated from patients have provided
conflicting results. Bath application of such antibodies causes
increased IPSP frequencies in cultured hippocampal neurons

(75). Cerebellar infusion of anti-GAD65 antibodies in rodents
also leads to reduced GABA synthesis in cerebellar basket cell
terminals, resulting in disinhibition of Purkinje cells. However,
hippocampal infusion of anti-GADG65 antibodies in vivo yields
no changes in synaptic transmission assessed with physiological
measurements in hippocampal slice preparations, whereas anti-
NMDAR antibodies are sufficient to induce defective LTP (66).
It is possible that anti-GADG65 antibodies do not gain access to
their intracellular antigen after infusion in the hippocampus, or
that pathogenic antibodies are in fact directed against a different
antigen. Antibodies against amphiphysin rather than GAD65
have been shown to induce stiff-person syndrome-like symptoms
in rats (65). Methodological differences and debate about patho-
genicity of GAD65 antibodies has complicated the interpretation
of these studies, because GAD65 antibodies are also prevalent,
albeit at lower concentrations, in type 1 diabetic patients who
have no neurological abnormalities. Careful screening of patient
antibody samples is, therefore, necessary for anti-GADG65 collec-
tions, in order to exclude the likely non-pathogenic antibodies
that are present in patients with diabetes.

Anti-GQ1b Antibodies

There are few studies on the CNS effects of anti-GQ1b antibodies,
the pathogenic basis for BBE, which hinders our understanding
of this disease; however, there have been some reports on their
binding location and disease mechanism. Anti-GQ1b antibodies
were shown to induce complement deposition; the combination
of antibody and complement is necessary to disrupt neuromus-
cular junction function in vivo (76). Binding of the antibody-
complement complex induces local Ca®* flux into neurons
in vitro, which in turn alters mitochondrial function and causes
hydrogen peroxide production in addition to neuronal excitation
(76). Mechanistically, this provides an interesting perspective on
GBS and related syndromes, which lie at the intersection of innate
and adaptive immune mechanisms. However, other than lesions
identified by MRI in human MFS and BBE patients, there has
been no investigation into how anti-GQ1b antibodies enter the
CNS to affect brain function (77, 78).

Anti-VGKC Complex Antibodies

The VGKC complex contains a signaling protein tetramer as well
as several scaffolding proteins. Early identification of antigenic
targets had attributed antigenicity to the potassium channel
K(1.1/1.2 itself, while more recent work argues that the antibody
targets are more likely the associated scaffold proteins (LGIL,
Caspr2, and contactin-2) that precipitated along with the chan-
nel during the original identification (79). Most investigation into
VGKC antibodies has used rodent tissue or cultured cells to test
for reactivity of patient antibodies that are harvested from CSF or
serum. Sera from both AE and neuromyotonia patients react with
rat (80) and mouse (81) hippocampal sections, as well as with
the potassium channels K,1.1 and K,1.2 transfected into HeLa
cells (80), but not with Caspr2~~ mouse hippocampal sections
(81). One rodent study used adoptive transfer of patient plasma
or purified IgG into mice to address how these antibodies alter
neuronal transmission in peripheral nerves (82). After repeated
injections with patient IgG, mice showed no clinical symptoms but
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had increased quantal size and potassium-dependent increases
in EPP amplitude in peripheral nerves as compared to control
mice (82). While there has been much progress in identifying
the target antigen of these antibodies, many questions about their
pathogenicity and CNS access remain unanswered.

POTENTIAL ROUTES OF ANTIBODY
ENTRY INTO THE CNS

Blood-Cerebrospinal Fluid Barrier (BCSFB)

Epithelial cells within the choroid plexus form a tight barrier
termed the BCSFB that restricts diffusion of serum proteins and
immune cells from the more leaky blood vessels of this tissue
into the CSF (83). The molecular composition of TJs within the
BSCEFB is less well understood than those comprising the BBB.
However, several key junctional proteins that regulate paracel-
lular permeability across epithelial cells of the choroid plexus are
present at high levels in both embryonic and adult stages, suggest-
ing that this barrier matures early during development (84). The
critical function of these junctions is to create a physical barrier
to paracellular diffusion, allowing cells to become polarized
with distinct luminal and abluminal components. In addition,
epithelial cells of the BCSFB also express specialized transporter
proteins to allow transit of certain plasma proteins across this
barrier (84, 85). The BCSEB is less tightly regulated than its brain
counterpart and can become more permeable to immune cells
or antibodies during disease states. Th17 lymphocytes cross the
BCSEFB several days prior to BBB damage, in order to enter the
CNS and initiate their immune attack during experimental auto-
immune encephalitis (EAE), a mouse model for human multiple
sclerosis (86). This entry appears to be an essential step in initiat-
ing the CNS immune response, because CCR6 receptor-deficient
Th17 cells that cannot cross the BCSFB do not induce EAE (86).
In mouse models for SLE, the cell adhesion molecules vascular
cell adhesion molecule-1 (VCAM-1) and intercellular adhesion
molecule 1 (ICAM-1) show elevated expression in the choroid
epithelium and promote large amounts of cellular infiltrates
(T and B cells) in the choroid (87, 88). The role of such infiltrat-
ing immune cells is still debated, but the BCSFB epithelium is
clearly activated and disrupted by increased cytokine expression
(87-90). However, the role of BSCFB during AE remains unex-
plored. It is possible that either B cells or antibodies may cross
this barrier more efficiently than the BBB to enter the CSE, but
data from either in vitro studies or animal models are currently
lacking (Figure 3A).

Olfactory Route

The proximity of the OB to the nasal mucosa makes it both a vul-
nerable niche to insult and infection of the brain and an attractive
option for delivery of therapeutics that cannot otherwise traverse
the BBB (91, 92). Many viruses and bacteria co-opt this olfactory
route for brain infection, and more than 40 substances have been
shown to enter the brain by this means (93, 94). Viruses, such as
Venezuelan equine encephalitis virus, initially infiltrate the CNS
via olfactory axons, then induce BBB permeability throughout the
brain to promote a second wave of infection, as virion particles
enter the brain from the circulation via the damaged barrier (95).

The neurotrophic Nipah virus also infects hamster olfactory sen-
sory axons, travels into the OB, and disseminates from olfactory
processing centers like the olfactory tubercle before spreading
throughout the brain (96). After an initial injury to nasal mucosa,
S. aureus infects olfactory sensory neurons and spreads to the OB
via the olfactory axons within 6 h (97). In addition to intranasal
pathogens, the olfactory route has been successfully used to deliver
drugs, large proteins, and stem cells into the brain (91), largely
due to rapid diffusion via cerebral perivascular spaces (98). Why
is the olfactory route so amenable for CNS delivery? This is due to
several factors: (1) diffusion across the heavily vascularized nasal
mucosa that also contains lymphatic vessels, (2) direct transport
by olfactory sensory axons into the OB, and (3) direct transport
by the trigeminal nerve into the brainstem. Although the nasal
mucosa is highly vascularized, the mean capillary density and
relative permeability to hydrophilic macromolecule tracers is
significantly greater in the respiratory epithelium of the nose
than in olfactory sensory regions (99). Thus, sensory regions of
the nasal mucosa may provide easier access to the brain due to
their relatively slower clearance rates into the bloodstream (99).
We have recently shown that GAS-specific Th17 lymphocytes and
other T cell subtypes generated in the olfactory cavity use the
sensory axon route to enter the CNS in an animal model for BGE
(Figures 2 and 3B). Because T lymphocytes are primarily found
in the outer nerve and glomerular layers within the OB, where
incoming sensory axons form synaptic connections with projec-
tion neurons, we propose that T cells travel along the sensory
axon route into the CNS (55). However, it is currently unclear
whether GAS-specific T cells passively move into the brain along
these sensory axons or are actively recruited into the brain by resi-
dent antigen-processing macrophages, microglia, or the olfactory
ensheathing glia, the last of which are known to phagocytose bac-
terial debris. Olfactory ensheathing glia guide olfactory sensory
axons toward their targets in the OB and thus may also serve this
role for GAS-specific T cells. Once in the brain, Th17 cells likely
persist due to high levels of CCR6 and LFA-1 signals, which are
required for CD4* T cells to remain in the CNS in the EAE model.
The olfactory route is also used by immune cells to exit the CNS
through the OB and drain into the deep cervical lymph nodes, in
order to dampen anti-CNS immune responses in the periphery
(100, 101). There are, however, no data on whether antibodies
use the olfactory route to gain access to the CNS from sites of
infection in the olfactory mucosa, especially for BGE associated

with i.n. GAS infections.

The BBB in Healthy and Inflamed CNS

The BBB achieves its selective permeability to proteins and
immune cells by the presence of (1) TJs that prevent paracellular
diffusion of small molecules and immune cells between endothe-
lial cells, (2) very few endocytotic vesicles that restrict movement
of large molecules through the transcellular pathway, and (3)
transporters that shuttle select nutrientsbetween the blood and the
brain (Figure 3C) (102). The junctional transmembrane proteins
claudin-3, -5, -12, and occludin are expressed at the barrier and
interact in a homotypic manner to form paracellular pores that
restrict diffusion between cells (Figure 3C) (102). Endocytotic
caveolae in the CNS endothelium provide an essential route
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FIGURE 3 | Antibody and immune cell access to the brain parenchyma via four distinct routes. (A) Systemic cytokines break down tight junctions (TJs)
within the brain—cerebrospinal fluid barrier to allow central nervous system (CNS) access of antibodies or immune cells. (B) Olfactory ensheathing glia facilitate
transport of IgGs or immune cells along sensory axons exiting the olfactory mucosa. (C) Inflammatory cytokines in the bloodstream damage TJs between
endothelial cells, thus allowing antibodies or immune cells (T or B cells) to enter the CNS. (D) F. receptor directionality reverses, shuttling IgG from vessels into brain
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for receptor-mediated transcytosis (102). This process requires
caveolin-1 (Cav-1), a transmembrane protein expressed at low
levels within CNS blood vessels. Cav-1 levels increase during BBB
breakdown following ischemic stroke, when enhanced transcyto-
sis initiates BBB dysfunction (103). Healthy BBB vasculature also
has low levels of leukocyte adhesion molecules such as VCAM-1,
ICAM-1, and ICAM-2, which are upregulated on CNS vessels
during neuroinflammation to promote T lymphocyte trafficking
into the parenchyma (104, 105).

Just as capillaries in the CNS possess unique characteristics as
compared to systemic capillaries, the BBB may be differentially
porous throughout the CNS. Several studies have suggested that
endothelial barriers in the brain and spinal cord are functionally
different. Blood-brain and blood-spinal cord barriers differ in
expression of some BBB-specific proteins and their functional
permeability. Endothelial cells in the spinal cord have decreased
expression of adherens junction (VE-cadherin; f-catenin) and TJ
(occludin, ZO-1) proteins, as well as increased permeability to
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small molecular weight tracers, compared to brain endothelium
(106). Endothelial cells in these two CNS regions also differ in their
affinities for immune cells. Encephalitogenic T cells in the cervi-
cal spinal cord rapidly arrest on the vasculature without crawling,
whereas they do not display this behavior on brain blood vessels
(104). Higher expression of sphingosine 1-phosphate recep-
tors in spinal cord ECs may facilitate preferential immune cell
infiltration as compared to other CNS regions during EAE (107).
Within the CNS, blood vessels in the OB and neurogenic niches
also have a relatively higher permeability as compared to other
CNS regions (excepting the circumventricular organs that have
leaky blood vessels); blood vessels in these regions become highly
permeable, in particular following viral infections (108-110), and
may predispose them to infiltration of immune cells or antibodies
in addition to viral particles.

Blood-brain barrier function can be impaired by several
factors including inflammatory cytokines, hormones (e.g.,
epinephrine), and substances of abuse (e.g., alcohol, cocaine,
and methamphetamine) (31, 102, 111). Several inflammatory
cytokines including IL-18, TNF-a, CCL-2, and IL-17A, which
are present in the CNS or blood during neuroinflammation,
affect the stability of the BBB by either degrading TJ proteins,
modifying their phosphorylation states, or affecting the turno-
ver rate (Figure 3C). IL-1f indirectly destabilizes the BBB by
inducing expression of matrix metalloproteinase-9 and VEGE,
two factors that promote degradation of Claudin-5, Occludin,
and ZO-1 (112, 113). TNF-a also induces formation of gaps
between cell junctions by upregulating transcription of NF-kB
and myosin light chain kinase, a factor known to internalize
TJ proteins via caveolae (114, 115). The chemokine CCL-2
produced by macrophages also enhances BBB permeability
by inducing phosphorylation of occludin and claudin-5 and
promoting their endocytosis via caveolae (116). IL-17 and
IL-22 produced by Th17 cells in EAE/MS are also known to
disrupt endothelial cell TJs (117). Although these cytokines
have been shown to disrupt barrier function during neuro-
inflammation, it is unclear whether they are present in AE.
Recent cytokine profiling of CSF from patients with viral and
autoimmune encephalitis revealed that several Thl cytokines,
such TNF-a, IFN-y, CXCL9, and CXCL10, are elevated during
viral encephalitis, but not in AE samples. In contrast, IL-6, a
cytokine essential for development of Th17 cells, is elevated
in all CNS autoimmune disorders (11). The predominant
mechanism for BBB disruption in our animal model for
S. pyogenes-induced BGE appears to be disruption of endothe-
lial TJs via formation of gaps and protrusions that enhance BBB
permeability and promote entry of autoantibodies into the CNS
(55). Although we cannot exclude other factors such as cytokines
released by activated microglia/macrophages that are present in
the CNS after multiple i.n. GAS infections (55), or the ability of
GAS antibodies to break down endothelial cell junctions, the
high degree of correlation between the presence of bacterial-
specific Th17 cells and BBB leakage suggests that IL-17 likely
contributes to BBB dysfunction in a similar fashion as in EAE/
MS (55, 115). S. pyogenes-specific Th17 cells are present in the
tonsils of human patients (55); however, it remains to be shown
whether they are important for human disease pathogenesis.

B cells can arrest along endothelial cell walls using the same
adhesion mechanisms as T cells (VLA-4- and ICAM-1-mediated
arrest and adhesion). In addition, B cells can infiltrate into the
CNS, by extravasation through disrupted TJs, reminiscent of
T cell entry across the BBB (118-120). However, the number of
B cells that has been reported to present in the CNS following
histological analyses of patients with GBS, BBE, MFS, or any of
the animal models of AE discussed above is indeed extremely
small compared to the number of T cells (77). B cells can infiltrate
the inflamed CNS in MS and SLE patients and form ectopic lym-
phoid structures, or cellular aggregates outside germinal centers,
which reinforce the immune response locally (90, 121-123). In
MS, B cells within cellular aggregates present antigens to T cells,
contribute to epitope spreading, and produce antibodies that
are detectable as oligoclonal bands in the CSF collected from
patients (123). However, studies using mouse models of SLE
have produced confounding results as to whether B cells that
are resident within the CNS secrete autoantibodies (89, 124). In
addition, there is scant evidence for B cell infiltration during AE.
Itis possible that these diseases are mediated by locally infiltrating
B or plasma cells (125), but firm evidence for CNS-resident B cell
populations is still lacking.

Endothelial cells are also highly vulnerable to endotoxins
secreted by infectious agents. Both antigenic surface proteins
on Gram-positive bacteria and lipopolysaccharide from Gram-
negative bacteria change endothelial barrier properties (126).
Environmental toxins and food additives can also increase
BBB permeability, as evidenced by serum protein leakage after
bis(tributyltin) oxide exposure (127). Finally, the gut micro-
biome may also affect the function of the barrier (128). Given
the presence of many anti-neuronal autoantibodies in circula-
tion, transient BBB permeability from any of these sources, or
reactivated F. receptor-mediated transcytosis through blood
vessels (Figure 3D), would provide opportunistic access to
brain targets. Pathological antibodies may also enhance BBB
permeability, promote production of inflammatory cytokines,
and stimulate adhesion and migration of immune cells across
the CNS. For example, anti-NR2 glutamate receptor antibodies
(anti-NR2) derived from patients with SLE promote expression
of both VCAM-1 and ICAM-1 and increase the production of
IL-6 in brain endothelium that promotes BBB inflammation
and changes to its permeability (129). Antibacterial antibodies
can also change endothelial barrier permeability; however it is
unknown whether this mechanism mediates antibody entry into
the CNS during AE. Furthermore, rare cases of GBS with CNS
lesions provide insight into how the same bacterial infection may
cause central as opposed to peripheral autoimmunity (77, 78).
CNS lesions in the brain (77, 78) and spinal cord (77), as well
as CSF pleiocytosis or excess protein (130), together with the
presence of immune cell infiltration in both CNS regions (77)
indicate immune involvement in GBS infections of the CNS.
Active forebrain lesions in the patient described by Okumura are
compelling evidence for a BBB breach (78). Cytokine-producing
CD4* and CD8* immune cells in the CNS were mostly confined
to dense clusters in the meninges and perivascular cuffs, but a
population of CD4* and CD8* T cells were found in the brain-
stem with a very few B cells intermixed in perivascular immune
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cell infiltrates (77). Therefore, brain lesions or T cell infiltration
into perivascular spaces may be important steps in breaching the
BBB and thereby providing antibody access to the brainstem, for
certain GBS subtypes.

TREATMENT OF AE SYNDROMES

The treatments currently employed for BGE focus on immu-
notherapy to weaken the autoimmune response. Screening for
cancer is essential in ruling out a neoplastic syndrome; if a
tumor is present, surgical interventions are effective in alleviat-
ing symptoms for 75% of NMDAR encephalitis cases. In cases
without a tumor, first-line treatment with immunotherapy
using high doses of corticosteroids, plasma exchange, and/or
IVIg improves patient outcomes in two-thirds of cases. Cases
that do not respond to primary immunotherapy receive treat-
ment with Rituximab (a monoclonal antibody that neutralizes
B cells, thereby halting antibody production) or cyclophospha-
mide (a potent immunosuppressant) (72). EEG monitoring
and antiepileptic treatments are frequently necessary in AE;
seizures are common with encephalitides of autoimmune and
infectious origin (13) and may trigger BBB leakage due to
release of the potent inflammatory cytokines IL-1 and TNF-«
from dying neurons. Controlling further seizures is para-
mount to stave off permanent damage, especially for pediatric
patients.

Encephalitis with an infectious trigger such as S. pyogenes
warrants primary treatment with antibiotics to eliminate the
latent infection (131). First-line treatment for SC or PANDAS,
both of which are associated with streptococcal infections,
centers on eliminating autoantibodies from circulation by
means of plasma exchange or plasma apheresis, coupled with
corticosteroid treatment. Plasma exchange shows promise as
a treatment option, but IVIg has only a minor effect (29, 30).
A recent double-blind clinical study of IVIg for 35 PANDAS
patients found no improvement compared to placebo after two
rounds of IVIg (132). Plasmapheresis is a beneficial, if inva-
sive, treatment option, with an average improvement of 65%,
6 months after treatment (30). Indeed, many immunotherapies
recommended for AE require several weeks or months to show
effectiveness.

Outcomes are generally good in younger patients, including
children. Young adult and pediatric autoimmune encephalitis
patients have a recovery rate of up to 80%, although improve-
ments continue slowly for up to 2 years. In patients who recovered
from NMDAR encephalitis, the relapse rate is around 25%, so
yearly screening for tumors is recommended after recovery
(133). After surgical excision of tumors, if warranted, following
up by treatment with immunotherapy leads to generally good
outcomes for NMDAR encephalitis. PANDAS patients typically
also recover after treatment and learn to manage their exposure
to S. pyogenes. Some patients continue prophylactic antibiotics to
minimize such exposure, sometimes for several years after their
most recent relapse.

For any type of AE, studying BBB function during both disease
initiation and periods of remission would greatly clarify the role
of the barrier over the course of disease and help inform treatment

options. MRI with gadolinium enhancement is a standard tool
for MS diagnosis and disease monitoring (102, 134) and is a
sensitive diagnostic tool for GBS. Based on our studies on the
animal model for S. pyogenes-induced BGE, we argue that MRI
with gadolinium enhancement may reveal latent BBB damage
in AE patients or foci of BBB damage (135-137). Our working
hypothesis that barrier breakdown is a crucial step during AE
pathogenesis would, therefore, be strengthened by evidence from
patient MRI with gadolinium enhancement or careful analysis
of BBB integrity using intravenous fluorescently labeled low- or
high-molecular-weight tracers in animal models for other types
of AE (55).

Future treatment avenues may rely on modulating BBB
permeability using biological or chemical therapeutics. One
exciting option is reactivation of signaling pathways that
normally function to form the BBB during development, in
order to repair the dysfunctional barrier during disease. The
barrier properties of CNS vessels develop prenatally in most
CNS regions for both mice and humans with the exception
of the retina, which vascularizes postnatally in mice. Wnt/f-
catenin signaling promotes both CNS angiogenesis and BBB
formation by production of Wnts from neural progenitors
(138-142). Wnts also induce expression of some EC-specific
proteins, including the glucose transporter Glut-1 and several
TJ components (138-142). Following angiogenesis, Hedgehog
signaling is required for acquisition of barrier properties in
CNS ECs, including expression of T] proteins occludin and
claudin-5 (142, 143). Mature blood vessels continue to respond
to Wnt and Shh cues, indicating that these pathways are active
in maintaining EC barrier properties (139, 142, 143). Recently,
Whnt signaling was reported to be upregulated in both EAE and
human MS lesions, correlating with increased neuronal Wnt3
expression and T] breakdown. Reactivation of Wnt signaling
in EAE may serve to repair the damaged BBB in inflammation.
Inhibition of Wnt signaling hastened disease progression and
resulted in increased numbers of CD4* T cells in the CNS (105).
Chemical modulators of Wnt signaling have been validated
in vitro and in rodent models of neuroinflammation (144, 145).
Translation of such therapies to clinical use could repair the
damaged barrier, translating to improved clinical outcomes in
AE patients by limiting influx of blood-borne immune cells,
cytokines, and/or antibodies.

CONCLUSION

Autoimmunity in the CNS remains confoundingly complex, in
both etiology and treatment. While triggers for AE are defined
in some cases, frequently, no clear infectious or cancerous cause
can be found. BBB integrity clearly plays a role in disease devel-
opment, and more research on differential barrier permeability
over the course of disease would resolve many questions about
autoantibody entry and pathogenesis. Animal models for these
diseases have the potential to uncover new routes of antibody
entry that are not apparent from patient imaging studies. Indeed,
infectious triggers themselves may have the inherent ability to
disrupt the BBB to allow access to brain antigens. By approaching
AE from several angles, a more complete picture of pathogenesis,

Frontiers in Immunology | www.frontiersin.org

25

April 2017 | Volume 8 | Article 442


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Platt et al.

Autoimmune Encephalitis and the BBB

contributions to symptom exacerbations, and recommended
treatment options will emerge.
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Autoimmune diseases are affecting around 7.6-9.4% of the general population. A num-
ber of central nervous system disorders, including encephalitis and severe psychiatric
disorders, have been demonstrated to associate with specific neuronal surface autoan-
tibodies (NSAbs). It has become clear that specific autoantibodies targeting neuronal
surface antigens and ion channels could cause severe mental disturbances. A number
of studies have focused or are currently investigating the presence of autoantibodies in
specific mental conditions such as schizophrenia and bipolar disorders. However, less is
known about other conditions such as depression. Depression is a psychiatric disorder
with complex etiology and pathogenesis. The diagnosis criteria of depression are largely
based on symptoms but not on the origin of the disease. The question which arises is
whether in a subgroup of patients with depression, the symptoms might be caused by
autoantibodies targeting membrane-associated antigens. Here, we describe how auto-
antibodies targeting membrane proteins and ion channels cause pathological effects.
We discuss the physiology of these antigens and their role in relation to depression.
Finally, we summarize a number of studies detecting NSAbs with a special focus on
cohorts that include depression diagnosis and/or show depressive symptoms.

Keywords: neuronal surface autoantibodies, neuropsychiatric disorders, depression, pathogenicity, immuno-
globulin, neurotransmitter receptor, ion channel, blood-brain barrier

INTRODUCTION

Neuronal surface autoantibodies (NSAbs) have been described mainly in autoimmune encephalitis,
a group of newly defined neuroimmunological disorders (1). Those autoantibodies target essential
neurotransmitter receptors, ion channels, or associated proteins on the membrane of neuronal
cells, such as N-methyl-D-aspartate receptor (NMDAR) (2), a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor (AMPAR) (3, 4), metabotropic glutamate receptor 1 (mGluR1) (5),
metabotropic glutamate receptor 5 (mGluR5) (6), GABAg receptor (GABAsR) (7), GABA, receptor
(GABAAR) (8-10), leucine-rich, glioma inactivated 1 (LGI1) and contactin-associated protein-like
2 (Caspr2) (11), dipeptidyl aminopeptidase-like protein 6 (DPPX) (12-14), and dopamine receptor
D, (D2R) (15). Antibody-positive cases are associated with a spectrum of neurological disorders
including limbic encephalitis, neuromyotonia, Morvan’s syndrome, epilepsy, and psychiatric disor-
ders (16-19).
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Depression is a psychiatric disorder with complex etiology
and pathogenesis. The International Classification of Diseases
and The Diagnostic and Statistical Manual of Mental Disorders
are widely used for the diagnoses of this disorder, based on
symptoms but not on the cause of the disease. There are several
theories about the causes of depression and immune dysregula-
tion is one of them. The relationship between the immune system
and depression has been widely discussed. To date, most research
has focused on pro-inflammatory cytokines and a few reviews
also propose a direct link between autoantibodies and depression
(20, 21). Studies investigating the presence of autoantibodies in
depression have focused in those targeting peripheral organs
like the thyroid and intracellular antigens such as antinuclear
antibodies and ribosomal-P antibodies (21-25). During the
past decade, it has become clear that NSAbs could cause severe
neuropsychiatric disorders. Since some of the NSAbs interfere
with neurotransmission pathways related to depression (26-28),
a subtype of depression may be caused by antibody-mediated
autoimmunity and, therefore, might potentially respond to
immunotherapy. In the current review, we summarize the litera-
ture about NSAbs in autoimmune encephalitis and psychiatric
disorders, with a special focus on what is known regarding NSAbs
in depression, evaluate the techniques used and how results can
be interpreted, and identify research gaps. Together, we aim to
provide insight into the potential role of NSAbs in depression
based on the function of relevant neurotransmitter receptors and
ion channels as well as autoantibody effector mechanisms.

HOW NSAbs REACH THE CENTRAL
NERVES SYSTEM (CNS)

Because neuronal surface proteins are the target of the autoanti-
bodies discussed in this review, it is important to first understand
how those autoantibodies get access to the CNS. Now it is widely
accepted that the CNS is targeted by the immune system, yet the
mechanism how autoantibodies go through the blood-brain
barrier (BBB) is still unclear. Under normal conditions, immuno-
globulins go through the BBB at a very low rate; a good example is
immunoglobulin G (IgG). IgG concentration in the cerebrospinal
fluid (CSF) is approximately 1% of the levels in the peripheral
circulation (29-31). This indicates that once the autoantibodies
reach the CNS they can cause disease as it has been observed in
autoimmune encephalitis. In certain situations, like inflamma-
tion, for example, during the group A Streptococcus infection,
specific Th17 cells could migrate into the brain through the
cribriform plate along olfactory sensory axons. The Th17 cells
expressed IL-17A which induced endothelial tight junction
breakdown, increasing BBB permeability and facilitating the
penetration of IgG in the brain (32). Additionally, the BBB may
become leaky because of stroke, brain trauma, hemorrhages,
microangiopathy, or brain tumors, and antibody penetration rate
might increase. In this regard, a study has reported that autoan-
tibodies to NMDAR (anti-NMDAR) seropositive schizophrenia
patients with a history of neurotrauma or birth complications had
more severe neurological symptoms than seronegative patients.
And intravenous injections of extracted Ig fractions (IgG, IgA,

or IgM) from anti-NMDAR seropositive patients to BBB leaky
(ApoE—/—) mice could induce a psychosis-related response
(33). A further study confirmed that APOE4 carrier status and
anti-NMDAR seropositivity together were significantly associ-
ated with schizoaffective disorder (34). Those results indicate the
importance of the BBB for anti-NMDAR-mediated pathology.

Besides, intrathecal synthesis is another possible source for
autoantibodies in the CNS. B-cells can migrate to the brain and
produce autoantibodies locally (35-37). This is also important
to keep in mind when thinking about therapy because any
potential drug against B cells has to pass the BBB to be effective.
The evidence is mainly from studies analyzing autoantibodies in
serum and CSF from encephalitis patients. It has been reported
that in some encephalitis patients, autoantibodies targeting
the NMDAR, AMPAR, GABA;R, DPPX, mGluR1, or mGluR5
were found only in the CSF (38). A postmortem study showed
the presence of CD138+ plasma cells in the brain of NMDAR
encephalitis patients, suggesting intrathecal synthesis of autoan-
tibodies (36). Intrathecal antibody synthesis was also described in
a case with autoantibodies against the mGluR1 where the patient
did not respond to immunotherapy, while serum antibody levels
dropped but CSF levels were still high (39). Other NSAbs, such as
autoantibodies to LGI1, Caspr2, glycine receptor, and GABA R
may, in rare instances, be identified only in serum but be absent
in CSF (38). However, if the autoantibodies are immunoabsorbed
by the antigen in the brain, they might still have effects and play
a pathogenic role even they are not detectable in the CSF (40).

IgG EFFECTOR FUNCTIONS

Antibodies (or Igs) are produced by plasma B cells. They are
defined as IgM, IgG, IgA, IgD, and IgE isotypes according to
heavy chain C domains. Different types of NSAbs (IgM, IgA, and
IgG) have been found so far; IgG autoantibodies are considered
the most pathogenic (1, 10, 33). IgG, composed of two paired
heavy chain and light chain, is the major antibody in body fluid
and a crucial player in the humoral immune response. In humans,
four IgG isotypes (IgGl-4) exist, which have different ability
to activate the complement system (41). IgG1-3 mediate pro-
inflammatory activities, while IgG4 also has anti-inflammatory
activities (42). The functions of IgG effector in myasthenia gravis
(MG) and other well-studied autoimmune disorders are sche-
matically illustrated in Figure 1.

Antigenic Modulation

Antibodies of the IgG1-3 subtypes are able to cross-link the anti-
gens because of their bivalent nature, whereas the IgG4 subtype
loses this ability after the fab-arm exchange with other unrelated
IgG4 molecules (43). Cross-linking autoantibodies are believed
to bring the antigens close together on the cell membrane and
promote the degradation of the ligand-receptor complex (44).
In the case of MG, antiacetylcholine receptor autoantibodies
(anti-AChR), mainly IgGl and IgG3, are able to cross-link
adjacent AChR molecules, leading to rapid internalization by
endocytosis and AChR degradation (45, 46). Previous studies
indicated that anti-NMDAR, IgG1-3, led to a reduction in the
synaptic and extrasynaptic receptors and further decreased the
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FIGURE 1 | Immunoglobulin G (IgG) autoantibody effector mechanisms.
Neuronal surface proteins like G-protein coupled receptors, ion

channels, and associated proteins can be the targets of autoantibodies.
(A) Autoantibodies can directly target surface proteins and induce their
internalization by cross-linking of the antigens. (B) Autoantibodies can

also target associate proteins and block protein—protein interaction.

(C) Autoantibodies (IgG3 > IgG1 > I1gG2) can activate the complement
system and form the membrane attack complex (MAC) leading to damage
of the membrane. (D) Autoantibodies binding to effector cell with Fc
receptors (FcRs) can trigger antibody-dependent cell-mediated cytotoxicity
(ADCC). (E) In addition, autoantibodies can be agonists or antagonists and
activate or block the function of membrane receptors.

synaptic plasticity and transmission (47-50). Anti-GABA4R,
IgG1 and IgG3, had a similar effect with a reduction of GABA,R
clusters in both synaptic and extrasynaptic areas (8-10). Also,
application of anti-AMPAR (GIuR1/2) to neuronal cultures
significantly decreased the number of AMPAR clusters at syn-
aptic and extrasynaptic areas by increasing the internalization of
AMPAR clusters; the IgG subclasses were not analyzed in these
studies (4, 51).

Complement Activation

IgG1-3 can activate the complement system by forming the
membrane attack complex (MAC) and leading to membrane
damage of targeted cells. Still in MG, anti-AChR binding to
AChRs, which are densely packed in the folds of the postsynaptic
membrane of the neuromuscular junction, results in a very high
density of AChR-bound autoantibodies and hence a very tightly
packed Fc region. The complement system is activated with high
efficiency and as a result, MAC is formed in the postsynaptic
membrane. Together with antigenic modulation, complement
activation causes severe endplate membrane damage (45, 52).
Brain biopsy findings support that complement activation and
MAC deposition happen associated with acute neuronal cell
death in anti-voltage-gated potassium channel (VGKC) complex
encephalitis and Rasmussen’s encephalitis (53, 54).

Antibody-Dependent Cell-Mediated
Cytotoxicity (ADCC)

Antibody-dependent cell-mediated cytotoxicity is the process
when cytotoxic effector cells of the immune system kill the
antibody targeted cell by the releasing cytotoxic granules or by
expressing cell death-inducing molecules. The process is acti-
vated when the Fc receptors (FcRs) on the effector cell surface
bind to Fc region of target-bound antibodies (IgG, IgA, or IgE
subtypes). Those effector cells include natural killer cells, mono-
cytes, macrophages, neutrophils, eosinophils, and dendritic cells.
In humans, the IgG1 subtype has the ability to strongly trigger
ADCC and is used widely in therapy for certain types of cancer
(55, 56). Neuromyelitis optica (NMO) is a severe inflammatory
demyelinating disease in CNS, and autoantibodies against aqua-
porin-4 (anti-AQP4), a water channel on astrocyte play a role in
the pathology of NMO by triggering complement activation and
ADCC (57). In vitro, NMO patient serum and CSF IgG induced
ADCC of glial cells transfected with AQP4 (58). In vivo, injec-
tion of anti-AQP4 produced large NMO lesions in mice, with the
loss of AQP4 and GFAP immunoreactivity, inflammation, and
demyelination. Those pathologies were largely reduced when
FcylIlI receptor deficient mice were used or when normal mice
were injected with Fcy receptor blocking antibody (59).

Loss of Receptor or lon Channel-

Associated Proteins

Autoantibodies can target receptor or ion channel-associated
proteins. As a result, the protein-protein interaction between the
receptor and the associated protein is interrupted with the con-
sequence that those receptors or ion channels become dysfunc-
tional. Autoantibodies to muscle-specific kinase (anti-MuSK) are
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another type of autoantibodies involved in the pathogenicity of
MG. Anti-MuSK (predominant IgG4) binds to an extracellular
epitope on MuSK at the neuromuscular junction, inhibits the
pathway involved in the clustering of the AChRs in the mem-
brane, and leads to failure of neuromuscular transmission (43).
Autoantibodies to LGI1, a VGKC complex-associated protein,
play a similar role, resulting in reduced VGKC function at CNS
synapses and increased cell excitability (60). Besides, anti-LGI1
also interferes with other surface receptors. LGI1 interacts with
the ADAM22/23, epilepsy-related transmembrane proteins, and
regulates AMPAR-mediated synaptic transmission in the hip-
pocampus (61, 62). Additionally, an in vitro study showed that
anti-LGI1 from encephalitis patients blocked the binding of LGI1
to ADAM?22 by neutralizing the ADAM22-binding domain of
LGI1. Theloss of LGI1-ADAM?22 interaction could further reduce
synaptic AMPAR, which indirectly associates with ADAM22
(63). Importantly, this indicates that besides their direct effect
on ion channel/receptors, autoantibodies may interfere with
protein—protein interaction and have consequences for synapse
formation, function, and maintenance.

Activation, Inactivation, and Functional

Receptor Blockage of the Receptors
Autoantibodies may activate, inactivate, or block ion channels
and neurotransmitter G protein-coupled receptors (64). Serum
IgG from MG patients has been shown to block the ACh binding
sites in cultured mammalian muscle cells (65) and caused acute
and severe muscle weakness in rodents, independent of inflam-
mation or necrosis (66). Autoantibodies against the y subunit
of the AChR which is only present in embryonic forms of the
receptor have been reported in some cases to block the AChR
function and cause arthrogryposis multiplex congenita (67).
Conversely, AChR antibodies can also induce prolonged open
time of the AChR leading to muscle weakness by excitotoxicity
at the neuromuscular junction (68). Anti-AMPAR (GluR3B
subunit) autoantibodies (anti-AMPA-GIuR3B) can activate
AMPAR that contains the GluR3B subunit, leading to the spon-
taneous occurrence of ion currents (69, 70). In an animal study,
anti-AMPA-GIuR3B produced following immunization with
the GluR3B peptide bonded cultured neurons, evoked GluR
ion channel activity, and killed neurons by “excitotoxicity” (71).
When autoantibodies target G-protein-coupled receptors, they
can interfere with signaling pathways, which might lead to slow
effector responses. An example is Graves’ disease, where autoan-
tibodies against the thyroid-stimulating hormone (TSH) receptor
stimulate the synthesis of thyroid hormone, which is produced
in excess and results in hyperthyroidism. Additionally, there are
anti-TSH receptor antibodies that block the signal transduction
and consequently reduce thyroid hormone production by target-
ing different epitopes of the receptor (72).

THE TARGETS OF NSAbs ARE RELEVANT
IN THE PATHOLOGY OF DEPRESSION

Monoamine imbalance is the main biochemical postulate
of depression. Both serotonergic neurotransmission and

dopaminergic neurotransmission play important roles in causing
depressive symptoms (73). Genetic studies suggest that poly-
morphisms within genes that encode for 1A serotonin receptor
(5-HT1A) and D4 dopamine receptor, increase the risk of major
depressive disorder (MDD) (74). 5-HT1A (75, 76) and D2DR
(77, 78) levels are decreased in this disorder and both are the
targets of several antidepressants (79).

Increasing evidence supports that glutamatergic and
GABAergic systems are also involved in depression (27, 28).
Glutamate is the predominant excitatory neurotransmitter in the
CNS (80, 81). Blockade of glutamate uptake from the synapse
has been reported to reduce sensitivity to reward, a symptom of
depression (82). Ketamine and other NMDAR antagonists have
antidepressant effects (83). Antidepressants such as imipramine
can enhance the synaptic expression of GluR1, a subunit of
AMPAR (84).

Interestingly, GABA concentration is reduced in cortical brain
and CSF in MDD and this deficit could be reversed by chronic
treatment with selective serotonin reuptake inhibitors and
electroconvulsive therapy (85-87). Studies reported that corti-
cal GABA(A)-benzodiazepine receptor complex affinity and/or
number were reduced in MDD. Additionally, mice heterozygous
for the y2 subunit of GABAAR (y2+/—) exhibited anxious—
depressive behavior (88, 89). In this model, GABA4R numbers
were unaltered, but had reduced benzodiazepine binding sites.

Thus, if the abovementioned neurotransmitter receptors or
relevant proteins are targeted by autoantibodies, including ion
channels and associated proteins, they could potentially cause
depression-like symptoms. Below, we summarize NSAbs that
target antigens which are relevant in the pathology of depression
(for an illustration see Figure 2).

EVIDENCE OF NSAbs IN DEPRESSION

Anti-Glutamate Receptor Autoantibodies
Anti-NMDAR
The NMDAR, as an ionotropic glutamate receptor, contains two
GluN1 and two GluN2 (A-D) subunits (alternatively called NR1
and NR2) forming heterotetramers. The subunit GIuN2 can be
replaced by the GluN3 (A/B) subunit, which has an inhibitory
effect on receptor activity (90, 91). NMDAR has a variety of physi-
ological roles and any dysfunctions, either enhanced or decreased
activity, may result in neuropsychiatric disorders such as schizo-
phrenia, bipolar disorder, MDD, substance-induced psychosis,
Huntington’s disease, Alzheimer’s disease, and neuropsychiatric
systemic lupus erythematosus (NPSLE) (92). In addition, higher
gene expression levels of NR1 and NR2 (A-D) are detected in
female patients with MDD (93). Prolonged inhibition of the
NMDAR by phencyclidine leads to memory loss, thought dis-
order, depression, and personality changes (94). Antagonists of
the NMDAR like ketamine also have rapid antidepressant effects
(95, 96). All in all, these studies suggest that NMDAR plays a
critical role in psychiatric disorders including depression.
Anti-NMDARs in autoimmune encephalitis were first
described in three patients with ovarian teratoma and commonly
presenting with psychiatric symptoms followed by neurological
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FIGURE 2 | Neuronal surface autoantibodies target neuronal receptors, ion channels, and/or associate proteins that commonly affect GABA and glutamate
transmission in the brain. (1) GABA receptor activation causes chloride anions influx and potassium flow-out, resulting in the hyperpolarization of the postsynaptic
neurons. Autoantibodies to GABAa or GABAg receptors cause internalization of those membrane proteins and block the GABA transmission, leading to excitation of
the postsynaptic neurons. (2) Glutamate receptors activation causes polarization of the postsynaptic neurons by positive ions (Ca2+, Na+, K+) influx. Autoantibodies
to NMDA and AMPA receptors drive internalization of those receptors and block the glutamate transmission. (3) Potassium channels can be activated by GABAs
receptors through G proteins. Some proteins like leucine-rich, glioma inactivated 1 (LGI1) and contactin-associated protein-like 2 (Caspr2), contactin 2, ADAM22,
and ADAM23 are associated with voltage-gated potassium channels (VGKCs). LGI1 can enhance AMPA receptor-mediated synaptic transmission by binding to
ADAM22. Autoantibodies target to those associate proteins would cause VGKCs or AMPA receptor dysfunction (Elements are partly adapted from Servier Medical

Art. http://smart.servier.com/).

manifestations including seizures, movement disorder, and
dysfunction of the autonomous nervous system (2). The meth-
ods used for detection were immunohistochemistry (IHC) on
rat brain tissues, immunocytochemistry on live hippocampal
neurons, and fixed cell-based assay (CBA). The autoantibodies
identified were present both in CSF and serum. Later studies
revealed that the extracellular N-terminal domain of the NR1
subunit is the main epitope of those autoantibodies (97). A
case series showed that in more than two-thirds of cases with
NMDAR encephalitis patients were initially seen by psychiatrists
or admitted to psychiatric centers because they showed promi-
nent psychiatric symptoms including anxiety, agitation, bizarre
behavior, delusional or paranoid thoughts, and visual or audi-
tory hallucinations (98). Consequently, researchers broaden the
search for anti-NMDAR to psychiatric disorders, mainly first
episode psychosis. Bipolar and MDDs were usually included
as psychiatric disorder controls. One meta-analysis indicated
higher odds of anti-NMDAR in psychotic and affective disorders
(99). An affective disorder cohort consisting of 148 patients was
screened for anti-NMDAR, in which 24 (16.2%) were seroposi-
tive (5 were IgG, 15IgA, and 7 IgM). The prevalence in this cohort
was higher than in healthy controls (10.8%) (34). In this study, the
method used was fixed CBA and the dilution of serum used was
from 1 in 10 and titers for positive cases were double-determined
in two laboratories. The results have been criticized because of
the much higher prevalence of anti-NMDAR in healthy control
than in other groups’ study results (34, 100, 101). Further com-
plementary investigations, using a dilution of 1:320, identified a
lower percentage of positive individuals in a cohort of depression

patients. Anti-NMDAR (IgG, IgA, and IgM) were found to be
4.1% in depression, still higher than healthy control (1.7%) at
the significant level (33, 99). The author explained the increased
number of seropositive anti-NMDAR cases in affective disorder
cohort by the fact that the mean age of the affective disorder group
was higher than in the control group (autoantibody prevalence is
generally increasing with age) (33). Another study using same
methods found 10.6% (1.9% IgG) positive for anti-NMDAR
affective disorder cohort (n = 310) but no significant difference
for healthy control (102). Additionally, another study analyzed
a depression cohort (n = 70) and found two (2.9%) seropositive
patients for NMDAR (both IgA) and one seropositive (0.4%)
(IgM) result in a healthy control (n = 230), so none of them were
IgG (101). The experiment was replicated and higher numbers of
seropositive cases were found both in healthy controls and the dis-
ease groups (103). Early studies by Dickerson et al. (104) (ELISA,
peptide of NR2, n = 28) and Zandi et al. (105) using variations
of the methodology (live CBA) did not report any positive results
in depression cohorts. Passive transfer of anti-NMDAR (NR1) to
mice could cause depressive-like symptoms (106). However, the
correlation of symptoms in animal models with those observed
in humans needs to be further demonstrated (107).

In contrast to anti-NMDAR in autoimmune encephalitis
which mainly targets the NR1 subunit, Lapteva and colleagues
found that autoantibodies targeting the NR2 subunit of NMDAR
were associated with depression in systemic lupus erythematosus
(SLE) patients (108). In fact, anti-NR2A/B autoantibodies were
thought to be a subset of the anti-double-stranded DNA (dsDNA)
antibodies (109). The epitope identified to be targeted by the

Frontiers in Immunology | www.frontiersin.org

July 2017 | Volume 8 | Article 752


http://smart.servier.com/
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Zong et al.

Neuronal Surface Autoantibodies in Depression

antibodies in this study was a pentapeptide Asp/Glu-Trp-Asp/
Glu-Tyr-Ser/Gly. This sequence present on the NR2A/B subunit
is a mimotope of anti-dsDNA. This was confirmed by showing
that affinity-purified antibodies from SLE patients targeting this
peptide also bind to dsDNA (109, 110). Moreover, those autoan-
tibodies mediated apoptotic death of neurons in vivo and in vitro
(109). Several studies have investigated the role of anti-NR2 in
NPSLE and found that the antibody may lead to dysfunction of
NMDAR in vitro and that passive transfer of anti-NR2 in animals
induced neuronal apoptosis and affects animal memory and
cognitive ability (111, 112).

Anti-NMDAR autoantibodies in depression are still question-
able since most of these studies considered the depression cohorts
as control groups and numbers were relatively small. Variations in
the methodology make it difficult to compare results from differ-
ent groups, which is a common fact that should be kept in mind
through this review. In particular, the methodology varies among
studies (CBA or ELISA), or the same methodology is used with
different experimental conditions (fixed or live CBA) by different
groups, different subunits of the antigens are employed (NR1,
NR1, and NR2a/b together in CBA, NR2 peptide in ELISA),
different body fluids (serum, plasma, or CSF), different immuno-
globulins detected (IgG, IgA, and/or IgM) and different dilutions
of the sample used (from 1:10 to 1:320) (17).

Anti-AMPAR

AMPAR is another ionotropic glutamate receptor which medi-
ates the fast excitatory neurotransmission in the CNS (113). The
majority of AMPAR are tetramers composed of two GluR2 and
either two GluR1, three, or four subunits that combine in a brain
region-dependent manner (114, 115). GluR1/2 and GluR2/3
receptors are highly expressed in the synaptic CA3-CA1 areas of
the hippocampus. Besides, they are also expressed in cerebellum
and caudate putamen (116).

Lai and colleagues first reported autoantibodies to AMPAR
(GluR1 and GluR2 subunits) in limbic encephalitis (4). The
clinical features of this type of autoimmune encephalitis are
short-term memory deficits, emotional/behavioral changes,
and seizures, frequent association with paraneoplastic disease,
treatment responsiveness and has a tendency to relapse (4).
GluR3 has been identified as an autoantigen in Rasmussen’s
encephalitis in which the clinical characteristics of these
patients were mainly epilepsy and language problems (117, 118).
An anti-AMPAR (GluR1)-positive case was reported with
breast ductal infiltrating adenocarcinoma that showed behav-
ioral changes, depressed mood, and memory loss during the
process of the disease without seizures (3). In contrast, screen-
ing for anti-AMPAR (GlIuR1 and GluR2) in a depression cohort
(n < 380) by fixed CBA using 1:10 diluted serum did not report
any positive cases (101, 102).

Anti-GABA Receptor Autoantibodies
Anti-GABAA Receptor

GABAAR are ionotropic receptors and GABA is the ligand.
There are several subunit isoforms (o, f, and y) for the GABA4R,
which determine the receptor’s agonist affinity, chance of open-
ing, conductance, and other properties. Subunits of GABAAR

have a different distribution in the brain and may respond with
a different sensitivity to GABA, leading to a different function.
A decline in GABAR signaling triggers hyperactivity in neuro-
logical disorders such as insomnia, anxiety, and epilepsy.
Autoantibodies to GABA4R were recently identified in auto-
immune encephalitis. The clinical features varied in different
studies. Petit-Pedrol et al. reported a series of 18 patients with
anti-GABAAR, of whom 6 had high titer antibodies detected both
in blood and CSF and showed severe encephalitis and refractory
seizures (8). The other 12 patients with lower titers in serum had
different diagnoses. Six showed encephalitis with seizures, four
had stiftf-person syndrome, and two had opsoclonus-myoclonus.
Anti-GABAR in lower titers was also found in 5 of these 12.
The autoantibodies targeted al and 3 subunits and caused selec-
tive reduction of the synaptic GABA4R (8). Two anti-GABAAR
encephalitis patients were reported and their autoantibodies
targeted the B3 subunits (9). Later, a study identified the main
antigens as «1/y2 in a group of patients with seizures and cogni-
tive or neuropsychiatric problems. Some of these patients had
mood changes (2 in 11 showed depression symptoms and the
autoantibodies targeted to al or undefined; 3 showed anxiety and
the autoantibodies targeted to a1, y2, or undefined subunits) (10).
A cohort of purely depression disorders has not been tested so far.

Anti-GABAgs Receptor

GABA; receptors are metabotropic transmembrane receptors
that are linked to G-protein-gated potassium channels (119).
There are two GABAsR subtypes, GABAsR and GABARR,
assembling into functional heterogenic complexes (120, 121).
GABAg R(—/-) mice, which lack functional GABA(B) receptors,
showed more anxiety and decreased immobility (antidepressant-
like behavior), and GABAgR selective antagonist CGP56433A
showed antidepressant effects as well (122).

Autoantibodies to the GABAgR (anti-GABAgR) were reported
in limbic encephalitis (15 in 410 cases) (7). In all patients, autoan-
tibodies to GABA;R targeted the GABAg R and only one targeted
GABAGg,R additionally (123, 124). If anti-GABAR inactivates
synaptic and extrasynaptic GABAR, it could potentially cause
anxiety but not depression. Additionally, one anti-GABAgR (B1/
B2) positive patient was found in a depression cohort (n < 310)
by fixed CBA using 1:10 diluted serum with all the controls being
seronegative (n > 1,693) (102). To date, there are only limited
studies that focus on this antigen and further investigations
should be performed to extend the knowledge about GABAsR
autoantibody effector mechanisms.

Anti-Monoamine Receptor Autoantibodies
Anti-5-HT1A Receptor and anti-D2 Antibodies

The 5-HT1A receptor is a subtype of serotonin receptor expressed
widely in the limbic system and has implications in the control of
mood, cognition, and memory (125). D2R is a dopamine receptor
and has long isoforms (located mainly on the postsynaptic mem-
brane) and shortisoforms (mainly on the presynaptic membrane),
coded by alternative splicing of the same DRD2 gene (126). It is
highly expressed in basal ganglia and also cortex, hippocampus,
and in substantia nigra and is involved in synaptic plasticity
and memory formation (127). Both receptors are coupled with
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G-proteins that inhibit adenylyl cyclase, as well as other second
messenger cascades (125, 128).

The presence in serum of IgG autoantibodies against 5-HT1A
(anti-5-HT1A) and dopamine receptor D, (anti-D2R) in psychi-
atric disorders was studied by radioimmunoassay (RIA) (129).
7.9% of the mood disorder patients including 33 MDD had anti-
5-HT1A and 9.5% had anti-D2R compared to healthy controls
which were seronegative for these autoantibodies. Anti-D2R
was significantly associated with the severity of guilt feeling and
depressive mood. To our knowledge, no further experiments have
been reported detecting or investigating the role of anti-5-HT1A
in psychiatric disorders.

Immunoglobulin G autoantibodies against D2R were identi-
fied by flow cytometry CBA with a cutoff at three SDs above the
control mean using transfected HEK cells in a subgroup of chil-
dren with basal ganglia encephalitis (15). 12 of 17 children (aged
0.4-15 years, nine males) with basal ganglia encephalitis had anti-
D2R, compared with 0 in 67 controls. The 12 anti-D2R-positive
patients had movement disorders and psychiatric disturbance
characterized by Parkinsonism, dystonia, chorea, emotional
lability, attention deficit, and psychosis. A later study showed a
specific and significant reduction of D2R when transfected cells
were incubated with anti-D2R, and the extracellular N-terminus
of D2R was revealed as the main immunogenic region (130). 3
anti-D2R-positive cases out of 43 were reported in first episode
of acute psychosis in children and the 17 controls studied were
seronegative (131). This is the first report of serum IgG autoan-
tibodies to surface D2R in pediatric patients with isolated psy-
chosis. And three of the patients were previously diagnosed with
other types of mental disorders: one patient had attention-deficit/
hyperactivity disorder, behavior disorder, one had depression and
anxiety, prematurity, and one had anorexia nervosa (131).

Anti-VGKC Complex and Associated

Protein Autoantibodies

Anti-LGI1, Anti-Caspr2, and Anti-DPPX

Voltage-gated potassium channels, typically formed by four dif-
ferent o subunits (there are 40 o subunits known), each associated
with a f} subunit (more than 12 § auxiliary proteins to o subunits),
play a crucial role in returning the depolarized cell such as neurons
to a resting state (26, 132). Typically, they are tetramers of four «
subunits arranged as a ring, each contributing to the wall of the
transmembrane K+ pore. Additionally, there are other associated
proteins like LGI1, Caspr2, contactin 2, ADAM22,and ADAM23,
which can affect the function of VGKC and AMPAR (mentioned
in the antibody effector function section) (133).

Autoantibodies to the VGKC complex (anti-VGKC complex)
have been known for a long time and are involved in the patho-
genesis of neuromyotonia, Morvans syndrome, epilepsy, and
limbic encephalitis (26, 134, 135). In recent years, researchers
identified by CBA and IHC that the VGKC-associated proteins
LGI1 and Caspr2 are actually the main targets in autoimmune
encephalitis. Kv4.2, a subtype of VGKC, is widely expressed in
the CNS and autoantibodies directed against DPPX (an auxiliary
subunit of Kv4.2 channels) (anti-DPPX) was also identified, yet
in approximately 19% of the seropositive cases for the VGKC
complex by RIA the antigen/s remain unknown (11, 14). Epilepsy

and limbic encephalitis are more frequently related to anti-LGI],
while peripheral nerve hyperexcitability disorders, like Morvan’s
syndrome, are more common in anti-Caspr2-positive cases
(136). Anti-LGI1 patients present a clinical spectrum of confu-
sion, depression, paranoia, behavior disturbances, visual hal-
lucinations, and dementia at onset of the disease (137-139). Two
seropositive (one IgG type) anti-Caspr2 were found in a cohort
of 310 patients with affective disorders, while in the same study,
no anti-LGI1 and anti-DPPX seropositive cases were reported
(102). The largest described cohort of anti-DPPX (IgG)-positive
patients consisted of 20 cases. Those sera or CSF-positive cases
were found in patients referred for evaluation of paraneoplastic
neurologic autoimmunity (totally tested 83) and 41,812 samples
submitted for evaluation of neural autoantibodies (0.02% posi-
tive anti-DPPX). Out of the 20 anti-DPPX-positive patients, 20%
showed depressive symptoms (14).

TAKE-HOME MESSAGE

Although an increasing number of studies have substantially
improved our knowledge on autoimmunity in the CNS, still large
controversy exists, especially due to the variation in the meth-
odology used. Also, our knowledge is largely based on findings
from autoimmune encephalitis cohorts. There are several meth-
odological aspects which have to be considered when detecting
NSADs in psychiatric disorders, especially in depression or other
mood disorders. First, the antigens targeted by the autoantibod-
ies can be composed of several subunits. Autoantibodies against
each of the subunits can have different clinical significance and
implications (1). A good example is the detection of NMDA NR1
antibodies and N2A/B antibodies. Anti-NR1 is believed to be
pathogenic in NMDAR encephalitis (97). However, anti-N2A/B
plays a role in NPSLE (108). When autoantibodies target differ-
ent subunits of other glutamate receptors or GABA receptors,
they may cause different clinical symptoms. At the same time,
most NSADs target epitopes only if the antigens are expressed in
their native conformation. Techniques like CBA, IHC of brain
sections optimized to detect membrane proteins (rodent), and
immunocytochemistry of cultures of rodent live hippocampal
neurons fit this requirement. Third, different concentrations of
the same autoantibody might have different effects and biological
relevance. For example, high titers of anti-GABA4R are specific
for severe encephalitis and refractory seizures patients and low
titers present in a broad range of neurology disorders and may
lack specificity (8). Another aspect which needs to be taken into
account is the value of serum and CSF for detecting autoanti-
bodies. The use of CSF for detecting NSAbs in depression has
not been evaluated to date. Finally, NSAbs should be tested in a
“panel’, rather than a single one because of the overlap between
symptoms and signs of different autoimmune encephalitis and
psychotic disorders (140). Also, the coexistence of several NSAbs
may occur in individual patients and cause combined manifesta-
tions (9, 141, 142).

To summarize, NSAbs, targeting important neuronal recep-
tors or interfering with ion channels and associated protein func-
tion, are responsible for psychiatric symptoms in autoimmune
encephalitis cases. At the moment, several studies reported the
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presence of anti-NMDAR (NR1 and NR2B), anti-5-HT1A, and
D2R in depression cohorts. However, due to the heterogeneity
of the methodology, variation in the samples used, and the lim-
ited cohort size, there is insufficient evidence to support those
NSAbs can cause depression without other obvious neurological
symptoms. In the future, large cohorts, longitudinal studies need
to be performed using sensitive, quantitative, and reproducible
methods without loss of antigen conformation. Finally, analysis
of autoantibodies targeting neuronal surface antigens relevant to
the pathology of depression should be performed.
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It is being increasingly recognized that a dysregulation of the immune system plays a
vital role in neurological disorders and shapes the treatment of the disease. Aberrant
T cell responses, in particular, are key in driving autoimmunity and have been traditionally
associated with multiple sclerosis. Yet, it is evident that there are other neurological
diseases in which autoreactive T cells have an active role in pathogenesis. In this review,
we report on the recent progress in profiling and assessing the functionality of autore-
active T cells in central nervous system (CNS) autoimmune disorders that are currently
postulated to be primarily T cell driven. We also explore the autoreactive T cell response
in a recently emerging group of syndromes characterized by autoantibodies against
neuronal cell-surface proteins. Common methodology implemented in T cell biology is
further considered as it is an important determinant in their detection and characteriza-
tion. An improved understanding of the contribution of autoreactive T cells expands our
knowledge of the autoimmune response in CNS disorders and can offer novel methods
of therapeutic intervention.

Keywords: autoreactive T cells, central nervous system autoimmune diseases, neuroimmunology, autoantibodies,
multiple sclerosis, T cell detection

INTRODUCTION

Autoimmunity is believed to be the underlying cause in a growing number of neurological disorders.
Although the precise mechanisms that trigger autoimmunity have not been fully elucidated, it is
known that a dysregulation in T cells is a key component, given their constitutive role in immunosur-
veillance (1). The archetypal neurological disease mediated primarily by T cells is multiple sclerosis
(MS) (2, 3). It has been studied extensively for many years in both humans and animal models, and
an informed understanding of MS has laid the groundwork for further studies in other suspected
autoimmune neurological disorders. In particular, Rasmussen’s encephalitis (RE) (4) and a spectrum
of paraneoplastic syndromes (5, 6) are hypothesized to be T cell driven. In other disorders, like
amytrophic lateral sclerosis (ALS), T cells may conversely play a neuroprotective role (7). In addition
to a dysfunctional cellular immunity, effector molecules of humoral immunity, such as autoanti-
bodies, may concomitantly participate in autoimmunity. Although paraneoplastic syndromes have
been associated with specific autoantibodies, the search for autoantibodies in autoimmune central
nervous system (CNS) diseases such as MS, RE, and ALS is still ongoing.

Indeed, in recent years, a growing number of autoantibodies targeting neuronal receptors
or synaptic proteins of the CNS are proving to be useful biomarkers of various neurological
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diseases treatable with immunotherapy (8-15). This has spurred
intensive investigations to understand the mechanisms behind
autoantibody responses, with emerging evidence suggesting a
pathogenic role. However, it is well established that the produc-
tion and sustenance of immunoglobulin-G (IgG) autoantibodies
and autoantibody-producing B cells necessitates the involve-
ment of T cells reactive against a shared protein antigen (16-19).
Although this aspect of adaptive immunity has been explored less
thoroughly in autoantibody-associated neuroimmune disorders,
this premise has broadened studies to focus on cellular responses
in the following autoantibody-associated diseases: neuromyelitis
optica (NMO), acute disseminated encephalomyelitis (ADEM),
stiff person syndrome (SPS), and anti-N-methyl-D-aspartate
receptor (anti-NMDAR) encephalitis.

In this review, we explore the accumulating evidence of cel-
lular immune responses in various disorders of the CNS that are
predominantly T cell-driven, as well as the more newly classified
group of autoantibody-associated syndromes. In particular, we
focus on findings in humans, as many studies conducted in
animal models are reviewed elsewhere or have been recently
reviewed (1, 20-23). Common methods implemented in the
study of T cell biology are also evaluated.

IMMUNOSURVEILLANCE OF T CELLS
IN THE CNS

The CNS has been traditionally viewed as an immune privilege
site that is inaccessible to T cells and other immune cells. However,
it is now well recognized that T cells actively survey the CNS in
the healthy state to ensure host defense against infections. Central
and effector memory T cells constantly patrol the brain and spinal
cord for pathogens via the cerebrospinal fluid (CSF) that bathes
these structures (24-26). In fact, around 80% of immune cells
in the CSF are T cells (27). As they travel through the subarach-
noid space between the meninges, T cells interact with resident
antigen-presenting cells (APCs) to sample antigens, including
parenchyma-derived antigens in the interstitial fluid that drains
into the CSF (28). Memory T cells can then be restimulated upon
recognition of a pathogen as part of the host response.

Moreover, recent evidence confirms the presence of lymphatic
vessels within the meninges of healthy mice that resemble tradi-
tional lymphatic vessels found in the periphery, both structurally
and functionally (29, 30). These meningeal vessels line the dural
sinuses and drain cells and fluid of the subarachnoid space directly
into the deep cervical lymph node. Notably, T cells were identi-
fied in these meningeal lymphatics (30), indicating a travel route
between the CNS and lymph nodes in the steady state. Together,
this refutes previous notions that immune cell entry into the CNS
was restricted by the apparent absence of lymphatic drainage, and
further supports the concept of immunosurveillance by T cells
in the CNS.

Although the blood-brain barrier (BBB) and blood-CSF
barrier shielding the CNS were seen to be another mechanism
exempting the CNS from immune monitoring, various adhesion
molecules on their surface enable T cell migration. Egress from
the blood to the CSF is dependent on the expression of P-selectin

in choroid plexus stroma vessels and meningeal vessels (24, 31).
In addition, the interaction of a4p1 integrin with vascular cell
adhesion molecule 1 (VCAM1) on endothelial cells of the BBB
is important in facilitating T cell movement into the perivascular
space, as evidenced by the efficacy of natalizumab in reducing
inflammation in MS (32-34).

As will be discussed later, the importance of immunosurveil-
lance in maintaining homeostasis in the CNS is particularly
evident when it is disrupted by immunosuppression. Under
immunosuppression, the mobilization of immune cells into the
CNS is hindered, making the body more susceptible to opportun-
istic infections by agents such as, JC polyoma virus (JCV), herpes
simplex virus, toxoplasmosis, and Cryptococcus (35-37). With
the host immune response dampened and the CNS unguarded,
the pathogenic response goes unchecked, leading to potentially
fatal diseases.

T CELL-MEDIATED CNS DISEASES

Multiple Sclerosis

Multiple sclerosis is a common chronic inflammatory disease
of the CNS resulting in the demyelination of neurons. Damage
to the myelin sheath surrounding neuronal axons leads to the
progressive loss of neurological function and affects over two
million people globally (38, 39). The majority of MS patients
(85%) experience a relapsing-remitting disease course (40),
who can transition into a secondary progressive disease form
after approximately 10 years of primary disease (41, 42). The
remaining 15% of patients follow a primary progressive disease
course characterized by a steady decline in neurological function
from the initial attack (38). Lesions, or plaques, are traditionally
thought to present in the white matter of the brain and spinal
cord. However, recent studies have shown gray matter lesions to
accrue through the MS disease course and dominate in progres-
sive disease (43-49).

The current consensus argues in favor of MS as an autoim-
mune disease mediated by self-reactive, myelin-specific T cells
(1, 38, 46), with additional components of genetic susceptibility
and environmental factors (41, 50). In terms of genetic suscepti-
bility, MS has been strongly associated with different HLA class I
haplotypes, including HLA-DR15 and HLA-DQ6, although their
contributions to clinical disease have yet to be uncovered (51-53).
It is hypothesized that these MHC molecules are able to present
target autoantigens to autoreactive components of the adaptive
immune system (54, 55). Several immune system genes have also
been implicated in MS disease susceptibility, including those that
code for IL-17 and IL-2 receptor (51, 52).

However, genetics only partially contribute to the risk of MS
disease development. A significant proportion of disease risk can
be directly correlated with various lifestyle and environmental
factors including vitamin D deficiency, Epstein-Barr virus (EBV)
infection, and smoking (56, 57). Epidemiological studies show
that there is a strong association between MS prevalence and the
angle of latitude. This trend may be attributed to exposure to solar
radiation and vitamin D, with vitamin D-deficient individuals
more prone to developing disease (58, 59). Several studies have
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also shown that MS patients with lower serum levels of vitamin
D to be more susceptible to relapses (60-63). Additionally, EBV
infection has been strongly linked to MS disease initiation (64).
While up to 95% of the general population is seropositive for the
virus by early adulthood, the risk of MS will be 15 fold greater
in the seropositive population than the seronegative cohort
(65). Certain sequences of EBV have been hypothesized to share
homology with components of the CNS, suggesting that MS
autoimmunity may be initiated by molecular mimicry (66, 67).

The MS autoimmune hypothesis is supported by the pre-
dominant presence of activated T cells in active plaques (41, 50, 65,
68-70). Myelin-specific T cells are first activated in the peripheral
compartment, after which they cross the BBB into the CNS as they
gain the expression of the appropriate adhesion molecules and
homing receptors (55, 71). Once inside the CNS, T cells are then
reactivated by CNS autoantigens presented by CNS-resident APCs,
contributing to the clinical disease and demyelination (72, 73).

CD4" T cells have been the focus of MS autoimmunity for
decades, as MHC class II-restricted T cells are preferentially acti-
vated by EAE disease induction (38). Self-reactive CD4* T cells
have been shown to recognize proteins of the myelin sheath,
including myelin basic protein (MBP) (74, 75), myelin-associated
glycoprotein (MAG) (76, 77), and myelin oligodendrocyte gly-
coprotein (MOG) (78) in both MS patients and healthy donors
(69). However, CD4" T cells in MS patients display an activated
or memory phenotype with increased avidity to myelin proteins,
compared to naive myelin-specific CD4* T cells isolated from
controls (79-82). Previously, myelin-specific CD4* T cells in MS
were thought to contribute to Thl-mediated inflammation, in
contrast to the Th2-mediated response of myelin-reactive T cells
isolated from healthy donors (83, 84). However, recent studies
have demonstrated the importance of IL-23 in MS. IL-23 is neces-
sary for the regulation of the proinflammatory IL-17-secreting
Th17 cell lineage, which have been described as the pathogenic
mediators of several autoimmune diseases (85-87). This is
supported by the upregulation of IL-17 gene expression in the
brain lesions of MS patients as measured by microarray analysis
(88, 89). The levels of Th17 cells in the CSF of relapsing MS
patients were elevated in comparison to non-inflammatory neu-
rological disease controls, whereas there were no differences in
the percentages of IFN-y-secreting Th1 cells (90). Th17 cells were
also raised in the peripheral compartments of MS patients during
relapses, implicating their possible relevance to disease activity
(91, 92). Th17 cells were additionally demonstrated to home to
active regions of lesions and areas of inflammatory demyelina-
tion, and are a major constituent of perivascular cuffs (93). The
high expression of granzyme B by myelin-specific Th17 cells
also promotes the death of human neurons (94). These works
combined strongly insinuates Th17 cells as a potential mediator
of MS pathogenesis.

The focus of research in MS has recently shifted from a pre-
dominantly CD4* T cell field to include CD8* cytotoxic T cells as
a novel effector cell type in MS pathology (95, 96). CD8* T cells
have been shown to outnumber CD4* T cells in MS plaques
up to 10-fold at all stages of disease progression (47, 97-100).
Oligoclonal expansion within the CD8" T cell compartment is
elevated compared to CD4" T cells in lesions, CSE and peripheral

blood of MS patients (95, 96, 101). In contrast to its constitutive
low expression in the CNS, MHC class I is highly upregulated on
neurons and glial cells within MS lesions, which proposes that
CD8* T cells may be interacting with these cells (100, 102, 103). A
significant number of activated or memory CD8* T cells are capa-
ble of secreting the proinflammatory cytokine, IL-17, similar to
the Th17 cells mentioned earlier (93). Histological analysis of MS
lesions has also revealed that granzyme B-positive CD8* T cells are
often located adjacent to regions of demyelination (47, 104, 105).
Expectedly, the levels of CD8* T cells within lesions have been
positively correlated with the magnitude of axonal injury (106).
These findings encourage the hypothesis that CD8* T cells play
arole in the demyelination of axons in MS lesions.

The monoclonal antibody natalizumab is successfully used
as an immunosuppressant in diseases such as MS. Natalizumab
therapy is administered to MS patients who are unresponsive to
first-line immunotherapies, as well as those with severe clinical
disease (107). It has shown a 68% reduction in the annualized
relapse rate of MS patients and has decreased the probability of
sustained disability progression by 42% over the course of 2 years
(108). Natalizumab targets the a4p1 integrin on T cells, thereby
preventing T cells binding to VCAM1 on endothelial cells of the
BBB and subsequent egress into the CNS. This is evidenced by
the significant decline of several populations of T cells in the CSF
of natalizumab-treated MS patients compared to controls (34).
As such, immune surveillance within the CNS is compromised,
which can lead to various inherited or acquired immune deficien-
cies (37). In particular, the use of natalizumab has been associated
with opportunistic infections, most significantly JCV infection or
reactivation leading to potentially lethal progressive multifocal
leukoencephalopathy (inflammation of white matter in the brain)
in 4 out of 1,000 treated patients (37).

Based on a review of the literature, it seems apparent that MS is
a multifaceted autoimmune disease with potential contributions
from Th17 cells and CD8" T cells in demyelination (Table 1).
Although T cell dependency is well established, the quest for
potential autoantibodiesin MSis stillgoing strong (109). Popularly
studied autoantigens in this field include MOG and aquaporin 4
(AQP4), although extensive research into these targets reveal that
they are not, in fact, associated with MS (11, 110).

Rasmussen’s Encephalitis

Rasmussen’s encephalitis is a chronic pediatric inflammatory
neurological disorder characterized by drug-resistant focal sei-
zures, unihemispheric inflammation and atrophy, and unilateral
movement disorders accompanied by progressive neurological
decline (112, 123, 124). Lymphocytic and microglial nodules
are commonly observed upon histopathological analysis of RE
brain specimens, along with perivascular cuffing of infiltrating
T cells, neuron and astrocyte death, and gliosis of the diseased
hemisphere (4, 124, 125). RE has not yet been associated with
any disease-specific autoantibodies, and the presence of autoan-
tibodies to glutamate receptor 3 is secondary to and not causative
of disease (124, 126-129). In fact, RE has been hypothesized to
be a T cell-mediated disease based on the dominant influx of
CD8* T cells into active brain lesions at the initiation of disease
(4) (Table 1). 7% of these infiltrating CD8* cells are granzyme
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TABLE 1 | Summary of findings of T cell activity in T cell-associated central nervous system diseases.

Disease T cell Implicated T cell subset(s) and HLA Associated Reference
antigen dysregulation of associated associations  antibody
cytokines, chemokines, and
other inflammatory mediators
Multiple sclerosis  MBP, MAG,  Th17:IL-283, IL-17, granzyme B HLA-DR15, Unknown Andersson et al. (76), Cua et al. (85), Hafler et al. (51),
MOG CD8* T cells: IL-17, granzyme B HLA-DQ-6 International Multiple Sclerosis Genetics et al. (52), Montes
et al. (88), Olsson and Hillert (53), Pette et al. (74), Raine et al.
(89), Tsuchida et al. (77), Valli et al. (75), Zhang et al. (78)
Rasmussen’s Unknown CD8* T cells: granzyme B HLA-DR6 Unknown Andermann et al. (111), Bien et al. (112), Takahashi
encephalitis Unknown source: IL-6, TNF-«, (possible) etal. (113), Tekgul et al. (114)
IFN-y
Paraneoplastic Hu, Ma2, Yo CD8* T cells: granzyme B Hu: HLA-DRS3, Hu, Ma2, Yo, Benyahia et al. (115), Darnell et al. (116), De Graaf et al.
syndromes Unknown source: IFN-a, IL-12 HLA-DQ2 CRMP5/CV2, (117), Domschke et al. (118), Leypoldt and Wandinger (119),
Yo:HLA-A24 amphiphysin  Rousseau et al. (120), Tanaka et al. (121), Tanaka and

Tanaka (122)

B-positive, and vesicles were often found positioned adjacent
to MHC class I-expressing neurons and astrocytes with their
granules polarized toward their target(s), suggesting a cytotoxic
T cell-mediated disease course of RE (112). In addition to
increased levels of granzyme B at initial stages of disease (113),
Tekgul et al. revealed raised concentrations of the cytokine IL-6 in
the CSF of RE patients compared to controls (114). A correlation
was then established between the magnitude of neuronal death
and inflammation with the level of IL-6 in the CNS of these
patients, based on magnetic resonance spectroscopy (114). The
overproduction of IL-6 has been attributed to overstimulation of
TNF-a early in disease (113). Takahashi et al. have also shown
that excessive IFN-y production during the early stages of disease
induces the secretion of IL-12 from macrophages (113).

Analysis of the T cell receptor (TCR) repertoire in the CNS
and periphery of RE patients revealed clonal expansions of
CD8" T cells in both compartments, suggesting the presence of
an antigen-specific T cell response (130). This is in contrast to
normal TCR distribution in stroke patient controls (130). The
number of peripheral CD8* T cell clones has also been shown to
correlate with the magnitude of unihemispheric atrophy (131).
Although the disease epitope for RE has not yet been elucidated,
the identification of a CD8" T cell-mediated response in this
disease expands potential treatment options, as seizures may be
refractory and poorly responsive to anti-epileptic drugs (124).
As a result, some patients may require invasive procedures such
as hemispherectomy to regulate seizure frequency (124). Novel
T cell-specific immunotherapies, like T cell blockade from the
CNS with natalizumab, are therefore a promising alternative
(124, 132, 133).

Paraneoplastic Syndromes

Diseases in which the bodys immune system is altered in
response to cancer are termed paraneoplastic syndromes. When
paraneoplastic syndromes disturb the CNS, the effects can be far
more severe than the initiating tumor, with significant disability
taking hold over short periods of time (134). In CNS paraneoplas-
tic syndromes, paraneoplastic antibodies are present at higher
titers in CSF versus serum, insinuating that they are synthesized

intrathecally (135). These onconeuronal IgG antibodies target
intracellular neuronal antigens expressed ectopically by the
tumor (136). Paraneoplastic antibodies are important biomarkers
of disease, but appear unrelated to pathogenesis (137). Instead,
pathogenesis may be mediated by T cells targeting the same
autoantigens as the onconeural antibodies present (5) (Table 1).
This hypothesis is supported by the presence of disease-specific
T cells in the peripheral blood and CSF of patients with anti-Yo
(cdr2) (116) and anti-Hu antibodies (115, 120). Extensive T cell
infiltration into the CNS in patients with anti-Ma2 (138) and anti-
Hu antibody-associated paraneoplastic encephalitis (139) has
also been observed, and along with poor responses to humoral
immunotherapies (140-142), supports a T cell-mediated patho-
genesis of CNS paraneoplastic syndromes.

CD8* cytotoxic T cells have been implicated in paraneoplastic
limbic encephalitis and are associated with autoantibodies
against intracellular antigens, mainly Hu (139) and Ma2, as
well as CRMP5/CV2 and amphiphysin (5). In comparison to
encephalitides with neuronal cell-surface antigen-directed
autoantibodies, T cells in anti-Ma2 and anti-Hu paraneoplastic
encephalitis are preferentially skewed toward a CD8* phenotype,
with a significantly higher number of activated cytotoxic gran-
zyme B-positive cells found in close proximity to injured neurons
(143, 144).

There is a limited number of studies that detail the cytokine
profile in paraneoplastic patients. Autoreactive T cells in para-
neoplastic breast cancer patients were found in association with
elevated intratumoural levels of IFN-a and IL-12, a correlation
unseen in antibody-negative breast cancer patients (118). As
IL-12 is concomitant with T cell activation and function, the
increase of this cytokine likely promotes the expansion of auto-
reactive T cells in paraneoplastic syndromes (118, 145). These
results collectively suggest that paraneoplastic encephalitides are
mediated by cytotoxic, antigen-specific CD8" T cells, in which
onconeuronal antibodies may exist as an epiphenomenon.

Amyotrophic Lateral Sclerosis
Amytrophic lateral sclerosis is a neurodegenerative disease of
the motor neurons resulting in progressive muscle paralysis. The
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underlying mechanisms of ALS have not yet been elucidated,
and therapies to modify or delay the advancement of the disease
are still being trialed. Intriguingly, recent studies have shown
that CD4" T cells infiltrating the spinal cord in ALS patients and
mice lie adjacent to degenerating motor neurons and activated
microglia (7, 146-148). However, global immunosuppression
does not appear to be effective in ALS treatment, suggesting
that these T cells may, in fact, rescue motor neuron death (7).
There have been several studies investigating the neuroprotective
mechanisms of CD4" T cells following injury (7, 149-152). The
data collected thus far suggests that CD4" T cells in ALS mediate
motor neuron survival in a highly regulated process (7).

T CELLS IN ANTIBODY-ASSOCIATED
CNS DISEASES

Neuromyelitis Optica
The most compelling evidence for autoreactive T cell involve-
ment in an autoantibody-associated disease comes from studies
in neuromyelitis optica (Table 2). NMO is an aggressive demy-
elinating disease that is distinguished from MS by the presence
of specific IgG1 antibodies against AQP4 (153, 154), a water
channel abundantly expressed by astrocytes in the CNS. Anti-
AQP4 antibodies are detected in a significant proportion (up to
75%) of NMO patients (110, 155) and have become an important
diagnostic tool. However, involvement of other immune mecha-
nisms has been theorized as several lines of evidence, while
inconclusive, indicate that anti-AQP4 antibodies alone do not
induce complete pathogenesis. For example, there are incongru-
ences in NMO induction in animal models by passive transfer
of anti-AQP4 IgG alone (156-158), and high titers of anti-AQP4
antibodies were detected in humans during remission (159, 160).
Furthermore, B cell-targeted immunotherapies do not always
ameliorate the disease (161, 162).

Since the early description of CD3* T cells in active NMO
lesions (189), there is mounting evidence of cellular involvement
in NMO. In fact, activated T cells infiltrate NMO patient-derived

lesions (190) and clonal expansion of T cells was reported (191).
Efforts have been made to define the immunodominant epitope
by identifying which peptide from a human AQP4 (hAQP4)
peptide library induced the greatest T cell proliferation when
cultured with peripheral blood mononuclear cells (PBMCs)
from anti-AQP4 antibody-positive NMO patients compared
to MS subjects and healthy controls (165, 168, 169). However,
further studies are required to precisely define the dominant
target region as these epitopes differed greatly between studies.
This discrepancy could be due to different populations with var-
ied HLA associations, or different stages of the disease in which
subjects were sampled. Indeed, a longitudinal analysis of NMO
patients has demonstrated a change in reactivity and specificity
of T cells toward the hAQP4 peptides over time (168). Relapses in
the disease were associated with elevated CD69* activated T cells
compared to remission (165), highlighting the possible intermit-
tent role of T cells during an NMO attack, and thus emphasizing
the importance of understanding the T cell response to monitor
the disease course.

Cytokine profiling helps elucidate the functional properties
of AQP4-specific T cells and has revealed that these cells exhibit
predominantly a Th17 bias but also a Th1 response. Compared
to MS patients or healthy controls, increased secretion of IL-17,
IL-10, IL-6, and IFN-y have been reported in the CSF (166, 167),
peripheral blood (168, 169, 192), and epitope-specific T cell
lines derived from NMO patients (168). Secretion of IL-17
from Th17-biased AQP4-specific T cells promoted neutrophil
infiltration, which was consistent with pathological findings
(169, 189). In particular, elevated IL-6, a cytokine important for
Th17 differentiation, may promote survival of AQP4-specific
Th17 cells while suppressing FOXP3* Treg function (193-195).
Furthermore, tocilizumab, a monoclonal antibody against IL-6
receptor, ameliorated the disease in NMO patients unresponsive
to standard immunotherapy (196, 197).

Genetics may be a determinant of autoimmunity and
indeed, there appears to be a HLA haplotype association in
NMO. Depending on the ethnicity of the cohort, there is
an over-representation of HLA-DRB1*03, HLA-DRB3, or

TABLE 2 | Summary of findings of T cell activity in antibody-associated central nervous system diseases.

Disease T cell Implicated CD4+ T cell subset(s) HLA Associated Reference
antigen  and dysregulation of associated associations antibody
cytokines and chemokines
Neuromyelitis optica AQP4 Th1: IFN-y; Th17: IL-17, IL-6, IL-10 HLA-DRB1*03, Anti-AQP4 IgG Brum et al. (163), Deschamps et al. (164), Matsuya
HLA-DRB3, et al. (165), Tanaka et al. (166), Uzawa et al. (167),
HLA-DP1*0501 Vaknin-Dembinsky et al. (168), Varrin-Doyer et al.
(169), Wang et al. (170), Zephir et al. (171)
Acute disseminated Unknown  Th1: IFN-y, TNF-a, IL-2; Th2; IL-4, Unknown Anti-MOG IgG Dale and Morovat (172), Ichiyama et al. (173),
encephalomyelitis IL-6, G-CSF, IL-10; Th17: IL-17, IL-6, Ishizu et al. (174), Jorens et al. (175),
G-CSF, IL-10; Chemokines: CXCL10, Pohl-Koppe et al. (176), Yoshitomi et al. (177)
CCL1, CCL7, CCL22
Stiff person syndrome  GADB5 Th1: IFN-y; Th2: IL-13, IL-4, IL-5 HLA-DQB*0201, Anti-GAD IgG Costa et al. (178), Hanninen et al. (179),
HLA-DRB1*0301 Hummel et al. (180), Pugliese et al. (181),
Schloot et al. (182), Skorstad et al. (183)
Anti-NMDAR Unknown  Th1: IFN-y, TNF-a; Th17: IL-17, IL-6,  Unknown Anti-NMDAR IgG  Byun et al. (184), Kothur et al. (185),
encephalitis IL-23; Chemokines: CXCL10 Lee et al. (186), Liba et al. (187), Ulusoy et al. (188)
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HLA-DPB1*0501 in anti-AQP4 antibody-positive NMO patients
(163, 164, 169-171, 198). Interestingly, Varrin-Doyer et al. dem-
onstrated that the hAQP4 epitope they identified induced the
highest T cell reactivity in NMO patients that were HLA-DR car-
riers (169). However, there needs to be more definitive analysis as
a distinct HLA allele could not be determined based on the T cell
response to a different set of AQP4 epitopes (165).

While the triggers of autoimmunity remain elusive, like in
many other autoimmune diseases, molecular mimicry has been
implicated in the generation of AQP4-specific T cells. In addition
to proposing AQP4-specific T cell epitopes, Varrin-Doyer et al.
revealed a 90% homology between the immunodominant AQP4
epitope and Clostridium perfringens adenosine triphosphate-
binding cassette transporter permease, and a 60-70% homology
to other commensal and pathogenic Clostridium species (169).
Not only could these microbes serve to display cross-reactive
determinants, the Clostridium species may also augment a Th17-
biased response as demonstrated in mice (169, 199). Nevertheless,
further investigations into molecular mimicry are required to
ascertain the extent of its contribution to the development of
AQP4-specific T cells.

Acute Disseminated Encephalomyelitis
Acute disseminated encephalomyelitis is a monophasic inflam-
matory demyelinating disease predominantly affecting children.
It can have postinfectious origins but in a subset of patients
(27-47%) (200), extensive evidence implicates pathogenic auto-
antibodies against MOG, a protein on the outer surface of the
myelin sheath (201-206). Interestingly, findings predating the
discovery of anti-MOG antibodies in ADEM (205) provide sup-
port for an autoimmune T cell response.

The majority of literature supporting T cell involvement
in ADEM stems indirectly from analyses of chemokines and
cytokines (Table 2). Concurrent recruitment of Thl and Th2
cells has been proposed as there was an increase in their signature
chemokines, CXCL10, CCL1, CCL7, and CCL22 in the CSF of
adults with ADEM compared to MS and healthy controls and was
correlated with an increase in pleocytosis (207). Dysregulation in
cytokine production was not distinguished in adults, but IFN-y,
TNF-a, IL-2, IL-10, IL-6, and G-CSF were upregulated in sepa-
rate pediatric ADEM cohorts (172-176), further supporting the
contribution of Th1 and Th2 cells. Pohl-Koppe et al. hypothesized
that Th1 cells contribute to the deleterious effects of the disease,
while Th2 cells predominate in the recovery of ADEM as they
reported an absence of IFN-y but an increase in IL-4 in patients
during the recovery phase (176). Consistent with this, there was
increased IFN-y*CD3* T cells in the peripheral blood during the
acute stage of ADEM (177).

Conversely, as IL-6, G-CSE and IL-10 are pleiotropic, their
elevation along with IL-17A, but little Th1 and no Th2 cytokines,
in the CSF of anti-MOG antibody-positive children favors a Th17
phenotype (208). Interestingly, this increase in Th17 cytokines
correlated with an increase in B cell-associated cytokines and
chemokines, suggesting possible interactions between multiple cell
types in mediating demyelination (208). Likewise, CSF IL-6 levels
correlated with the presence of plasma anti-MOG antibodies in
acquired demyelinating syndromes like ADEM (209). It can then

be proposed that, like in NMO, IL-6 signaling is a suitable target
for treatment in anti-MOG antibody-positive patients resistant to
conventional immunotherapy (196, 197). These preliminary, albeit
conflicting, reports of functional helper T cells warrant investiga-
tions into autoreactive T cells themselves, but also in combination
with the recent developments in anti-MOG antibodies to assess
the interplay between the humoral and cellular components of the
autoimmune response in ADEM (201, 204, 210).

Stiff Person Syndrome and Other
Anti-Glutamic Acid Decarboxylase
Glutamic Acid Decarboxylase (GAD)
Antibody-Associated Neurological

Disorders

Markedly high titers of autoantibodies against glutamic acid
decarboxylase (GAD) are a hallmark of non-paraneoplastic SPS
and variants of cerebellar ataxia, limbic encephalitis, and epilepsy
(211-214). As GAD is an enzyme involved in the synthesis of the
inhibitory neurotransmitter y—aminobutyric (GABA), the cur-
rent hypothesis is that anti-GAD antibodies disrupt GABAergic
signaling. Indeed, in vitro and in vivo studies demonstrate the
potential pathogenicity of anti-GAD antibodies (215-217). The
salient question remains, however, of the mechanism underlying
autoantibody recognition of a cytoplasmic antigen like GAD,
which is unlike other known extracellular antigens targeted by
pathogenic autoantibodies (218).

Given the variety of anti-GAD antibody-associated neurologi-
cal disorders, it is plausible that antigen-specific T cells play an
additional role in pathogenesis that differentiates the diseases
(Table2). Thisisanimportantaspect for investigation but thereisa
paucity of studies examining cellular mechanisms despite reports
of CNS infiltration of lymphocytes in these patients (219). In a
study comparing SPS with cerebellar ataxia associated with poly-
endocrine autoimmunity (CAPA), both cohorts presented with
high titers of anti-GAD antibodies (178). Yet, cell proliferation
and the percentage of HLADR*CD3* activated T cells in response
to GADG65 protein was significantly greater in SPS but not CAPA.
Monitoring the course of SPS revealed a constant reactivity of
CD4* T cells against GAD65, which notably correlated with high
anti-GAD antibody titers (179). A few other groups have identi-
fied GAD65-specific T cells in the blood but these were weakly
responsive to GADG65 (180, 182, 220, 221). To this end, Skorstad
et al. argue that GAD65-specific T cells largely reside in the CNS
along with B cells to collaborate in the intrathecal production of
anti-GAD antibodies as they were more successful in identifying
and cloning GAD65-specific T cells from CSF than from blood
(183). Furthermore, using overlapping GADG65 peptides, putative
T cell epitopes have been identified but differ between studies
and depending on whether T cell lines were generated from the
blood or CSF (179, 182, 183, 220). As has been demonstrated with
anti-GADG65 antibody epitopes (222) [recently reviewed in Ref.
(223)], differences in T cell epitopes have been shown to be a
distinguishing factor between SPS and type 1 diabetes, another
anti-GAD antibody-associated disease (220, 221).

Exploration of the cytokine environment to determine the
phenotype of T cells has indicated largely a Th2 bias. Secretion
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of IL-13, IL-4, and IL-5 reported in SPS (179, 182, 183) sup-
ports a non-inflammatory environment wherein disease is
driven by autoantibodies. IFN-y production, indicative of a
Th1 response, was also recorded (182, 183) and subsequently
reduced upon treatment with immunotherapy, and coincided
with clinical improvement (180). It was proposed that high
levels of IFN-y production occurs in the early phase of SPS but
is later exceeded by significant production of IL-13, alluding
to a shift from Thl to Th2 (179). While low or undetectable
in SPS, there was a notable production of IFN-y, and hence a
dominant Th1 response is observed in CAPA (178) and type 1
diabetes (220).

T cell involvement is further supported by preliminary find-
ings on HLA allele correlations in SPS. Pugliese et al. described a
strong association between SPS and carriers of HLA-DQB1*0201
haplotype (181). HLA-DRB1*0301 has additionally been
proposed as a correlate of SPS but the validity of this finding is
hampered by small sample size (178, 179).

Anti-NMDAR Encephalitis

Anti-NMDAR encephalitis is the prototypic autoimmune
encephalitis associated with autoantibodies against cell-surface
antigens. Discovery of the specific anti-NMDAR antibody (224)
has sparked considerable interest in humoral mechanisms of this
disease [recently reviewed in Ref. (225)], leading to the current
hypothesis that anti-NMDAR antibodies exhibit pathogenic
effects via internalization of the surface receptor, thereby result-
ing in reversible NMDAR hypofunction (226-228).

To date, there are limited and small studies investigating
cellular responses in anti-NMDAR encephalitis but neverthe-
less, prompt further exploration (Table 2). Evidence of T cell
involvement derives from cytokine and chemokine profiling and
mainly favors a Th17 response. Based on significantly elevated
serum levels of IL-17 and IL-6 in anti-NMDAR antibody-positive
patients compared to controls (184), Byun et al. hypothesized that
undetected Th17 cells secrete IL-17, which promotes a positive
feedback loop of IL-6 signaling that facilitates intrathecal anti-
body production observed in most patients (224, 229). In line
with this finding, targeting the IL-6 receptor with tocilizumab in
rituximab-resistant patients with suspected autoimmune enceph-
alitis demonstrated marked improvements (186), as was also seen
in NMO. Upregulation of serum IL-23 strengthens the case for
Th17 activity (188). There appears to be some heterogeneity in
T cell lineage as higher levels IFN-y and TNF-a were observed
in the CSE indicative of a Th1 cytokine dysregulation (185, 187).
Consistent with T cell involvement in anti-NMDAR encephalitis
was the increased level of T cell-related chemokine CXCL10 in
patient CSE which correlated with CSF pleocytosis (187).

On the other hand, there is contentious evidence of T cell
involvement. Immunopathological analysis of brain sections
from anti-NMDAR encephalitis patients show some to no evi-
dence of T cell infiltration in the parenchyma and perivascular
space, which disqualifies CD8" cytotoxic T cells as drivers of
the disease (143, 230-232). However, this does not preclude
the possibility of NMDAR-specific T cell involvement in B cell
activation in the periphery, prior to anti-NMDAR antibodies
trafficking to the CNS.

EVALUATING T CELL DETECTION
METHODS

Choice of methods is a key determinant in discovering and
studying T cell biology. An important consideration is the rar-
ity of antigen-specific T cells, especially the proportion reactive
against auto-antigens which is typically less than 0.01% of the
total T cell repertoire (233). It is therefore imperative that sensi-
tive yet specific techniques are implemented when analyzing
antigen-specific T cells. Widely used T cell detection methods
can be broadly distinguished into two categories: techniques
that identify and assess specificity and assays that examine the
functionality (Table 3).

An important tool for identification of antigen-specific T cells
is peptide-MHC (pMHC) multimers. This rapidly evolving tech-
nology involves the formation of a complex of peptide-loaded
MHC monomers via biotinylation with a fluorescently labeled
streptavidin (Figure 1), which increases binding avidity (234) and
overcomes the issue of low affinity binding and fast dissociation
rate between TCRs and pMHC monomers (235). The value of this
method lies in the direct and specific recognition and isolation of
T cells via flow cytometry that is independent of their biological
activity, such as anergic cells that are incapable of proliferation
and cytokine production (236-239). However, this is a double-
edged sword, as knowledge of the functional characteristics of
the identified T cells allows for a deeper understanding of their
response. In addition, a major drawback of this approach is that
it necessitates knowledge of the T cell epitope and its MHC hap-
lotype association (236). While p MHC multimers are extensively
used for study of CD8* T cells, their use in the study of MHC class
II-restricted CD4* T cells is challenged by the lower frequency of
antigen-specific CD4* T cells in the peripheral blood (240) but
also largely by the difficulty in creating them because of variations
in MHC structure and TCR affinity (236, 238).

Alternatively, antigen-specific T cells can be directly identi-
fied and isolated for downstream functional characterization by
probing for activation markers expressed on the surface of T cells
upon antigenic stimulation. A major advantage of this technique
is that unlike pMHC multimers, it does not require knowledge of
the antigenic epitope and associated MHC haplotypes (236) and
is effective for studying CD4* T cells. A multitude of activation
markers have been proposed, including CD25, CD69, CD40L,
CD134, CD137, and HLA-DR (241-245). Such markers are
favorable indicators of an antigenic-specific response as their
surface expression is contingent on activation, but absent or
minimally expressed in the resting phase, and occurs for a tran-
sient period of time. Moreover, like pMHC multimer staining,
expression of some activation markers is irrespective of T cell
function and its differentiation state (236, 244), allowing for an
unbiased characterization of antigen-specific T cells.

Detection of antigen-specific T cells is a vital step, but
determining the functional capacity of the identified cells in
producing a robust immune response is equally important
and relies on functional assays (Figure 2). Methods measuring
[*H]-thymidine incorporation into lymphocyte DNA (246) and
dilution of carboxyfluorescein succinimidyl ester (CFSE) dye
bound to amine groups of intracellular molecules (247) during
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TABLE 3 | Evaluation of major techniques used in the analysis of human antigen-specific T cells.

Technique Advantages

Disadvantages

Identification of antigen-specific T cells

Peptide-MHC (pMHC) e Highly specific interaction between T cell receptor and its

Requires prior knowledge of epitope and its HLA haplotype restriction

multimers cognate antigenic peptide presented by the multimer * Does not provide functional details of identified antigen-specific T cell
¢ Independent of functional status of cells ¢ More difficult to develop multimers for CD4* T cells
e Labeled T cells can be isolated and purified for further
characterization
Detection via activation e Independent of epitope and HLA haplotype restriction e Unless appropriate activation markers are selected, results may be
markers e Allows characterization of all antigen-specific T cells, confounded by marker expression on non-stimulated T cells and

irrespective of subtype
 |dentified cells are viable, allowing for isolation and
purification for further characterization

Functional assays

[®H]-thymidine incorporation ¢ Demonstrates the proliferative capacity of antigen-specific
T cells

¢ Allows for detection of numerous antigen-specific T cells

bystander activation

Source of cytokine is not available, making it an indirect method of
T cell detection

Phenotype of proliferative cells cannot be determined

Results may be confounded by bystander activation

Frequency of T cells in original sample cannot be elucidated

Carboxyfluorescein
succinimidy! ester (CFSE)
dilution assay

e Demonstrates the proliferative capacity of antigen-specific
T cells

¢ Allows for detection of numerous antigen-specific T cells

e |f used in conjunction with antibodies against activation
markers, the phenotype of the proliferative cells may be
determined

An indirect method of T cell detection if CFSE used alone
Frequency of T cells in original sample may be confounded by
bystander activation

CFSE may interfere with normal cellular processes

Enzyme-linked immunospot
(ELISPOT)

e Can enumerate cells capable of secreting cytokine of
interest and categorize them into likely T cell subsets

e Can characterize cytokine kinetics based on spot
morphology

¢ Highly sensitive, even in small samples

Selection of cytokine for analysis is based on hypothesis of its
relevance

Restricted to analysis of maximum two cytokines per experiment
Frequency of antigen-specific T cells may be underestimated due to
non-functional cells and also possible secretion of cytokines other
than that being tested by assay

e Source of cytokine is not available, making it an indirect method of
T cell detection

Intracellular cytokine staining
(ICS)

¢ Allows simultaneous determination of cytokines produced
and phenotype of cells producing the cytokines, if
antibodies against activation markers used in conjunction
® Quantify cytokine produced per cell

Selection of cytokine for analysis is based on hypothesis of its
relevance

* Requires larger sample than ELISPOT

® Cells not viable for further analysis due to fixation and permeabilization

FIGURE 1 | Detection of human antigen-specific T cells with peptide-MHC
(PMHC) multimer. Binding four pMHC monomers, for instance, via
biotin—streptavidin interactions increases binding avidity between antigen
and T cell receptor. This in turn enhances the sensitivity and specificity of
antigen-specific T cells detected by flow cytometry analysis via the
fluorescent streptavidin.

cell division have been a mainstay for evaluating the prolifera-

7 streptavidin tion of lymphocytes in response to antigens. These procedures
) circumvent the issue of low frequency of target cells. However,
~ e " Fluorescent molecule as it is often PBMCs that are cultured, and not sorted T cells,
&o O’ /® Biotin there is the possibility of bystander activation, which decreases
/ /' MHC Class | molecule the specificity of the response observed and the frequency of the
° , ) antigen-specific T cells cannot be accurately extrapolated. In the

© B2-microglobulin . . . R
. a ' case of [*’H]-thymidine incorporation assay, the proliferative cell
¢ QO o 2 ® Fepioe subpopulation cannot be phenotyped, whereas with CFSE dilu-
> Q T Tcellreceptor tion assay, cell subpopulations may be delineated with surface
markers and flow cytometry analysis. However, the dye can

- \ interfere with expression of activation markers (248).
ce

Functional assays that examine cytokine production allows
for classification of the cells into different subsets that are dis-
tinguished by different effector functions. This is particularly
valuable for CD4* T cells that can be categorized as Th1, Th2,
and Th17 cells, for example. Two classic procedures that assess
cytokine production are enzyme-linked immunospot (ELISPOT)
and intracellular cytokine staining (ICS) (Figure 2). While an
ELISPOT detects secreted cytokines induced by antigens, ICS
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T cell activation by
cognate antigen
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Incoporation Assay Cytokine Staining
[*H]-Thymidine is incorporated ~ Fluorescent CFSE stains Protein secretion inhibitors  Secreted cytokine binds
into DNA during mitotic cytoplasmic structures block cytokine secretion to capture antibody
cell division of proliferated cells
e
DNA precipitate is collected Surface activation makers Spots develop via
on filter membrane are detected enzymatic reaction
s
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d I
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B-scintillation counter Flow cyton;meter Intracellular cytokine ELISPOT Reader
detected after fixation
* and permeabilization *
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\
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Time (days) CFSE fluoresence Intracellular cytokine

FIGURE 2 | Functional assays commonly used in human T cell studies. Functional assays can be categorized into those that assess proliferative capacity of
antigen-specific T cells and assays that analyze cytokine profiles upon T cell recognition of cognate antigen and subsequent activation. Proliferation assays can
measure the amount of radioactive [°H]-thymidine incorporated into the DNA during cell division, with greater radioactivity indicating greater cell division. Alternatively,
the level of fluorescence emitted by cells stained with carboxyfluorescein succinimidyl ester (CFSE) can be detected by flow cytometry, with greater number divisions
correlating with lower fluorescence. In intracellular cytokine staining (ICS), protein secretion inhibitors, such as brefeldin A or monensin, allows for examination of
cytokine production within a cell. Staining surface activation markers allows for phenotyping. Following fixation and permeabilization, the trapped intracellular
cytokines are stained with fluorescent antibodies which can be detected via flow cytometry. Enzyme-linked immunospot (ELISPOT) is a popular method to assess
cytokine secretion. The cytokine of interest secreted from an activated T cell is bound to a capture antibody on a PVDF bottom well. A biotinylated detection
antibody also binds to the cytokine and facilitates the interaction between streptavidin-conjugated enzyme and its substrate to produce a color spot. Spots are
quantified with a ELISPOT plate reader. Each spot represents one reactive cell.
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reveals cytokine production within the golgi/ER bodies upon
permeabilization of the cell and treatment with protein secretion
inhibitors, such as brefeldin A or monensin. Both techniques are
sensitive for detection of antigen-specific T cells and allow for
enumeration and characterization at a single-cell level. However,
as both techniques also depend on postulating cytokines relevant
for the disease, it is possible that the frequency of cytokine-
producing cells is underestimated if cells secrete cytokines other
than the one of interest. Additionally, the breadth of cytokine
analysis is limited in an ELISPOT to only two cytokines for a
given experiment (249). The source of the cytokine cannot be
determined with an ELISPOT, making it an indirect method of
T cell identification. Conversely, ICS allows for the simultane-
ous detection of cytokines and the phenotype of the cytokine-
producing cells by the addition of activation marker fluorescent
antibodies. Hence, pairing with pMHC multimer or activation
marker staining enhances the specificity of the reaction observed
and provides a complete assessment of the antigen-specific
response.

Pre-enrichment is a modification often made to the above
methods to overcome the issue of low target cells and further
improve the sensitivity offered by flow cytometry. A common
approach is in vitro expansion, wherein PBMCs are cultured
in the presence of the antigen over one to two weeks to pref-
erentially grow antigen-specific T cells. However, similar to
proliferation assays, a drawback of this procedure is the risk of
activating non-T cells present in the sample, thereby increasing
background and reducing the accuracy of the quoted frequency
of antigen-specific T cells (236). Alternatively, enriching the
target cell population via magnetic separation greatly increases
sensitivity and provides insight into previously unidentified
T cell subpopulations, provided that highly specific markers were
utilized, whether that be pMHC multimers or activation markers
(236, 238).

Employing the right technique may lead to discovery of
T cells in disease. Each method explores different aspects of
T cell biology. Taking this into consideration and the rarity
of antigen-specific T cells, it is advantageous to integrate the vari-
ous approaches for a more reliable and holistic understanding of
the cellular mechanisms at play.
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Adaptive Immunity Is the Key to the
Understanding of Autoimmune and
Paraneoplastic Inflammatory Central
Nervous System Disorders

Robert Weissert*

Department of Neurology, Neuroimmunology, University of Regensburg, Regensburg, Germany

There are common aspects and mechanisms between different types of autoimmune
diseases such as multiple sclerosis (MS), neuromyelitis optica spectrum disorders
(NMOSDs), and autoimmune encephalitis (AE) as well as paraneoplastic inflammatory
disorders of the central nervous system. To our present knowledge, depending on
the disease, T and B cells as well as antibodies contribute to various aspects of the
pathogenesis. Possibly the events leading to the breaking of tolerance between the
different diseases are of great similarity and so far, only partially understood. Beside
endogenous factors (genetics, genomics, epigenetics, malignancy) also exogenous fac-
tors (vitamin D, sun light exposure, smoking, gut microbiome, viral infections) contribute
to susceptibility in such diseases. What differs between these disorders are the target
molecules of the immune attack. For T cells, these target molecules are presented on
major histocompatibility complex (MHC) molecules as MHC-bound ligands. B cells have
an important role by amplifying the immune response of T cells by capturing antigen with
their surface immunoglobulin and presenting it to T cells. Antibodies secreted by plasma
cells that have differentiated from B cells are highly structure specific and can have
important effector functions leading to functional impairment or/and lesion evolvement.
In MS, the target molecules are mainly myelin- and neuron/axon-derived proteins; in
NMOSD, mainly aquaporin-4 expressed on astrocytes; and in AE, various proteins that
are expressed by neurons and axons.

Keywords: T cell, B cell, major histocompatibility complex, human leukocyte antigen, multiple sclerosis,
neuromyelitis optica spectrum disorders, autoimmune encephalitis, paraneoplastic disease

INTRODUCTION

Various autoimmune and paraneoplastic disorders of the central nervous system (CNS) share many
immunological similarities. In these disorders, immunologic tolerance to self-antigens is broken
(1). This failure can be on the T cell as well as on the B cell side or on both sides. The reasons
why tolerance is broken in autoimmune diseases are multiple and can differ from paraneoplastic
diseases (2). In autoimmune disease, the initial trigger that leads to breaking of tolerance is not as
well understood (3). Possibly viral, bacterial and fungal antigens that share antigenic properties
with self-antigens can result in activation of T or/and B cells that also recognize self-antigens in
the CNS (4). Another possibility could be that in certain autoimmune-prone individuals compared
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CNS Autoimmune and Paraneoplastic Disorders

with non-autoimmune-prone individuals, the T and B cell rep-
ertoires contain higher quantities of cells with a high avidity for
self-antigens that can be activated and can gain access to the CNS
in which they find relevant target structures. Such a scenario has
been underscored in rodent models of CNS autoimmune diseases
(5). In paraneoplastic diseases of the CNS, epitopes from a neo-
plasm are exposed on antigen-presenting cells to T cells which
subsequently also recognize an epitope of similar structural
appearance in the CNS (6).

Importantly, the T and B cell epitopes can differ depending
on antigen processing in autoimmune disease and possibly also
paraneoplastic disease (7, 8). In many autoimmune and paraneo-
plastic diseases of the CNS, the B cell response is much better
characterized as compared with the T cell response (1, 9). T cell
help is required for differentiation of B cells into plasma cells and
affinity maturation of antibodies (10, 11). There are also B cells
which do not require T cell help in autoimmunity, but these do
not seem to be of major importance in CNS autoimmunity and
CNS paraneoplastic diseases as far as one knows to date (12-14).

ENDOGENOUS FACTORS

Endogenous factors that contribute to the induction of autoim-
munity or paraneoplastic diseases are multiple. First, genetics is of
paramount importance. Most autoimmune diseases are complex
genetic diseases (15). This means that certain allelic variants of
genes predispose to autoimmunity. There are also few examples of
autoimmune diseases in which single mutated genes predispose
to autoimmunity (16). For CNS-directed autoimmune diseases,
no confirmed single genes with mutations have been discovered
so far. Much work has been done in elucidating genes that con-
tribute to the complex genetic etiologies (17). Most probably also
in CNS immune-directed disorders with paraneoplastic origins,
complex genetics are of importance. RNA expression levels have
been shown to be altered in autoimmune and paraneoplastic
diseases of the CNS (18-20). Tissue with altered RNA expression
levels as compared with healthy tissue might predispose to auto-
immunity and paraneoplastic diseases (21). There is increased
understanding that epigenetics is very crucial in susceptibility to
autoimmunity and paraneoplastic disorders (22, 23). Much will
be learned in the next years regarding epigenetic regulation of
immunity and autoimmunity.

EXOGENOUS FACTORS

Much has been discovered regarding exogenous factors that affect
autoimmune diseases of the CNS. These exogenous factors coop-
erate with endogenous factors in susceptibility to autoimmune
diseases of the CNS (24). Low vitamin D levels as well as low sun
light exposure have been shown to contribute to susceptibility
to multiple sclerosis (MS) also independently of other factors
(25-27). So far, the influence of vitamin D and sun light exposure
has not been defined to the same degree for neuromyelitis optica
spectrum disorders (NMOSDs) and autoimmune encephalitis
(AE) (28). Smoking has a negative influence on MS (29, 30). This
influence is controlled to some degree by human leukocyte anti-
gen (HLA) genes underscoring that HLA-presented autoantigens

are possibly modified and promote a more vigorous autoimmune
response (29). It has been shown that in MS there is a change of
the gut microbiome (31, 32). Also in NMOSD, changes in the
gut microbiome have been observed with overrepresentation
of Clostridium perfringens (33). In experimental autoimmune
encephalomyelitis (EAE), it has been experimentally proven that
the gut microbiome contributes to disease susceptibility (34). So
far, in most types of diseases it is not well defined what specific
bacteria of the gut microbiome drive autoimmune disease. It has
been shown that Epstein-Barr virus (EBV) infection has an influ-
ence on MS susceptibility (35, 36). The influence is mainly medi-
ated in childhood and most likely affects the T cell repertoire.
Even though a direct role of EBV infection in MS lesion develop-
ment was claimed, this could not be confirmed (37). Also, salt
intake has been shown to influence EAE susceptibility (38). So far,
it is not clear if levels of salt intake are influencing susceptibility
or disease course in MS (39). The elucidation of the influence of
nutritional factors in various autoimmune diseases of the CNS is
presently investigated in more detail. Regarding paraneoplastic
diseases, no such influence has been elucidated so far.

MAJOR HISTOCOMPATIBILITY COMPLEX
(MHC)/HLA HAPLOTYPES

Most autoimmune diseases are associated with certain MHC/
HLA haplotypes (40). Such associations also exist for some para-
neoplastic diseases such as paraneoplastic pemphigus (41). So far,
influences of HLA haplotypes on paraneoplastic diseases have not
been investigated in much detail. The reason for the haplotype
preferences of specific autoimmune diseases is not known.

The most likely scenario for influences of HLA haplotypes
on autoimmune diseases indicates that during early tolerance
development certain HLA haplotypes select for a T cell repertoire
that can be self-biased to certain autoantigens and certain organs
(42-44). In the emergence of tolerance, there is selection of a
broad range of T cell receptors (TCRs) on various self-antigens.
In a first step, only T cells are selected that recognize self MHC-
peptide complexes (45-47). In the next step, T cells with TCRs
with a too high affinity for such complexes are deleted from the
repertoire (48, 49). MHC displayed peptide repertoires influence
positive and negative selection (50). Based on the expressed
HLA haplotypes, the predetermined T cell repertoire differs in
individuals (51, 52). The TCR repertoire has a bias depending on
the HLA haplotype in avidity for certain self-antigens (53, 54).

In MHC congenic rat strains, we have shown that there is
an autoantigen preference that can result, depending on the
expressed MHC alleles, in disease susceptibility or protection
from certain diseases (5, 55). Interestingly with increasing com-
plexity of the disease driving autoantigen, the MHC haplotype-
dependent effects alleviate (56, 57). Also, we have shown that the
amount of autoantigen that leads to disease induction can differ
between different MHC haplotypes (5, 58). This means that in
one MHC haplotype minute amounts of antigens are sufficient
to induce severe disease, while in others much higher amounts
would be necessary. These findings underscore the influence
of the antigenic load in context with genetic factors. It has
been shown that depending on the expressed MHC haplotype,
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the cytokine preference of the selected T cell repertoire differs
(44,59). Recently in an experimental model of rheumatoid arthri-
tis (RA), it has been shown that MHC alleles that drive disease
are associated with a T helper cell type 1 (Thl) response with
secretion of interferon-gamma (IFN-y) (60). By contrast, protec-
tive MHC alleles promoted an interleukin-17 T helper (Th17)
cell response. Such a predetermination of cytokine responses
to disease-inducing factors is potentially also shaped early in
tolerance development and can also contribute to the finding
that certain HLA haplotypes predispose to certain autoimmune
diseases while others protect from disease.

NEOANTIGENS

Tolerance can be broken by presentation of neoantigens on MHC
molecules to T cells recognizing antigens that share structural
similarities to self-molecules (61). Recently, it has been shown
that neoantigens for presentation on MHC I molecules can be
generated by fusion of different fragments of degraded proteins
during antigen processing (62). In addition, endogenous neoanti-
gens could evolve by mutation or translational defects. So far, the
experimental data that such novel antigens could play a role in the
induction or maintenance of autoimmune disease of the CNS are
still lacking but an interesting avenue of future research efforts.

Posttranslational modifications of antigens can also lead to
induction of autoimmunity (63). This has been shown for RA
in which citrullinated epitopes have been shown to be disease
inducing (64, 65). Also for MS, a role for citrullination has been
proposed but so far there is no proof for the relevance in the
experimental or human setting (66, 67). Possibly transpeptidation
could be of importance as has been shown in a model of diabetes
(68). Changes in glycosylation can affect induction of autoim-
munity (69). Also, other types of posttranslational modifications
could be of great relevance but have not been investigated in
much detail regarding CNS autoimmunity or CNS paraneoplastic
diseases. We have shown that even the conformational state of an
autoantigen can have different consequences on disease induc-
tion capacity (8). Therefore, different conformations of an antigen
can be seen be the immune system in a “neoantigenic” fashion
and lead to autoimmunity (70).

SPECIFIC DISEASES

Multiple Sclerosis

In MS, the target of the autoimmune response, which seems to be
predominantly T cell driven, is mainly directed against proteins
of the myelin sheath which is produced by oligodendrocytes (1)
(Table 1). Myelin basic protein (MBP) is thought to be the major
autoantigen which is involved (71, 72). Many researchers have
addressed this topic and found additional myelin proteins that
can be the target of the autoimmune response (1). There are strong
indications that the humoral immune response is important as
well (73). Nevertheless, the exact autoantigens driving this B cell
response are not known to date in detail. Myelin oligodendrocyte
glycoprotein (MOG) is a model antigen which has been shown
to be of major importance driving the B cells response in rodent
and primate models (74). This protein, which is expressed on

the outer surface of the myelin sheath, seems to be involved in
children but not to the same extent in older people with MS in
the immune pathogenesis of MS (75). Especially young children
with MS with an age under 10 years have a robust anti-MOG
antibody response. This finding underscores that potentially early
in life immunological events are taking place that predispose to
development of MS later in life. CNS lesions of MS patients show
antibody-dependent complement destruction underscoring the
importance of the antibody response in MS (73). Moreover, pro-
teins expressed on neurons and axons have also been discussed
to be targets of the immune response in patients with MS based
on work in EAE (76). Recently, in patients with MS, we have
shown that peptides can be eluted from MHC molecules from
CNS tissue that are recognized by T cells secreting IFN-y (Th1)
(72, 77). Importantly, the increased immune reactivity against
such peptidesis observedin patients with active MS, i.e.,in patients
with MS who have an acute bout- or/and contrast-enhancing
lesions in the CNS indicating active inflammation. This finding
underscores that the adaptive immune response against CNS-
derived autoantigens is of significance in MS. Importantly, the
T cell reactivity is directed not only against MBP but additional
autoantigens and differs between individuals.

Neuromyelitis Optica Spectrum Disorders
In NMOSD, it has been demonstrated that the immune response
is targeting aquaporin-4 (AQP4), a water channel protein on
astrocytes (127) (Table 1). Certain cases of NMOSD are associ-
ated with an immune response against MOG (128). In both types,
antibody-dependent tissue destruction is of major importance
(96). The role of T cells is presently analyzed in more detail (94).
In rodent models, it has been delineated that direct injection of
anti-AQP4 antibody in the CNS can lead to severe pathology
without the presence of T cells (129). Also, antibody-dependent
destruction of tissue by complement seems to be of paramount
importance and dependent on the antigen conformation and the
presence of antibodies (130). It is not excluded that also addi-
tional target molecules will be discovered, which are associated
with seronegative forms of NMOSD in the future.

Autoimmune Encephalitis

There are a high number of diseases in which the autoimmune
response is directed against neuronal antigens (1) (Table 1). The
target molecules can be localized intracellular or extracellular
(9, 98). Some of the intracellular antigens are nuclear proteins.
Most of the diseases in which the immune response is directed
against intracellular neuronal targets are of paraneoplastic
origin. Mainly, CD8+ T cells, which are MHC I restricted, are
involved in the immune pathogenesis of these types of AE (131).
In affected patients, most important is the search for the underly-
ing neoplasm and its treatment. In addition, immunotherapy is
meaningful (132).

In diseases in which the target structures are exposed extracel-
lular as membrane proteins, more diseases are of autoimmune
origin and less paraneoplastic. A prototype is the anti-N-methyl-
D-aspartate receptor (NMDA) receptor encephalitis in which the
NMDA receptor is the target molecule of the immune response
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TABLE 1 | Human diseases and autoantigens, main cellular expression, and cellular compartment of expression as well as involved immune responses

as presently known.

Disease  (Auto)antigen Target cell  Main cellular localization Established role of

T cells Antibodies Complement
MS Actin U C, CS, ES +(72) ND ND
MS Alpha-synuclein N U, not P +(72) ND ND
MS CNPase, 2’,3'-cyclic-nucleotide 3’-phosphodiesterase O,N ES, CS, N +(78) +(79) ND
MS GFAP, dlial fibrillary acidic protein A C,Cs +(72) —(80) ND
MS Glutamate dehydrogenase U M +(72) ND ND
MS MAG, myelin-associated glycoprotein (0] PM +(81) +(81) ND
MS MBP, myelin basic protein (0] PM, C, N +(72,82,83)  +(79) ND
MS MOBP, myelin-associated oligodendrocyte basic protein O PM + (84) +(79) ND
MS MOG, myelin oligodendrocyte glycoprotein O PM + (85, 86) +(87) +(88)
MS Neurofilament-3 N CS,C,N +(72) +(89) ND
MS PLP, proteolipid protein O PM + (90) +(79) ND
MS S100p, S100 calcium-binding protein B A E,C N +(91) - (80) ND
MS Survivin u C,CS,N +(72) ND ND
MS Transaldolase u E,C,N +(92) + (93) ND
NMOSD AQP4, aquaporin-4 A PM + (94) + (95) + (96)
NMOSD MOG, myelin oligodendrocyte glycoprotein O PM ND +(97) +(88)
AE AKS5, adenylate kinase 5 N C,ES ND +(98) ND
AE AMPAR, glutamate ionotropic receptor AMPA type N PM ND +(99) ND
AE Amphiphysin N PM, C, CS, GA ND + (100) ND
AE CASPR2, contactin associated protein-like 2 N PM, E, GA ND + (101) ND
AE CRMP5, dihydropyrimidinase-like 5 N C ND + (102) ND
AE DNER (Tr), delta-/notch-like EGF repeat containing N PM, E ND + (103) ND
AE Dopamine receptor D2 N PM, C ND + (104) ND
AE DPPX, dipeptidyl peptidase N ES, L, PM, V ND + (105) ND
AE GABAaR, gamma-aminobutyric acid type A receptor N PM ND + (106) ND
AE GABADbR, gamma-aminobutyric acid type B receptor N PM ND + (107) ND
AE GADB5, glutamate decarboxylase 2 N C, PM + (108) + (109) —(108)
AE GlyR, glycine receptor N PM ND +(110) ND
AE Hu, ELAV-like RNA-binding protein 4 N C,N + (108, 111) +(112) —(108)
AE IgLONS5, IgLON family member 5 N ES, PM ND +(113) ND
AE LG, leucine-rich glioma-inactivated 1 N ES, PM + (108) +(114,115)  +(108)
AE Ma1, paraneoplastic Ma antigen 1 N N ND +(116) ND
AE Ma2, paraneoplastic Ma antigen 2 N N + (108) +(117) —(108)
AE mGIuR1, glutamate metabotropic receptor 1 N PM, C ND +(118) ND
AE mGIuR5, glutamate metabotropic receptor 5 N ES, PM ND +(119) ND
AE Neurexin-3a N PM ND + (120) ND
AE NMDAR, glutamate ionotropic receptor NMDA type N PM + (108) +(121) —(108)
AE P/Q type VGCC, calcium voltage-gated channel N PM ND +(122) ND
AE Ri, NOVA alternative splicing regulator 1 N N ND +(123) ND
AE Yo, cerebellar degeneration-related protein 2 N N ND + (124, 125) ND
AE Zic4, Zic family member 4 N N ND + (126) ND

A, astrocytes; AE, autoimmune encephalitis; C, cytosol; CS, cytoskeleton; E, endosome; ES, extracellular space; GA, Golgi apparatus; L, lysosome; M, mitochondria; MS, multiple
sclerosis; N, neurons; N, nucleus; ND, not determined; NMOSD, neuromyelitis optica spectrum disorder; O, oligodendrocytes; R, peroxisome; PM, plasma membrane; U, ubiquitous;

V, vacuoles; +, positive findings; —, negative findings.

(121). It has been shown that antibodies are most important in
this type of diseases and that these antibodies can lead to altera-
tion of cellular function with consequences on behavior (104,
133, 134) or tissue destruction by complement (108). There is a
requirement for these antibodies to access the CNS in order to
be of disease relevance (135). Recently, a strong influence of a
specific HLA haplotype has been shown in anti-LGI1 encephalitis
in Koreans (136). So far, the role of T cells has not been assessed
in detail in these illnesses but deserves much more attention
in future efforts. These diseases are treated by immunotherapy
(132, 137). In cases in which the origin is paraneoplastic, the
neoplasm needs to be treated in addition to immunotherapy.

Paraneoplastic Disease of the CNS

Why is there such a preference of paraneoplastic CNS disorders
for neuronal antigens? Why are there no or only few cases of
paraneoplastic MS or NMOSD? Possibly the answer lies in
the antigen repertoires that are preferentially displayed by
neoplasms. In NMOSD, cases with paraneoplastic origin have
been reported (138, 139). In addition, certain brain neoplasms
might result in paraneoplastic cases of MS even though such
cases have not been interpreted as paraneoplastic diseases so far
but rather in the opposite way that the molecular changes in the
MS lesion have led to development of the neoplasms (140-142).
As discussed in the section regarding HLA haplotypes, the
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density of the presented disease-inducing antigen expressed by
the neoplasms is potentially an important factor that can lead
to paraneoplastic disease. Therefore, a higher density of the
presented autoantigen would possibly more likely lead to disease
induction.

THERAPEUTIC CONSIDERATIONS

Since the adaptive immune response is of such great relevance
in various immunologically mediated disorder of the CNS it is
obvious that it should be targeted to halt and possibly cure auto-
immune and paraneoplastic diseases of the CNS. Of course, in
paraneoplastic diseases always the underlying malignancy should
be treated by surgical, radiotherapeutic, and chemotherapeutic
approaches, since the eradication of the malignancy with pres-
ence of the antigens that drive the disease can possibly lead to an
improvement of the paraneoplastic disease condition affecting the
CNS. It has been proposed that immunotherapeutic approaches
should mainly affect the humoral immune response, since the
cellular immune response by CD8+ T cells is of great importance
in tumor rejection (143). This aspect needs to be investigated in
more depth.

In autoimmune diseases of CNS depending on the dominance
of the T or/and B cell response, a rational treatment approach
should be used. In most diseases in which autoantibodies are of
major importance, the depletion of B cells by rituximab a mono-
clonal antibody (mAb) that targets CD20 has been shown to be of
great efficacy (144-146). This is the case for AE with membrane
molecules as target antigens of the immune response (132, 137,
146). In NMOSD, depletion of B cells is well established as a very
efficacious treatment approach (145). Also in MS, depletion of
B cells has been shown to be of great therapeutic efficacy (144).
This has been underscored by recent data with ocrelizumab a
novel human mADbD also targeting CD20 (147, 148). Since B cells
are very potent professional antigen-presenting cells, the deple-
tion of such cells leads also to reduced presentation of antigens
to T cells (1, 149, 150). This reduction of antigen presentation in
individuals that have been treated with B cell depleting agents is
potentially one of the most important immunotherapeutic effects
of such a therapeutic approach.

In MS, it has been demonstrated that decreasing numbers
of T cells that enter the CNS can result in reduction of contrast
enhancing lesions, numbers of new lesions, and improvement of
clinical disease score as well (3). Also, modulating T cell responses
regarding the way how these cells react in expression of certain
immune mediators can affect disease.

The combined depletion of T and B cells by alemtuzumab
by targeting CD52 has been shown to be very eflicacious in
MS (151-153). In a retrospective case series in NMOSD, this
approach failed to be effective (154). The reasons are not clear so
far, but the authors recommend caution. The approach has not
been used in AE so far. This restricted use is most likely because
potential side effects are dreaded. Nevertheless, such a therapeutic
approach embodies a great potential for cure in selected patient
populations.

Predetermined TCR repertoire selected by

MHC/HLA haplotype
Autoimmune (Aum)a".t'ge" Paraneoplastic
origin - determipes _ origin
Endogenous factors target organ Endogenous factors
Exogenous factors specificity Exogenous factors

Specific T and B cells, antibodies

Target organ susceptibilty
Endogenous factors
Exogenous factors

Tissue pathology/disease

FIGURE 1 | Schematic representation of the major histocompatibility
complex (MHC)/human leukocyte antigen (HLA) haplotype and
additional factors on disease breakthrough in autoimmune or/and
paraneoplastic diseases.

Another approach to affect autoimmune and paraneoplastic
diseases would be the blockade of the terminal phase of inflam-
mation which is partially mediated by antibodies and that leads
to tissue destruction. In this aspect, the use of eculizumab, a
mAb depleting the complement factor C5 holds great promise.
There are trials ongoing in NMOSD that investigate the efficacy
of eculizumab in disease arrest. Initial observations are very
promising (155). The use of complement inhibitors could be of
great therapeutic potential in MS as well as in certain types of AE
in which complement is strongly involved in pathophysiology.
So far, the use of eculizumab is restricted due to limited clinical
development efforts because of its high cost.

CONCLUSION

There is a great similarity in immune mechanisms of different
autoimmune and paraneoplastic diseases of the CNS (Figure 1).
The adaptive immunity seems to be the main driver of selected
organ pathology in autoimmune and paraneoplastic diseases.
Specific HLA haplotypes are associated with different autoim-
mune and paraneoplastic autoimmune disorders. HLA haplo-
types predispose for selection of certain autoantigens that drive
such diseases. The phenotype of autoimmune and paraneoplastic
diseases of the CNS differs depending on the antigens that drive
the immune responses. Neoantigens can possibly contribute to
the development of these disorders. The pivotal role of the adap-
tive immunity in autoimmune and paraneoplastic diseases of the
CNS allows directed immune interventions to modulate T and
B cell responses.
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Multiple sclerosis (MS) is known to be a partially heritable autoimmune disease. The risk
of developing MS increases from typically 1 in 1,000 in the normal population to 1in 4 or
so for identical twins where one twin is affected. Much of this heritability is now explained
and is due almost entirely to genes affecting the immune response. The largest and first
identified genetic risk factor is an allele from the MHC class || HLA-DRB1 gene, HLA-
DRB1*15:01, which increases risk about threefold. The HLA-DRB1 gene is expressed
in antigen-presenting cells, and its protein functions in presenting particular types of
antigen to CD4 T cells. This discovery supported the development of the first successful
immunomodulatory therapies: glatiramer acetate, which mimics the antigen presentation
process, and interferon beta, which targets CD4 T cell activation. Over 200 genetic risk
variants, all single nucleotide polymorphisms (SNPs), have now been described. The
SNPs are located within, or close to, genes expressed predominantly in acquired and
innate immune cell subsets, indicating that both contribute to MS pathogenesis. The
risk alleles indicate variation in the regulation of gene expression, rather than protein
variation, underpins genetic susceptibility. In this review, we discuss how the expression
and function of the risk genes, as well as the effect on these of the risk SNPs, indicate
specific acquired immune cell processes that are the target of current successful thera-
pies, and also point to novel therapeutic approaches.

Keywords: multiple sclerosis, genes, vitamin D, Epstein-Barr virus, immune tolerance

INTRODUCTION

Multiple sclerosis (MS) is an autoinflammatory disease in which the oligodendrocytes are destroyed
and neuronal function is progressively lost (1). Risk is greatly increased with increasing relatedness
to someone who has MS. The genetic basis for this increase in risk has been largely determined by
genome-wide association studies (GWAS), which indicates that common variation in the regulatory
regions of immune genes largely drives variation in susceptibility to MS (2). Over 200 genes have
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now been identified (3) and, of these, 110 non-MHC genetic loci
have been detailed (2) and 13 MHC loci identified (4).

The heritability of a disease is the proportion of total variance
in disease risk that is explained by genetic variance (5). A recent
meta-analysis of twins concluded that genetic variation may be
responsible for about half of the individual differences in suscep-
tibility to MS (6), further supported by a large national study (7).
This is similar for many common autoimmune diseases (8). The
¢.200 risk genes identified from GWAS, using genotyping from
more than 100,000 cases and controls, is estimated to account for
toward half of MS heritability (3).

These MS risk variants are expressed in a wide range of
immune cell types (9), indicating that multiple immune cell types
contribute to the immune dysregulation that alters susceptibility
to MS. This is consistent with successful MS therapies targeting
highly different immune cell types: a monoclonal antibody to
CD20 is B cell specific (10); to CD25 is T/NK/MP cell specific
(11); and others are pan immune [CD52 (12); CD49d (13)]. Of
these therapeutic targets, both CD25 and the ligand for CD49d
(VCAMI) are MS risk genes. This suggests that many therapeu-
tics could be employed targeting the other 200+ MS risk variants,
and that novel therapies targeting specific immune cell types
and states identified by the risk genes should be possible. Other
therapies alter migration to the central nervous system (CNS)
by retaining multiple immune cell types in secondary lymphoid
organs [S1PR agonists; (14)], or by altering immune cell physi-
ological state [Tekfidera; (15); Teriflunomide; (16)]. All therapies
fail in a proportion of patients, with resulting CNS damage and
significant economic cost (17).

Environment also contributes to MS susceptibility. These
include latitude of childhood, age at Epstein-Barr virus (EBV)
infection, salt, and smoking (18). Each of the environmental risk
factors can be manipulated or their effects modified through
understanding how they affect immune response. Similarly,
although an individual’s genetic risk factors cannot yet be altered,
their consequences on immune response can be manipulated
through an understanding of how they affect MS risk, including
how they interact with environmental risk factors.

In this review, we discuss how the known MS genetic risk
factors may affect the acquired immune response, and how this
points to novel therapeutic strategies. Unlike Mendelian diseases,
single genetic effects are small in MS. However, they point to
processes and cell subsets necessary for MS pathogenesis, and
as mentioned above, targeting single genes tagged by their albeit
small risk factors has proved highly effective in reducing disease.
Defining the gene, and the cell subset and state it in turn tags,
should be beneficial in improving therapy. This is particularly
likely given the recent discoveries that many key immune cell
populations are highly heritable (19-21).

Our approach in this review is to consider the immune cell
subsets in which the MS risk genes are most highly expressed, as
these are the most likely to underpin the risk genes’ contribution
to pathogenesis. The risk genes typically control differentiation
and state of the immune cells and act through their function on
particular cellular processes in these cells. These cellular genetic
effects are modulated through the effect of the risk single nucleo-
tide polymorphisms (SNPs). The context and consequences

in which these SNPs exert their effects are often difficult to
determine, especially for pleiotropic molecules. The SNP effect
may be within the major immune cell type in which the risk gene
functions, or be due to the balance of many risk gene effects on
the immune response, and may be highly context specific, such as
on infection at a particular tissue location and time.

A consilient approach, where the more genetic factors that
point to a particular process as being pathogenic the more likely
it is to be true, can be facilitated by considering how these genetic
risk factors might function to mediate environmental risk.
Consequently, in this review, we have focused on how the effects
of the genes on the acquired immune cell state, function, and
differentiation might be shared with the effects of environmental
risk factors; and how this might contribute to the development of
novel therapeutic approaches.

THE FIRST RISK GENE, HLA-DRB1*15:01

The first MS risk gene variant, HLA-DRB1*15:01, increases risk
by threefold (22). The others confer an increased risk of less than
1.2-fold. Although the increased risk of the gene variant does
not necessarily indicate the relative importance of the risk gene
in pathogenesis, it does indicate the relative effect of the genetic
variant haplotype. The HLA-DRBI variant 15:01 therefore,
affects pathogenesis more than the other known risk variants,
but the relative importance of other risk genes to pathogenesis
is unknown. HLA-DRBI has limited and well-known roles: it is
expressed in antigen-presenting cells, and it presents peptides to
CD4 T cells in the process of their regulation, both activation
and inactivation. Consequently, we can conclude CD4 T cells
are important in pathogenesis, and the peptide presented by
DRB1*15:01, and/or the regulation of this variant, are highly
important to pathogenesis. From protein prediction studies,
these peptides are hydrophobic. Many myelin sheath proteins
have highly hydrophobic peptides. Unlike other DRB1 alleles, the
structure of the 15:01-binding groove has been shown to present
both myelin and EBV peptides to T cells (23). Molecular mimicry
(where non-myelin peptides select the same T cell clones) and
epitope spreading (where related T cell clones are selected by
peptides similar to the one initiating an immune response) could
contribute to T cell activation through DRB1*15:01. A pathogen
such as EBV could drive such immune activation. Tschochner
et al. (24) have recently demonstrated a number of potential
cross-reactive targets of major myelin antigens and EBV proteins.
Antigen presentation occurs in the thymus, where the CD4 T cell
repertoire is restricted, and where regulatory T cells are selected.
It also occurs in the secondary lymphoid organs, notably, the
draining cervical lymph nodes, which present antigen from the
CNS to naive T cells, resulting in their activation or inactivation
(tolerance, cell death, and regulatory T cells). CD4 T cells will
also recognize antigen in the CNS, including that presented by
antigen presenting cells (APCs) there. Finally, the B cell arm of
the immune response will be activated by CD4 Th2 cells in ger-
minal centers of the secondary lymphoid organs, elsewhere, and
in the tissues. B cells can also act as antigen-presenting cells. The
HLA-DRBI*15:01 allele is associated with phenotypic features of
the disease including female sex and presence of cerebrospinal
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fluid-restricted oligoclonal bands, and the HLA genetic burden
has now been associated with several MRI traits (25). Other HLA
DRBI loci are also independently associated with MS risk (4).

Several MHC class I alleles have also been identified, all with
protective effects (4). These present antigen to CD8 T cells, or inter-
act with natural killer (NK) cells. CD8 T cells responding to anti-
gens presented by these protective alleles may be more effectively
activated to kill EBV infected cells. Or, these alleles could facilitate
superior regulation by NK cells of target cells, such as infected cells,
or autoreactive T cells. These processes might be augmented by
therapies or vaccines. It is interesting that although HLA A/B/C
genes might be expected to be expressed in a wide range of cell
types, of immune cells ex vivo, we found that their expression was
highest in NK cells (Figure 1). Higher expression of these risk
alleles in NK cells might indicate their importance in regulating
the NK cells response, at least in the homeostatic conditions tested,
and suggests an interesting area for further investigation.

Risk gene effects, both MHC and non-MHC, appear to be
additive, with little evidence for interactive effects (2, 4). An
exception is two interactions between pairs of class II alleles:
HLA-DQA1*01:01-HLA-DRB1*15:01 and HLA-DQB1*03:01-
HLA-DQB1*03:02 (4). These authors found no evidence for
interactions between classical HLA alleles and non-HLA risk-
associated variants. Genetic load, including just the MHC arm
(27) can predict altered MS susceptibility and phenotypes, but
have little diagnostic utility, since even the few people with unu-
sually high MS genetic loads are unlikely to develop MS.

RISK GENE IMMUNE CELL PHENOTYPES

The possibility that MS risk genes define immune cell population
differences that contribute to pathogenesis has been supported by
the recent finding that many immune cell populations are highly
heritable (19-21). Differences in differentiation of immune
cells between individuals are controlled by genetic variation,
e.g., of transcription factors, cytokine receptors, and signaling
molecules. MS risk genes such as TYK2 (28, 29), IL2Ra (30),

EOMES (31), NFKBI (32), and ZMIZ1 (33) are associated with
immune cell population differences in MS. Increased under-
standing of immune dysregulation in MS, the nature of control
of this dysregulation, and identification of points for therapeutic
intervention will come from further investigation of how risk
genes and alleles affect heritable immune cell populations. For
example, Hartmann et al. found a significantly increased pro-
pensity of Ty cells from individuals carrying IL2RA risk alleles to
secrete GM-CSEF, and that such cells were more abundant in MS
(30). GM-CSF neutralization trials are also currently ongoing in
MS patients (NCT01517282). GM-CSEF B cells (34) may yet prove
to be driven by MS risk factors. These populations are thera-
peutic targets, and agents exist that can modulate each of them:
novel agents may prove to be more specific to the MS-promoting
aspect of these populations. The latter needs to be determined by
further study.

Brodin et al. (20) also demonstrated that the difference in
response of immune cell subsets to the cytokines IL7 and IL2
could be highly heritable. These genes and/or their receptors are
MS genetic risk factors (35). Genes such as these defining herit-
able immune cell subsets and responses are good candidates for
drug targets and biomarkers. It is notable that the percentage of
lymphocytes in peripheral blood-expressing CD4 is highly herit-
able and predicts response to fingolimod (36).

CELL SUBSET AND STATE

Antigen-presenting cells and CD4 T cells are implicated by the
HLA-DRBI genetic association; CD8 and NK cells by the MHC
class I associations. These and other cell types are also implicated
by the non-HLA MS risk genes (Figure 2) (4, 9, 35). The general
immune cell pattern of cells expressing risk factor genes indicate
that a wide range of subsets and contexts are likely to contribute
to disease development. For example, pathogenic studies have
implicated autoreactive CD4, CD8, and B cells; and the cells that
regulate them including regulatory T (many types), regulatory
B (many types), the cells that regulate all of these [collectively the
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FIGURE 1 | Relative expression in cell subsets of the multiple sclerosis risk genes located in the major histocompatibility complex region. Expression
was by RNASeq and color on heatmap indicates relative expression level: orange is high, blue is low. MHC risk genes are identified in Ref. (4). Cell subsets were ex

vivo or in vitro generated as previously described (26).
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FIGURE 2 | Cell subset expression and function of multiple sclerosis
(MS) risk genes. Pie chart indicates the proportion of MS risk genes that are
most highly expressed in each of the cell subsets, as measured by RNAseq.
Details of cell isolation and RNAseq workflow are described in Ref. (26). Bar
charts illustrate the function of the genes most highly expressed in each of
the cell subsets. MP, mononuclear phagocytic; NK, natural killer. Gene
function was categorized using the Entrez gene summary and gene ontology
annotations for each gene.

TABLE 1 | Gene ontology (GO) pathways overrepresented in the lists of
multiple sclerosis risk genes most highly expressed in T, B, mononuclear
phagocytic (MP), and natural killer (NK) cells, respectively.

Cell type GO pathways overrepresented (p-value)

T Differentiation (1E-18), activation (1E-17), cell adhesion (1E-16)
B Chemokine secretion (1E-9), activation (1E-8), migration (1E-8)
MP Activation (1E-8), adhesion (1E-7), differentiation (1E-6)

NK Activation (1E-8), STAT cascade (1E-7)

p-Values were calculated using GeneGo MetaCore.

mononuclear phagocytic (MP) cells]; as well as NK cells (37). Each
individual may have dysregulation in a particular combination
of these, explaining at least some of the variation in therapeutic
response. The risk genes dominantly expressed in these major
subsets include transcription factors, chemokines, receptors, and
intracellular enzymes and signaling factors (Figure 2), which
would be expected to not only control the proportion, differ-
entiation, and state of these subsets (Table 1) but also provide
therapeutic targets for manipulating them. By identifying how
these risk variants affect gene function, off-the-shelf therapeutic
agents already available for the risk genes could be potentially
repurposed to MS, especially for cell surface receptors.

As well as those immune populations described in Section
“Risk Gene Immune Cell Phenotypes,” some progress has been
made in determining the effects of particular SNPs and genes.
The IL2R risk variants control splicing and affect the proportion
of GM-CSE-producing T helper cells (30). The IL7R risk variant
affects splicing, affects T cell repopulation after lymphopenia in
transplants (38) and HIV (39), and could also affect T regulatory
cell proportion and function (40). Several other genes support
dysregulation of Tregs as pathogenic, notably the transcription
factors BACH2, IKZF1, and IKZF3.

Immune effects of risk genes are likely more easy to identify
than the specific effects of SNPS, but the latter has indicated

why therapies are useful in some autoimmune diseases, but
exacerbate them in others. For example, the MS CD40 risk
variant of SNP rs6074022 is protective for rheumatoid arthritis,
and monoclonal antibodies to CD40 are effective for the latter,
but exacerbate disease in the former (41). Similarly, opposite
associations of the TNFRSF1A allele rs1800693 correspond to
opposite outcomes of anti-TNF in treatment for MS and other
autoimmune diseases (42).

Although it is been widely considered that the genetic asso-
ciations with MS provide a roadmap to understand pathogenesis
and devise new therapeutic strategies, most of that map has not
been exploited for the investigation of how the genes and their
variants affect pathogenesis.

INTERACTION WITH ENVIRONMENTAL
RISK FACTORS: THERAPEUTIC
IMPLICATIONS

Multiple sclerosis risk is greatly reduced in low latitudes, and this
has been attributed to the effects of ultraviolet light, including
the production of vitamin D, leading to clinical applications (43).
An immediate benefit of the identification of the first 110 MS
risk genes was the compelling evidence that vitamin D regulation
contributes to MS susceptibility: the risk gene CYP24A1 inacti-
vates vitamin D, and the risk variant increases this inactivation
in dendritic cells (26). The vitamin D-activating gene CYP27B1
is also implicated, and its risk variant is less active in tolerizing
dendritic cells. Other vitamin D-regulated genes in MP cells have
been identified (44), and there is an overrepresentation of genes
associated with MS and other latitude-dependent autoimmune
diseases. These data have supported the now widespread use of
vitamin D supplementation in clinical management of MS. By
indicating the immune cells mediating the vitamin D protection,
and the genes regulated by vitamin D in these immune cells, this
genetic finding also provides a tool to dissect out the molecular
architecture of vitamin D control of tolerance. Vitamin D sup-
plementation can be implemented in a variety of ways. Optimal
and improved methods to stimulate tolerance, and to monitor
vitamin D sufficiency by immune cell readout, may result from
further investigations of the regulation of the vitamin D pathway.

Common disease-associated variants affect expression of
pathogen-sensing genes in dendritic cells, highlighting the
importance of infection on driving functional variation that also
affects disease (45). There is a strong evidence that the EBV is
necessary for development of MS (46), with compelling evidence
for causation (47). However, most of those infected never develop
MS. Some MS risk genes would be expected to indicate differ-
ences in the immune response to EBV that contribute to MS risk.
The paradox of the high expression of the T cell-activating gene
CD40 being protective in MS may be explained by its role in EBV
proliferation in B cells (9). The risk gene TRAF3 also functions on
this signaling pathway. The risk genes ZMIZ1 (33) and EOMES
(48) are associated with levels of antibodies to EBV. Given that
the recent dramatic success of B cell therapies may be due to
their effect on EBV-infected B cells (49), identifying host genetic
factors affecting immune control of EBV and MS risk may prove
particularly promising areas of investigation.
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Further, environmental risk factors (EBV, smoking, and obe-
sity) increase the risk of MS with combinations of the MHC risk
factors (HLA-A*2 protective, DRB1*15:01 risk) greatly beyond
the additive effects of these genetic risk factors: additive risk 5.0,
interactive risk 14 (50). This suggests that there is an increased
risk of MS due to the antigen-presentation pathways when envi-
ronmental factors increase the effects of an immune response
and highlight the value of interventions based on reducing these
environmental risk factors.

CONCLUSION AND FUTURE WORK

Although much of the heritability of MS has been discovered, the
current findings have not yet been sufficiently exploited. Some
progress has been made in the identification of pathogenically
significant changes to immune cell types, state, and differentia-
tion; and interaction with UV light and vitamin D. Design of new
therapies for risk gene-guided immunomodulation, repurposing
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Background: Although rare, brain abnormalities without optic neuritis (ON) or trans-
verse myelitis (TM) diagnosed with neuromyelitis optica spectrum disorder (NMOSD)
have been reported in patients positive for the aquaporin-4 (AQP4) antibody.

Objective: To analyze demographic and clinical differences among NMOSD patients
without ON or TM, those with either ON or TM, and patients with simultaneous ON and
TM at disease onset.

Methods: In this retrospective study, patients who were positive for the AQP4 antibody,
as detected using a cell-based assay, at the Second Affiliated Hospital of Guangzhou
Medical University in China were recruited. Demographic and clinical data were obtained
from each patient’s medical record.

Results: A total of 292 patients were included in this study and were divided into four
subgroups based on their initial manifestations: (i) NMOSD without ON or TM (NMOSD-
ON-TM-, n = 70); (i) NMOSD with ON (NMOSD-ON*, n = 95); (i) NMOSD with T™M
(NMOSD-TM*, n = 116); and (iv) simultaneous ON and TM [neuromyelitis optica (NMO),
n = 11]. We found that age at onset was lower in the NMOSD-ON-TM~ group than
that in the other groups. The interval from the first episode to relapse was shorter in the
NMOSD-ON-TM- group than that in NMOSD-TM+* group. Cerebral spinal fluid white cell
counts and protein levels were significantly higher in the NMOSD-ON-TM- group than
those in the other groups. Lower Expanded Disability Status Scale scores were observed
in the NMOSD-ON-TM- group. Brain abnormalities, including in area postrema and
hemisphere lesions, were more frequent in the NMOSD-ON-TM- group. Kaplan-Meier

Frontiers in Neurology | www.frontiersin.org

75 February 2017 | Volume 8 | Article 62


http://www.frontiersin.org/Neurology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2017.00062&domain=pdf&date_stamp=2017-02-28
http://www.frontiersin.org/Neurology/archive
http://www.frontiersin.org/Neurology/editorialboard
http://www.frontiersin.org/Neurology/editorialboard
https://doi.org/10.3389/fneur.2017.00062
http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:smilegaocong@126.com
https://doi.org/10.3389/fneur.2017.00062
http://www.frontiersin.org/Journal/10.3389/fneur.2017.00062/abstract
http://www.frontiersin.org/Journal/10.3389/fneur.2017.00062/abstract
http://www.frontiersin.org/Journal/10.3389/fneur.2017.00062/abstract
http://www.frontiersin.org/Journal/10.3389/fneur.2017.00062/abstract
http://loop.frontiersin.org/people/359272

Long et al.

Phenotype at Onset in NMOSD

analysis showed that patients in the NMOSD-ON-TM- group experienced earlier relapse
than those in other groups. Conversion to NMO in the NMOSD-ON* group was greater
than that in the other groups. Only 14 patients (4.8%, 14/292) had pure brain abnormal-
ities, of which 12 had disease duration of several more years and 8 (57.1%) experienced

relapses.

Conclusion: NMOSD patients with different initial manifestations present with significant
differences in clinical features during follow-up. Patients with long-term AQP4 autoimmu-
nity in the brain in the absence of ON or TM are not common.

Keywords: neuromyelitis optica, aquaporin-4, optic neuritis, myelitis, brain

INTRODUCTION

Neuromyelitis optica (NMO) is generally a severe, idiopathic,
immune-mediated inflammatory, demyelinating, and necrotizing
disease that mainly involves the optic nerve and spinal cord, but
rarely the brain. The presence of aquaporin-4 (AQP4) antibody
in NMO (1) facilitates its distinction from multiple sclerosis, and
many studies have shown that AQP4 autoimmune lesions outside
the optic nerve and spinal cord are common (2, 3).

Limited forms of NMO, optic neuritis (ON) or transverse
myelitis (TM), positive for the anti-AQP4 antibody are diagnosed
as NMO spectrum disorder (NMOSD) (4, 5). Furthermore,
increasing numbers of positive cases without optic nerve and
spinal cord involvement have been reported, indicating that the
requirement for the presence of either ON or TM may confound
the definition of NMOSD (6). Previous reports have shown that
many manifestations outside the optic nerve and spinal cord in
patients with NMOSD occur frequently during the disease and
may precede ON or TM by months or years (7-9). Thus, the
international panel for NMO diagnosis has updated the defini-
tion of NMOSD to include the presence or absence of anti-AQP4
antibody (2). A diagnosis of NMOSD with anti-AQP4 antibody
requires several core clinical characteristics, including clinical
syndromes or magnetic resonance imaging (MRI) findings
related to optic nerve, spinal cord, area postrema, other brainstem
locations, diencephalic, or cerebral presentations (2). Recently,
some cases have been reported with abnormalities in skeletal
muscle and retinal cells expressing AQP4, characterized by the
presence of immune complex deposition and AQP4 loss (10, 11).
Therefore, manifestations in patients positive for AQP4 antibody
are heterogeneous.

Surprisingly, despite the interest in brain abnormalities of
patients with NMO/NMOSD, patients displaying pure brain
symptoms have been rarely reported (7, 9, 12). Here, we describe
the initial and follow-up clinical manifestations of patients with
NMOSD who initially presented with different phenotypes,
especially those with pure brain symptoms.

PATIENTS AND METHODS

Patients
This retrospective study was approved by the Ethics Committee of
the Second Affiliated Hospital of Guangzhou Medical University,

China. All patients provided informed consent in the present
study. Data analysis was performed based on the Chinese laws
for data protection.

Consecutive patients positive for AQP4 antibodies, as detected
retrospectively using a cell-based assay at the Second Affiliated
Hospital of Guangzhou Medical University, were recruited until
August 2015. The following data were acquired from each patient’s
medical record: age, sex, medication, number of demyelinating
events, clinical characteristics, and cerebral spinal fluid (CSF)
protein levels and white cell counts. The Expanded Disability
Status Scale (EDSS) (13) was conducted in these patients during
follow-up at their most recent interview. Relapse was defined as
objective worsening of new neurological symptoms that lasted
at least 24 h and was preceded by disease stability for at least
1 month.

The patients were diagnosed as NMO/NMOSD based on the
2006 NMO diagnostic criteria (14) and the recent international
panel guidelines (2). Cases of longitudinally extensive transverse
myelitis (LETM) and acute partial transverse myelitis (APTM)
were confirmed using MRI (15, 16). Cases of ON were defined by
acute or subacute, unilateral or bilateral vision loss.

The recruited patients were divided into the following four
groups based on initial disease manifestation: (i) with ON
(NMOSD-ON"); (ii) with TM (NMOSD-TM™); (iii) without ON
and TM (NMOSD-ON-TM"); and (iv) with simultaneous ON
and TM NMO.

AQP4 Antibody Testing

All CSF and serum samples were stored at —80°C. AQP4 antibod-
ies were detected with a cell-based assay using a commercially
available kit (Euroimmun, Luebeck, Germany) or by transfection
of HEK293T cells with a construct containing human AQP4-M1
and AQP4-M23 genes.

Statistical Analysis

All statistical analyses were conducted using Statistical Program
for Social Sciences version 11.0 (SPSS, Chicago, IL, USA)
software. The y>-test was used for binary and categorical data.
One-way ANOVA and Mann-Whitney U tests were used for
continuous variables. A Kaplan-Meier analysis was performed
to evaluate survival (time to relapse, conversion to NMO). The
Kaplan-Meier analysis was compared between groups using log-
rank tests. Values of p less than 0.05 were considered significant.
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RESULTS

Patient Demographics
A total of 292 patients with positive AQP4 antibodies were
included in this retrospective study. This cohort comprised 253
females and 49 males (a female to male ratio of 6.49). Among
these 292 participants, 178 (61%) were diagnosed with NMO
and 114 (39%) with NMOSD based on their most recent follow-
up (2) (Table 1). Their mean age at onset was 38.1 + 14.5 years
(range, 4-79 years); 22 of the 292 patients (7.53%) were older than
60 years at disease onset, and 10 (3.42%) were under 18 years old.
The initial symptoms of the four groups are shown in Figure 1.
Group (i) comprised 95 patients (32.5%, 95/292) diagnosed
with ON (NMOSD-ON*) at onset. The disease started with
isolated left ON in 60/95 cases (63.2%), isolated right ON in
19 (20%), and simultaneous bilateral ON in 16 (16.8%). Group
(ii) consisted of 116 patients (39.7%, 116/292) diagnosed with
TM (NMOSD-TMY) at onset. The disease started with LETM in
113/116 cases (97.4%) and APTM in 3/116 (2.6%) cases. Cervical
lesions were found in 46/116 (39.7%), thoracic lesions in 35/116
(30.2%), and simultaneous cervical and thoracic lesions in 35/116
(30.2%) patients. Group (iii) was composed of 70 patients (24%,
70/292) without ON and TM (NMOSD-ON-TM~) at onset.
The main brain symptoms observed included area postrema
syndrome with hiccups or nausea and vomiting (44.2%, 31/70),
acute brainstem syndrome (22.9%, 16/70), acute diencephalic
clinical syndrome with NMOSD-typical diencephalic MRI lesions
(17.1%, 12/70), and symptomatic cerebral syndrome (15.7%,
11/70). At the most recent interview, 14 patients (4.8%, 14/292)

TABLE 1 | Final diagnosis and distribution of patients in three subgroups.

Groups N (%) of Age at Female/ No. (%) of
patients onset male immunosuppressive
(median) therapy?
(NMOSD)- 70 (100) 30 60/10 7 (10)
ON-TM-
NMO* 38 (564.9) 30 35/3 3(7.9
RLETM 8(11.4) 39 7 1(12.5)
APTM 3(4.3) 28 2/1 0
MON 3(4.3 30 3/0 0
RON 2(2.9) 28.43 M 0
Others® 16 (22.9) 26 12/4 3(18.8%)
NMOSD-ON* 95 (100) 37 83/12 22 (23.2%)
NMO* 78 (82.1) 38 69/9 20 (25.6%)
RON 2(12.6) 37 9/3 2 (16.7%)
MON 5.3 25 5/0 0
NMOSD-TM* 116 (100) 40 98/18 10 (8.6
NMO* 51 (44.00) 42 44/7 5(9.8
RLETM 40 (34.5) 40 34/6 5(12.5)
MLETM 22 (19.0) 43 17/5 0
APTM 3(2.6) 36 3/0 0(0)
NMO 11 (100) 49 11/0 2(6.8)

NMOSD, neuromyelitis optica spectrum disorder; NMO, neuromyelitis optica; RLETM,
recurrent longitudinal extensive transverse myelitis;, MLETM, monophasic LETM; APTM,
acute partial transverse myelitis; RON, recurrent optic neuritis; MON, monophasic ON.
2l ong therapy with azathioprine, cyclophosphamide, methotrexate, and mycophenolate
mofetil.

bPatients without optic neuritis (ON) and transverse myelitis (TM).

*Significantly different among the three groups (p < 0.0001).

had confirmed episodes involving brain abnormalities only,
without ON or TM, of which the duration was >12 months for
12 patients, 8 (57.1%) of whom experienced relapse. None of
these patients were diagnosed as having NMO or NMOSD prior
to the AQP4 antibody test. Two patients were from the same
family, and their younger sister had been diagnosed with typical
NMO with bilateral ON and LETM (Figure 2). Two patients had
comorbidity of autoimmune nephritis. One case had comorbidity
of anti-N-methyl-D-aspartate receptor encephalitis. Group 4 was
composed of 11 patients (3.8%) diagnosed with simultaneous ON
and TM (NMO) at onset.

Comparison of NMOSD Phenotypes at

Onset

The characteristics and phenotypes of the patients (n = 174)
in the three NMOSD groups (NMOSD-ON*, NMOSD-TM*,
and NMOSD-ON-TM") who had complete MRI, CSF, demo-
graphic, and clinical data were compared. These three groups
showed no significant differences in the sex ratio, disease dura-
tion, and number of relapsing cases (p > 0.05). However, the
age at onset was lower in the NMOSD-ON-TM~ group than
that in the other two groups (p < 0.005). The interval from the
first episode to relapse (relapse-free time) was shorter in the
NMOSD-ON-TM~ group than that in the NMOSD-TM* group
(p = 0.027). In addition, a significant difference was found
among these groups for the NMO conversion (p < 0.0001). The
CSF white cell count and protein level were significantly higher
in the NMOSD-ON-TM~ group than those in the other two
groups. The NMOSD-ON-TM~ group had lower EDSS scores
than the other two groups in the most recent follow-up. Brain
MRI abnormalities in area postrema and hemisphere lesions
were more frequent in the NMOSD-ON-TM~ group (p < 0.005;
Table 2), whereas brain MRI abnormalities were similar between
the NMOSD-ON* and NMOSD-TM* groups. Pure cervical cord
lesions were more frequent in the NMOSD-ON-TM~ group
(p <0.01).

Follow-up and Kaplan-Meier Analysis
Patients were included in this analysis if they had validated
relapsing events that occurred from the time of the initial incident
to the most recent interview and the duration of those symptoms
was greater than 12 months. Thus, follow-up data were analyzed
for 226 patients in the three NMOSD groups (NMOSD-ON*,
NMOSD-TM*, and NMOSD-ON-TM").

Among the 61 patients analyzed in the NMOSD-ON-TM~
group,60(98.4%) experienced relapse,and 31 patients (50.8%) met
the NMO diagnostic criteria during follow-up (12-268 months).
Among the 80 patients analyzed in the NMOSD-TM* group, 72
patients (90%) experienced relapse, and 34 (42.5%) were diag-
nosed with NMO during follow-up (12-324 months). Among
the 85 patients analyzed in the NMOSD-ON* group, 80 patients
(94.1%) experienced relapse, and 71 (83.5%) met the NMO diag-
nostic criteria during follow-up (12-346 months). The conversion
to NMO in the NMOSD-ON* group was greater than that in the
other tow groups (p < 0.0001).
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FIGURE 1 | Distribution of initial manifestations status in 292 patients. NMOSD, neuromyelitis optica spectrum disorder; ON, optic neuritis; TM, transverse
myelitis; APTM, acute partial transverse myelitis; LETM, longitudinally extensive transverse myelitis; NMOSD-ON—-TM—, patient initial manifestation without ON and
TM; NMOSD-ON+, patient initial manifestation with ON; NMOSD-TM+, patient initial manifestation with TM; neuromyelitis optica (NMO), patient initial manifestation
with simultaneous ON and TM.

experienced significantly earlier relapses (p = 0.023), although
both of these groups had similar relapse rates at >50 months. The
Kaplan-Meier analysis also revealed that the interval from first
attack to NMO conversion differed among the groups (Figure 4).
The median time of 120 months [95% confidence interval (CI):
40.6-199.4 months] in NMOSD-TM* cases was significantly
longer than that of 49.0 months for the NMOSD-ON-TM~ cases
(95% CI: 26.8-71.2 months, p = 0.012) and 36.0 months for the
NMOSD-ON* cases (95% CI: 25.3-46.7 months, p < 0.0001).
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The present study found that initial manifestations without
disorder cases from the same family. (A) Case one is the oldest sister TM or ON wcire not uncommon 1}’1 NMQSD patle.nts. In all the
with autoimmune nephritis and the proband in this family. She experienced patients examined, the onset of brain/brainstem lesions was more
left limb weakness in 2004. A recent magnetic resonance imaging (MRI) scan frequent than that previously shown in a large study (12). We
showed a residual lesion in the posterior limb of internal capsule (arrow). observed that 19.5% (57/292) of patients had involvement in area
(B) Case two is the second sister who experienced intractable hiccups and postrema /brainstem, in cluding displaying intractable hic cups

nausea and inappropriate antidiuretic hormone secretion in 2011. Her MRI 0 . .
showed a lesion in the dorsal medulla (arrow). (C,D) Case three, the third and nausea (IHN) (10'6 %, 31/29)' Although Increasing numbers

FIGURE 2 | Three neuromyelitis optica/neuromyelitis optica spectrum

sister, had typical optic neuritis and transverse myelitis. Her MRI scan of NMOSD patients with brain/brainstem-onset manifesta-
showed a lesion in the dorsal medulla and longitudinally extensive transverse tions have been reported, such patients without ON and TM in
myelitis (arrow). NMOSD have been rarely reported in previously conducted large

studies. For example, a relatively large study (12) reported 18%

of patients positive for AQP4 antibodies without TM and ON

presented with brain symptoms as their initial manifestation. In

A Kaplan-Meier analysis revealed that compared with  Japan, 28.6% (10/35) of cases showed IHN preceding ON and
NMOSD-TM* cases, NMOSD-ON-TM~ patients experienced =~ TM, and IHN was preceded by an episode of viral infection
significantly earlier relapses after the first attack (p = 0.002).  (17). Apiwattanakul et al. reported that the initial presenting
However, these two groups showed a similar relapse rate at ~ symptom of NMO was intractable vomiting in 12% of AQP4
late follow-up (>100 months) (Figure 3). Furthermore, com- antibody-positive patients (8). In addition, hiccup and nausea
pared with NMOSD-ON* cases, NMOSD-ON-TM~ cases also  often preceded neurological symptoms such as ON and TM,
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TABLE 2 | Demographic and paraclinical characteristics in three subgroups with valid data.

Characteristics NMOSD-ON-TM- NMOSD-TM+ NMOSD-ON+ p1 p2 p3
(n =53) (n =57) (n =64)

Age onset (years) 31.6+17.8 416 +14.2 37.0+14.2 <0.0001 0.012 NS
Age onset < 30 years, n (%) 31 (568.5) 10(17.5) 18 (28.1) <0.0001 0.001 NS
Age onset >40 years, n (%) 16 (30.2) 30 (52.6) 25 (39.1) 0.017 NS NS
Age onset >50 years, n (%) 5(9.4) 16 (28.1) 13 (20.3) 0.013 NS NS

Female/male 47/6 52/5 55/9 NS NS NS

Duration (months) 68.8 + 58.8 76.6 + 65.6 79.7 + 68.4 NS NS NS

Relapsing cases, n (%) 48 (90.6) 8 (84.2) 62 (96.9) NS NS NS

Relapse-free time (months)? 4 (1-96) 4 (2-312) 8 (1-120) 0.027 NS NS

Neuromyelitis optica (NMO)-free time (months)® 24 (1-156) 4 (2-156) 16 (2-223) NS NS NS

Meeting 2006 NMO criteria, n (%) 31 (567.4%) 1(36.8%) 58 (90.6) <0.0001 <0.0001 <0.0001

CSF protein (g/L) 0.44 +0.28 0. 37 +0.20 0.27 £0.15 0.041 0.012 NS

CSF pleocytosis, n (%) 31 (568.5) 2 (38.6) 31 (48.4) NS NS NS

CSF cells (no./mmd) 8 (0-325) 5 (0-161) 5 (0-98) 0.005 0.050 NS

Median EDSS (range) 3(1-10) 5 (1-10) 5 (1-10) 0.008 0.010 NS
EDSS < 3,n (%) 27 (50.9%) 10 (17.5) 16 (25) <0.0001 <0.0001 <0.0001
EDSS > 6, n (%) 10 (18.9%) 17 (29.8) 20 (31.9) NS NS NS

Death, n (%) 2(3.8) 2(3.5) 2 (3.1) NS NS NS

Brain NMO lesions in history
Area postrema lesions, n (%) 32 (60.4) 11 (19.3) 14 (21.9) <0.0001 <0.0001 NS
Brain stem lesions, n (%) 9(17.0) 5(8.8) 4(6.9) NS NS NS
Diencephalic lesion, n (%) 25 (47.2) 3(5.3) 9 (14.1) <0.0001 <0.0001 NS
Cerebral lesion, n (%) 15 (28.3) 2(3.5) 4 6.3) 0.001 0.001 NS

Spinal cord lesions in history 37 (69.8) 57 (100) 7 (89.1) <0.0001 0.009 0.010
LETM, n (%) 30/37 (81.1) 55/57 (96.5) 47/57 (82.5) 0.013 NS 0.015
Cervical lesions, n (%) 24/37 (64.9) 21/57 (36.8) 20/57 (35.1) 0.008 0.005 NS
Thoracic lesions, n (%) 6/37 (16.2) 16/57 (28.1) 25/57 (43.9) NS 0.005 NS
Cervical + thoracic lesions, n (%) 7/37 (18.9) 20/57 (35.1) 12/57 (21.1) NS NS NS

NMOSD, neuromyelitis optica spectrum disease; LETM, longitudinal extensive transverse myelitis; EDSS, Expanded Disability Status Scale; NMOSD-ON*, patient initial manifestation
with ON; NMOSD-TM?*, patient initial manifestation with TM; NMOSD-ON*TM?*, patient initial manifestation with simultaneous optic neuritis (ON) and transverse myelitis (TM); CSF,
cerebral spinal fluid; p1, comparison between NMOSD-ON-TM- and NMOSD-TM* patients; p2, comparison between NMOSD-ON-TM- and NMOSD-ON* patients; p3, comparison

between NMOSD-ON* and NMOSD-TM* patients.
2Duration from the first attack to the first relapse.
bDuration from the first attack to diagnosis of NMO.

and 14% (10/70) of newly identified AQP4-IgG-positive patients
had nausea and vomiting as the initial presenting symptoms of
NMOSD (18). Most brainstem attacks were first events and were
regarded as monophasic brainstem symptoms until follow-up (19,
20). However, a large study of 106 NMOSD patients seropositive
for AQP4 antibodies reported that 4.7% (5/106) of patients had
initial brain/brainstem manifestations without TM and ON (21).
Another study from multiple centers showed only 2.3% (4/175)
of NMOSD patients had brainstem-onset involvement (22). Our
study found that 10.6% of patients had IHN, which is comparable
to that found in a recent large study (8, 18). Therefore, IHN may
have been underestimated in some previous studies because acute
clinical events without TM or ON may have been overlooked, and
some patients may have experienced lesion resolution. Although
these patients had brain disease involvement before an ON or
TM episode, most brain attacks were first events and almost all
developed into NMO/NMOSD with ON and/or TM at follow-up
(19, 20).

All groups in our cohort consisted of more females than males,
consistent with observations in previous studies. Furthermore,
the mean age at disease onset in patients presenting with ON was
significantly lower than that in patients presenting with TM (9, 14,
21,22). In our study, patients with disease onset were >40 years of

age; however, similar numbers presented with TM (52.6%) or ON
(39.1%) (p > 0.005), indicating a predominance of disease onset
in young patients without TM and ON. Their mean age at disease
onset was similar to that reported in previous studies showing a
younger mean age at disease onset in patients with only brain/
brainstem manifestations (9, 12). Thus, AQP4-mediated brain/
brainstem disease may occur in patients younger than those with
ON and TM, supporting age-dependent anatomical susceptibility
differences or differences in AQP4 antibody accessibility of the
target organs (23). However, Afro-Caribbean patients (9) report-
edly have a younger age of disease onset, indicating ethnicity
may be an important factor. Studies in China examining such
differences would also be warranted.

The Kaplan-Meier analysis of our cohort demonstrated
that >50% of patients experienced a relapse within 1.5 years of
disease onset, and almost all experienced relapse within 10 years
(Figure 3). Patients presenting with only brain/brainstem
lesions had a shorter relapse-free time than those with ON or
TM, a result similar to previous findings (22). There was a trend
toward ON-onset patients relapsing sooner than TM-onset
patients, which is in contrast to other studies in which AQP4
antibody-positive patients with TM-onset had earlier relapse
than ON-onset patients (21, 22). Patients without ON or TM at
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FIGURE 3 | Kaplan-Meier analyses stratified by different groups: considering the end point is the first relapse. (A) Kaplan-Meier analysis revealed that
patients in three groups would experience different relapsing time after the first attack (p = 0.001); (B,C) Kaplan-Meier analysis revealed that patients in MOSD-
ON-TM- group would experience earlier relapse after the first attack and was significantly different neuromyelitis optica spectrum disorder (NMOSD)-TM* group and
NMOSD-ON* (p < 0.05); and (D) Kaplan—Meier analysis revealed no significant differences in time to the first relapse between NMOSD-ON* and NMOSD-TM+* group

onset had more lesions in areas without an intact blood-brain
barrier, indicating that AQP4-mediated relapsing episodes may
precede other neurological symptoms. However, it is unclear why
lesions in these areas are less common than ON and spinal cord
lesions (17).

We observed a different median time for NMO to develop in the
three subgroups, as reported previously (21); however, the median
time was relatively short in our cohort. Additionally, patients
presenting with ON had a higher probability of developing NMO
over time than those presenting with TM or brain/brainstem
episodes. This may be because AQP4-mediated monophasic or
relapsing ON is underrecognized, and prophylactic immunosup-
pressant therapy is not readily available (21). However, in our
cohort, >60% of patients with TM did not develop NMO based
on the 2006 diagnostic criteria (14), and even relapsing patients
experienced a delay of >20 years. Therefore, our results support
the ideas that AQP4-mediated disease is not synonymous with
the classical description of NMO and that the first manifestations
reflect different NMO phenotypes.

In our cohort, fewer patients presenting with brain disease
progressed to NMO (31/61, 50.8%) compared with those in
a study examining Korean patients (10/15, 66.7%) (12), which
may be associated with the small sample size used in their study.

Interestingly, some of our patients lacked typical ON and TM at
onset attack, with an interval of years between onset attack and
first episodes of ON or TM. However, AQP4 antibody-positive
patients with manifestations suggesting long-term brain/brain-
stem involvement without ON and TM, especially those with
a relapsing course, have been rarely reported (7, 9, 24-27). We
found 12 patients (4.1%, 12/292) with episodes involving the
brain without ON or TM over years, which is higher than the 2.4%
(7/289) detected in Japan (9). In the present retrospective analysis,
all patients with manifestations suggestive of brain involvement
at onset were misdiagnosed with other diseases because of their
atypical and complicated manifestations. Isolated lesions in the
supratentorial region of the brain were rarely observed in the
present study and have only been described in single case reports
(7, 24-27). Atypical manifestations make diseases more difficult
to diagnose, indicating AQP4 antibody-positive patients with
long-term relapsing symptoms other than ON or TM may be
easily misdiagnosed without the detection of AQP4 antibodies.
Additionally, some patients with phenotypic presentations sug-
gestive of brain disease presented concomitantly with an immune
disorder involving another organ; for example, two patients had
immunological disorders of the kidney. Previously, recurrent
hyperCKemia accompanying AQP4-IgG seropositivity reflected
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B 1.0— - Groups
p=0.012 ™"~ \mosp-on.Tm-
_ 0.8 _[1 NMOSD-TM+
s
2 0.6—
=
w
£ 0.4—
3
0.2—
0.0—

I [ [ [ I
0.00 100.00 200.00 300.00 400.00

NMO-free time(months)

D
1.0— p<0 0001 Groups
- 1 NMOSD-TM+
0.8— _I'1 NMOSD-ON+
[
£ 0.6—
=)
»
g 0.4—
3
- 0.2—
0.0—

I [ [ I I
0.00 100.00 200.00 300.00 400.00

NMO-free time(months)

pathogenic IgG targeting of skeletal muscle AQP4 (10). However,
no typical AQP4 loss in kidney could be found with biopsy in
our cases, although the AQP4 expression was relatively weaker
than that in the control (not shown). Therefore, whether autoim-
mune AQP4 in the kidney is associated with NMOSD should be
examined further, because AQP4-IgG seropositive cases do not
meet the present definition of NMOSD, indicating that they may
be autoimmune AQP4 channelopathies (3).

Mortality was significantly different in the three subgroups.
First, the most recent median EDSS scores were lower in patients
with brain/brainstem manifestations compared with those with
ON or TM attacks at onset. Second, further analysis showed
that compared with patients with ON, more patients with brain/
brainstem manifestations had EDSS scores <3.0, and there was a
trend toward fewer brain/brainstem-onset patients having EDSS
scores >6.0. The prognosis for ON-onset patients was worse, and
this may be related to a high proportion of these patients with
NMO development, resulting in visual and motor disabilities.
Although a low proportion of TM-onset patients developed
NMO, their older age and increased proportion with LETM
may be important factors for mortality. Older-onset patients are
reportedly more likely to present with LETM and have a high
risk of developing motor disability (21). It was previously shown

that brain lesions with AQP4 autoimmunity in patients with
NMOSD are accompanied by discontinued vasogenic edema
(14). Thus, brain/brainstem-onset patients with recurrent brain/
brainstem lesions may be predisposed to revisable edema without
axonal injury resulting in slight persistent disability. Effective
immunosuppressive treatment with good tolerance may prevent
relapse or conversion to NMO. However, although some patients
followed immunosuppressive regimes, >80% of these patients
started treatment with only high-dose corticosteroids, tapering
over several months to low-dosage steroids. The potential benefit
of immunosuppressive therapy was not observed in the present
cohort because of low use. In China, long-term immunosuppres-
sive treatment is limited by adverse effects, patient compliance,
and poor doctor-patient relationships (28). We believe that using
recommended first-line long-term immunosuppression would
provide a better prognosis.

The present study had some limitations. First, there was a
selection bias because of the retrospective nature of the study
and because some patients had incomplete data. Furthermore,
a recall bias might result from data collection acquired from
a patient’s medical record or interview. Second, detection of
AQP4 was retrospective; therefore, AQP4 status at the initial
episode was unknown. Although prospective studies are
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important, the current study is valid and will help clinicians
treat different phenotypes of NMOSD. Third, our study focus is
limited on the AQP4-positive NMOSD patients, which allows
for a clear disease population, but leaves out AQP4-negative
NMOSD. In particular in the latter disease group, would an
analysis of the different phenotypes be of diagnostic importance
and guidance for treatment decision. Given the recent insights
into the role of antibodies against native conformational myelin
oligodendrocyte glycoprotein (MOG) (29), embedding the
data on NMOSD with mere brain involvement in this context
would give a more comprehensive and up-to date picture of
the patients with an “NMOSD phenotype” and brain involve-
ment. Therefore, detection of MOG antibody is necessary in
our further study.

In summary, we observed significant differences in clinical fea-
tures during follow-up among NMOSD patients who presented
with different initial manifestations. Patients who presented
without ON and TM as their initial manifestations were younger
at onset and had earlier relapses and more brain abnormalities but
better prognosis than those who presented with ON and TM. The
conversion to NMO in patients with TM at onset was lower than
that in the other patient groups. Furthermore, the conversion to
NMO was more frequent in patients with ON at onset than that
in patients with brain/brainstem manifestations at onset. Patients
with long-term AQP4 autoimmunity in the brain in the absence
of ON or TM were not common.
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Neuromyelitis optica spectrum disorder (NMOSD) is a severe autoimmune disease of the
central nervous system. The existence of autoantibody targeting aquaporin-4 (AQP4-Ab)
indicates the involvement of humoral immunity in the pathogenesis of this disease.
Rituximab (RTX), a monoclonal antibody against CD20, has been used to treat NMOSD
by depleting circulating B cells and overall satisfactory outcome has been achieved.
Although T follicular helper cells have been proved to regulate B cell activation and
antibody production, the role of these cells in NMOSD and the impact of RTX treatment
on these cells remain less understood. In this study, we found that frequencies of circu-
lating T follicular helper (cTfh) cells and B cells together with the related cytokines, IL-21
and IL-6, were closely correlated with disease activity of NMOSD. Furthermore, B cell
depletion with RTX treatment inhibited the expansion of cTth cells, and these effects
were achieved through eliminating IL-6-producing B cells and blocking the direct contact
between cTth cells and B cells. These findings imply the complicated cross talk between
cTth cells and B cells and may provide a novel therapeutic target for NMOSD.

Keywords: neuromyelitis optica spectrum disorder, circulating T follicular helper cells, rituximab, B cells,
interleukin-6

INTRODUCTION

Neuromyelitis optica spectrum disorder (NMOSD) is a rare inflammatory demyelinating disease of
the central nervous system (CNS) characterized by recurrent attacks of optic neuritis and transverse
myelitis (1). In the past decades, NMOSD was believed to be a variant of multiple sclerosis (MS)
based on the overlapping clinical and magnetic resonance imaging phenotypes. The identification
of an autoantibody targeting aquaporin-4 (AQP4-Ab) has differentiated NMOSD from MS as an
independent disease entity (2). AQP4-Ab is positive in more than half of patients with NMOSD,
and its pathogenic role has been well demonstrated (3-5). Other antibodies against myelin antigens
have also been reported in NMOSD, such as anti-MOG (6) and anti-MBP (7). Although the concrete
role of these autoantibodies has not been clearly identified, recent evidence strongly suggested that
humoral immunity would contribute to the pathology of NMOSD (8).
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T follicular helper (Tth) cells, as a newly defined CD4* T cell
subset, are critical for B cell activation and differentiation (9, 10).
Tth cells constitutively express the chemokine receptor CXCR5,
which allows them to migrate into germinal center (GC) (11)
and provide costimulation signals, such as CD40L and IL-21, to
B cells (12). Recently, circulating Tth (cTth) cells were identified
to be the peripheral subsets of their GC counterparts (13). And
an increased frequency of cTth cells was observed in multiple
antibody-mediated diseases (14-17).

Rituximab (RTX), which depletes circulating CD20* B cells,
has emerged as the first-line immunosuppressant for treating
NMOSD, though the precise mechanism still remains uncovered
(18). In patients with MS, RTX treatment resulted in a significant
decline of CNS-infiltrated T cells, which suggested this agent may
also modulate T cell immune response besides depleting B cells
(19). However in NMOSD, whether RTX exerts its therapeutic
potential by regulating T cells, especially cTth cells, still remains
unclear.

In this study, we found that frequencies of cTth cells and
circulating B cells together with the related molecules were
closely associated with the disease activity of NMOSD. Next, we
firstly demonstrated that B cell depletion with RTX reduced the
frequency of cTth cells through ablation of IL-6 signaling and
blockade of direct B-cTth cell contact. The results strongly sug-
gest the existence of B-cTth cell interaction in NMOSD, which
might provide a possible therapeutic target for this disease.

PATIENTS AND METHODS

Study Population

We enrolled patients with NMOSD from June 2015 to March 2016
who fulfilled the 2015 revised NMOSD diagnostic criteria (20) in
our department. Qualitative serum AQP4 antibody (AQP4-Ab)
assay was done by cell-based indirect immunofluorescence
[EUROIMMUN Medical Diagnostics (China) Co., Ltd.]. Patients
with new neurologic symptoms and signs or deterioration of
residual disability lasting for at least 24 h with new lesions on
MRI were determined as relapse. Patients with a stable clinical
status for at least 30 days since the last relapse were considered as
remission and enrolled in this study. Meanwhile, gender- and age-
matched healthy volunteers were included as controls (healthy
controls). The study was approved by the Tangdu Hospital Ethical
Review Board of Fourth Military Medical University, and written
informed consent was obtained from all the subjects.

Sampling and Treatment

Blood samples were drawn from all the patients and HCs to col-
lect peripheral blood mononuclear cells (PBMCs) and plasma
for detecting cell frequencies and cytokine concentrations,
respectively. Rituximab (RTX) treatment was carried out in
the patients based on clinical status and patient’s preference.
Intravenous infusion of RTX at a fixed dose of 100 mg was per-
formed once weekly for three consecutive weeks, as previously
described (21). Blood samples were collected again 1 month
after RTX treatment. Meanwhile, plasma AQP4-Ab levels were
measured, respectively, before and 1 month after RTX treatment
in seropositive patients.

Flow Cytometry

Peripheral blood mononuclear cells were isolated by density
gradient centrifugation as previously reported (17). After washed
twice with phosphate-buffered saline (PBS), PBMCs were incu-
bated with the following fluorochrome-conjugated monoclonal
Abs: FITC-CD3, PerCP-Cy5.5-CD4, APC-CXCR5, PE-PD-1,
PE-CD19, and relevant isotype controls (Biolegend, San Diego,
CA, USA). After staining at 4°C for 30 min, PBMCs were washed
twice with PBS containing 2% fetal bovine serum and then meas-
ured on a BD FACS Calibur instrument. cTth cells were defined as
CD3*CD4*CXCR5*PD-1". Data were analyzed using the Flow]Jo
7.6 software.

Detection of Cytokines and AQP4-Ab

Plasma levels of IL-21, IL-6, and IL-10 were measured with
enzyme-linked immunosorbent assay (ELISA) (Biolegend for
IL-21, and Dakewe for IL-6 and IL-10) according to the manufac-
turers’ instructions. For seropositive patients, plasma AQP4-Ab
levels were also measured by ELISA (Cusabio, Wuhan, China).

Cell Sorting and Culturing

Circulating CD4" T cells and CD19* B cells were isolated from
PBMCs by using specific magnetic beads (Miltenyi Biotec,
Bergisch, Germany). To explore the role of B cells in mainte-
nance of cTth cells and the underlying mechanisms, 2 X 10° of
whole or B cell-depleted PBMCs were stimulated with 1 pg/ml
plate-bounded anti-CD3 (Biolegend, San Diego, CA, USA) and
1 pg/ml soluble anti-CD28 (Biolegend, San Diego, CA, USA) for
72 h, in presence or absence of IL-6-neutralizing mAb (5 pg/ml;
Biolegend, San Diego, CA, USA), in a 96-well flat-bottom plate.
In the transwell culture system, 2 X 10° of B cell-depleted PBMCs
were cultured and stimulated with anti-CD3/CD28 in the lower
chamber and autologous B cells were seeded into the inner cham-
ber of 0.4 um pore size (Merck Millipore, Billerica, MA, USA).
Each coculture of cells was carried out in triplicate in the X-VIVO
serum-free medium (Lonza, Basel, Switzerland) containing 1%
penicillin/streptomycin (Sigma, St. Louis, MO, USA).

Coculture of Circulating CD4+ T Cells and
CD19* B Cells

To determine the potency of B cells in the maintenance of cTth
cells, 2 X 10° of CD4* T cells were cocultured with autologous
CD19* B cells at different ratios (as indicated in Figure 5) for 72h
in the presence of anti-CD3 (1 pg/ml) and anti-CD28 (1 pg/ml).
Frequencies of cTth cells were measured with the markers CD3,
CD4, CXCR5, and PD-1 on a BD FACS Calibur instrument.

Statistical Analysis

Quantitative data are shown as means + SEM, and categorical
data are presented as number with percentage. Statistical analysis
was performed using the SPSS19.0 software. Demographic and
clinical characteristics among the relapsing patients, remit-
ting patients, and HCs were compared with Fisher’s exact test
(gender, AQP4-Ab positive) and ANOVA (age, duration of
disease). Multiple comparisons among the different groups were
carried out with ANOVA for normally distributed data and
with Kruskal-Wallis H non-parametric test for non-normally
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distributed data. Comparison between pre- and post-RTX treat-
ment was performed with Wilcoxon matched-pairs signed-rank
test. Pearson’s correlation test was used to measure the possible
relationship between two variables of interest. A P value of less
than 0.05 was considered as statistically significant.

RESULTS

Demographic and Clinical Characteristics

of Patients with NMOSD and HCs

A total of 31 patients and 18 gender- and age-matched HCs
were enrolled in this study, where NMOSD patients consisted
of 15 relapsing and 16 remitting individuals. There were no
difference found in the gender ratio and mean age among the
relapsing patients, remitting patients, and HCs. A predominance
of female was observed in both relapsing (93.3%) and remitting
patients (93.8%) with a similar mean duration of disease (3.19
vs 4.00 months). Serum AQP4-Ab was positive in 24/31 (77.4%)
patients. There were 11/15 (73.3%) relapsing patients and 13/16
(81.3%) remitting patients, respectively, positive for AQP4-Ab,
with no significant intergroup difference seen (Table 1).

Frequencies of cTfh Cells and B Cells
Correlate with Disease Activity of NMOSD

Flow cytometry results showed that the frequency of cTth
cells in the relapsing patients with NMOSD was significantly
higher than those in the remitting patients and HCs, while
no difference existed between the latter groups, suggesting a
correlation with disease activity of NMOSD (Figures 1A,B).
Moreover, there was a similar tendency on the change of
frequency of peripheral B cells (Figures 1C,D). A positive cor-
relation was found between frequencies of cTth cells and B cells
among the patients with NMOSD (Figure 1E). Subsequently,
we detected plasma AQP4-Ab levels in seropositive patients.
No difference was found between the relapsing and remitting
patients (Figure 1F). In addition, frequencies of both cTth cells
and B cells had no correlations with plasma AQP4-Ab level
(Figures 1G,H).

TABLE 1 | Demographic and clinical characteristics of patients with
NMOSD and HCs.

NMOSD HCs P value

Relapse Remission
n 15 16 18
Female, no. (%) 14 (93.3) 15 (93.8) 16 (88.9) 1.000
Age (years) 4253 +3.16 4719+2.63 41.61+281 0.343
Duration of disease 3.19+0.72 4.00 +0.79 NA 0.457
(months)
AQP4-Ab positive, 11 (73.3) 13(81.3) NA 0.685
no. (%)

Ab, antibody; AQP4, aquaporin-4; NMOSD, neuromyelitis optica spectrum disorders;
HCs, healthy controls; NA, not applicable. Quantitative variables are presented as
means + SEM and categorical variables as number with percentages. Comparisons
among the relapsing patients, remitting patients, and HCs were analyzed by ANOVA
(age, duration of disease) and Fisher’s exact test (gender ratio, AQP4-Ab positive). A P
value of <0.05 was assumed as statistically significant.

Cytokines Concentration in Patients
with NMOSD and HCs

Given the fact that IL-21 and IL-6 are pivotal regulators of
humoral immune response and play a crucial role in Tth cell dif-
ferentiation, we evaluated the plasma levels of IL-21 and IL-6 by
ELISA. There was a significant increase of plasma IL-21 and IL-6
levels in the relapsing patients with NMOSD compared with the
remitting patients and HCs (Figures 2A,B), which was consistent
with the changes of cTth cells and B cells. Meanwhile, plasma level
of IL-10, an anti-inflammatory cytokine, was also detected and a
significant increase was found in the relapsing patients. Although
there was a tendency of higher IL-10 levels in plasma of remit-
ting patients than HCs, no significant difference was observed
(Figure SI1A in Supplementary Material). Correlation analysis
revealed that plasma IL-21 level positively correlated with fre-
quencies of both cTth cells and B cells (Figures 2C,D). The same
phenomenon was observed for IL-6 (Figures 2F,G) but not for
IL-10 (Figures S1B,C in Supplementary Material). In addition, no
correlation was found between plasma levels of IL-21, IL-6, and
IL-10, respectively, and plasma AQP4-Ab levels (Figures 2E,H;
Figure S1D in Supplementary Material).

RTX Treatment Reduced cTfh Cells in

Patients with NMOSD

RTX specifically depletes peripheral B cells and has been used as a
first-line immunosuppressant for NMOSD. To further explore the
possible effects of RTX on cTth cells, eight seropositive patients
with relapsing NMOSD enrolled in this study were treated with
RTX in our center. The total lymphocyte counts in peripheral
blood remained almost unchanged during RTX treatment
(Figure 3A). All the patients responded well to RTX and circulat-
ing B cells were successfully depleted (Figures 3B,C; Table S1 in
Supplementary Material). Furthermore, CD4* T cells decreased
after RTX treatment (Figure S2 in Supplementary Material).
Notably, the frequency of cTth cells was significantly declined
with RTX treatment (Figure 3D). Furthermore, a decreased
tendency of plasma AQP4-Ab level was observed after RTX treat-
ment but with no statistical significance (Figure 3E). Consistent
with the change of cTth cells, plasma levels of IL-21 and IL-6
were obviously decreased with RTX treatment (Figures 3EG),
while no significant alteration of plasma IL-10 level was observed
between pre- and post-RTX treatment (Figure 3H). Meanwhile,
we did ex vivo experiments which showed that B cells depletion
could significantly reduce the frequency of IL-21-secreting CD4*
T cells (i.e., Tth cells). And the frequency of IL-17-secreting cells
(i.e., Th17 cells) slightly decreased, whereas the frequency of the
other CD4" T cell subsets was almost unchanged. This finding
suggested that Tth cells may be more sensitive to B cells depletion
(Figure S3 in Supplementary Material).

Both IL-6 and Direct B/cTfh Contact Were
Essential for the Maintenance of cTfh
Cells

It is known that Tth cells promote B cell proliferation, activation,
and differentiation. However, B-cell depletion with RTX in this
study significantly decreased the frequency of cTth cells. This
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FIGURE 1 | Frequencies of circulating T follicular helper (cTfh) cells and circulating CD19* B cells correlate with disease activity of neuromyelitis
optica spectrum disorder (NMOSD). (A) Representative flow cytometry plots showing the frequency of CD4*CXCR5*PD-1+ cTth cells in healthy controls (HCs),
relapsing and remitting patients with NMOSD. (B) Comparison of the frequency of cTfh cells. (C) Representative flow cytometry plots gated on lymphocytes
showing frequency of circulating CD19* B cells. (D) Comparison of the frequency of circulating CD19+* B cells. (E) Correlation between frequencies of cTth cells and
circulating CD19* B cells. (F) Comparison of plasma AQP4-Ab level between the relapsing and remitting seropositive patients with NMOSD. (G) Correlation between
the frequency of cTfh cells and plasma AQP4-Ab level. (H) Correlation between the frequency of circulating CD19+* B cells and plasma AQP4-Ab level. Each symbol,
including solid circle, square, and triangle, represents one subject’s result. Horizontal lines in panels (B,D,F) illustrate the mean frequencies or levels with SEM.
P values are shown.

suggested that B cells might contribute to the maintenance of cTth
cells reciprocally. To verify this hypothesis, PBMCs from patients
with NMOSD were cultured ex vivo upon stimulation with anti-
CD3/CD28, in parallel, B cell-depleted PBMCs were cultured
to mimic RTX treatment. We observed a significantly reduced
frequency of cTth cells in B cell-depleted group (Figures 4A,C).
To verify whether B cells directly affect the frequency of cTth
cells, we cocultured CD4* T cells with B cells in different ratios
under anti-CD3/CD28 stimulation and found that cTth cells were
maintained by B cells in a ratio-dependent manner (Figure 5),
which suggested the direct supporting function of B cells.

In addition to the rise of plasma IL-6 level in relapsing patients
(Figure 2B) and its positive correlation with circulating B cells in

NMOSD (Figure 2G), we further observed an elevated mRNA
level of IL-6 in B cells from the relapsing patients (Figure S4 in
Supplementary Material), suggesting that B cells might maintain
cTth population through secretion of IL-6. As expected, IL-6
blockade indeed obviously reduced the frequency of cTth cells
in the culture system of PBMCs even though B cells were not
depleted (Figures 4A,C). Besides, lack of direct contact between
B cells and cTth cells in a transwell culture system also led to a sig-
nificant reduction of the frequency of cTth cells (Figures 4A,C).
Furthermore, all of the B-cell depletion, IL-6 blockade, and
transwell experiments significantly reduced the protein level of
CXCR5 and PD-1 on cTth cells, as shown by the mean fluores-
cence intensity (MFI) in Figure 4B.
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DISCUSSION

T follicular helper cells have been identified as the most potent
regulator of humoral immunity. Given the location of Tth cells
in the GC of secondary lymphoid organs, it is extremely hard to
be obtained from patients routinely. Morita and colleagues have
demonstrated that circulating CD4*CXCR5* T cells appeared to
be the memory subset of GC Tth pool and had the same capacity
to regulate B cells (13), which facilitated researchers to explore
the role of these cells in human diseases. IL-21 and IL-6 are two
major cytokines in regulating GC response, including Tth cell
proliferation and differentiation, B cell activation, and antibody
production (22). A lack of both IL-6 and IL-21 fails to induce Tth
cell-dependent immune response; moreover, activated Tth cells

can produce a considerable amount of IL-21 (22). In accordance
with a previous report (23), herein, we found that the frequency
of cTth cells as well as plasma levels of IL-21 and IL-6 were signifi-
cantly upregulated in relapsing patients with NMOSD but not in
remitting patients, compared with those in HCs. Both IL-21 and
IL-6 were positively correlated with the frequency of cTth cells.
These results suggested that cTth cells might be involved in the
pathogenesis of NMOSD and the frequency of cTth cells, together
with plasma levels of IL-21 and IL-6, could be used as biomarkers
for monitoring disease activity of NMOSD.

T follicular helper cells play the central role in helping B cells
activation and differentiation, which is protective against infec-
tion. However, overactivity of Tth response could manifest as
many immune-related disorders, such as autoimmunity (24). The
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frequency of Tth cells, together with the titer of autoantibodies,
was found to elevate in many autoimmune disorders, both in ani-
mal models and human (14-17, 25-28). In this study, although no
correlation between plasma AQP4-Ab level and disease activity of
NMOSD was observed, the frequencies of circulating B cells and
cTth cells were synchronously upregulated in relapsing patients
and positively correlated with each other. However, in our study,
no correlation of AQP4-Ab titers with disease activity is observed,
which is consistent with previous studies (29). This implies that
cTth cells might promote NMOSD by activating B cells to secrete
cytokines other than producing antibodies, a hypothesis that
needs further investigation.

B cells might contribute to autoimmunity via multiple
ways, including antigen presentation, cytokine secretion, and
antibody production. Depleting B cells with RTX is an effective
approach to treat autoimmune disease, though the underlying
mechanisms still remain debatable. In this study, circulating
B cells were successfully depleted even by a reduced dose of
RTX, which was consistent with a previous study (21). However,
RTX treatment could only moderately reduce plasma level of
AQP4-Ab, probably attributed to the fact that RTX removed
CD20* B cells but spared CD20~ antibody-producing plasma
cells. Likewise, several studies reported that RTX treatment was
effective for NMOSD (29) and other autoimmune diseases even

in patients who showed no decline of autoantibody titers (30,
31), or the benefit of RTX treatment usually preceded the drops
of antibody levels (30). All the findings suggested that B cells
could contribute to the pathology through mechanisms other
than antibody production.

Interestingly, we found that CD4" T cells declined after RTX
treatment. Given the multiple effects of B cells on T cell function,
we think that RTX treatment may indeed have a non-specific
effect on the frequency of the entire CD4* T cells. Due to the
fact that Tth cells are the true activator of humoral immunity,
our study focused on the impact of RTX treatment on cTth cells
and its related mechanism. We found that RTX treatment also
significantly reduced the frequency of cTth cells in patients with
NMOSD. Other studies have also reported this phenomenon in
some other autoimmune diseases (32, 33), but they did not elabo-
rate the concrete mechanisms involved. We then further tried
to explore the potential mechanisms via which B cells regulate
Tth response. A candidate factor may be IL-6, since it has been
proved to play a vital role in the differentiation of Tth cells (34).
A study showed that B cells could secret an abundance of IL-6
and exhibited pathogenic effects in experimental autoimmune
encephalomyelitis, an animal model for MS (35). Furthermore,
circulating plasmablasts could induce the differentiation of Tth
cells via producing IL-6 in patients with rheumatoid arthritis, and
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CD4*CXCR5*PD-1+ T cells in each group. (C) Comparison of the frequency of cTth cells in panel (A). P values are shown.
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Representative data are from three independent experiments.

IL-6 blockade reduced the population of Tth cells (36). Indeed,
we observed a significant increase of plasma IL-6 level in patients
with NMOSD and further demonstrated an elevated mRNA
level of IL-6 in B cells, which suggested that B cells might be an
important origin of IL-6. B cell depletion, both ex vivo and in vivo,
decreased cTth cells from patients with NMOSD, and this effect
was achieved in a ratio-dependent manner ex vivo. Meanwhile,
plasma IL-6 level was markedly decreased with RTX treatment
in parallel with the change of frequency of B cells. Further study
showed that IL-6 was required for the maintenance of cTth cells

by B cells, since blockade of IL-6 reduced the frequency of cTth
cells in the coculture system. Moreover, the intimate contact
between B cells and cTth cells was also essential for the survival
of cTth cells as proved by a transwell culture system. This contact-
dependent maintenance of Tth cells by B cells in this disease could
be achieved by the crosslink of ICOS-ICOSL (37), OX40-OX40L
(38), and MHC-II-TCR (39, 40) on the surface of these cells. But
the central molecule involved in the cell-cell contact in this disease
still needs a further research. Previous studies have reported that
IL-6 and these costimulatory molecules were able to stimulate the
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expression of CXCR5 and PD-1 (12, 41), and we also observed
the reduction of MFI on CXCR5 and PD-1 in the ex vivo experi-
ments. This suggested that the decrease of cTth frequency might
be achieved gradually by reducing the expression level of CXCR5
and PD-1. Taken together, our data raised a potential positive
feedback loop between B and cTth cells, namely, that circulating
B cells maintain cTth cells, and cTth cells in turn activate B cells
to persistently produce more IL-6 and costimulation molecules.
This loop could be interrupted by RTX treatment, which revealed
a new mechanism of RTX in treating NMOSD.

In conclusion, this study demonstrated that cTth cells, circu-
lating B cells, and associated molecules might play an important
role in the pathogenesis of NMOSD. B cell depletion with RTX
could reduce the frequency of cTth cells through eliminating
IL-6 signaling and blocking the direct B-cTth cell contact. All
the findings may provide an insight into the complicated cross
talk between B cells and cTth cells in NMOSD.
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Myelin oligodendrocyte glycoprotein (MOG), a member of the immunoglobulin (Ig) super-
family, is a myelin protein solely expressed at the outermost surface of myelin sheaths
and oligodendrocyte membranes. This makes MOG a potential target of cellular and
humoral immune responses in inflammatory demyelinating diseases. Due to its late
postnatal developmental expression, MOG is an important marker for oligodendrocyte
maturation. Discovered about 30 years ago, it is one of the best-studied autoantigens for
experimental autoimmune models for multiple sclerosis (MS). Human studies, however,
have yielded controversial results on the role of MOG, especially MOG antibodies (Abs),
as a biomarker in MS. But with improved detection methods using different expression
systems to detect Abs in patients’ samples, this is meanwhile no longer the case. Using
cell-based assays with recombinant full-length, conformationally intact MOG, several
recent studies have revealed that MOG Abs can be found in a subset of predominantly
pediatric patients with acute disseminated encephalomyelitis (ADEM), aquaporin-4
(AQP4) seronegative neuromyelitis optica spectrum disorders (NMOSD), monophasic
or recurrent isolated optic neuritis (ON), or transverse myelitis, in atypical MS and in
N-methyl-p-aspartate receptor-encephalitis with overlapping demyelinating syndromes.
Whereas MOG Abs are only transiently observed in monophasic diseases such as
ADEM and their decline is associated with a favorable outcome, they are persistent in
multiphasic ADEM, NMOSD, recurrent ON, or myelitis. Due to distinct clinical features
within these diseases it is controversially disputed to classify MOG Ab-positive cases as
a new disease entity. Neuropathologically, the presence of MOG Abs is characterized
by MS-typical demyelination and oligodendrocyte pathology associated with Abs and
complement. However, it remains unclear whether MOG Abs are a mere inflammatory

Abbreviations: AA, amino acids; Ab, antibody; ADEM, acute disseminated encephalomyelitis; AQP4, aquaporin-4; BN,
brown Norway; CNS, central nervous system; CSE, cerebrospinal fluid; DA, dark agouti; EAE, experimental autoimmune
encephalomyelitis; HLA, human leukocyte antigen; Ig, immunoglobulin; MBP, myelin basic protein; MHC, major histocompat-
ibility complex; MOG, myelin oligodendrocyte glycoprotein; MS, multiple sclerosis; NMOSD, neuromyelitis optica spectrum
disorders; ON, optic neuritis; TM, transverse myelitis.
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bystander effect or truly pathogenetic. This article provides deeper insight into recent
developments, the clinical relevance of MOG Abs and their role in the immunpathogen-
esis of inflammatory demyelinating disorders.

Keywords: myelin oligodendrocyte glycoprotein, demyelination, autoantibodies, inflammation, MOG

MOLECULAR STRUCTURE AND
FUNCTION OF MYELIN
OLIGODENDROCYTE GLYCOPROTEIN
(MOG)

Myelin oligodendrocyte glycoprotein is a minor myelin com-
ponent, with a length of 245 amino acids (AA) and a molecular
weight of 26-28 kDa. It is only present in mammals and has a
highly conserved nucleotide and AA structure within different
species (1). The human MOG gene is located at chromosome 6
within the human leukocyte antigen (HLA) gene locus, whereas
the mouse MOG gene is located on chromosome 17 within the
major histocompatibility complex (MHC) gene locus (2). MOG
is exclusively expressed in the central nervous system (CNS) on
the surface of myelin sheaths and oligodendrocyte processes
(1-3). MOG expression starts at the onset of myelination and is
therefore a potential differentiation marker for oligodendrocyte
maturation (4). The function of MOG is not yet fully understood,
but its molecular structure and its extracellular immunoglobulin
(Ig) domain indicate a possible function as a cell surface receptor
or cell adhesion molecule (5). MOG belongs to the Ig superfam-
ily, with a single extracellular immunoglobuline variable (IgV)
domain, one transmembrane domain, one cytoplasmic loop, a
membrane-associated region, and a cytoplasmic tail (6). Fifteen
different alternatively spliced isoforms have been detected in
humans. Full-length variants alpha 1 and beta 1 are found in fetal
stages, whereas alternative variants are expressed in later postnatal
stages (1, 6). It has been shown, that these isoforms are localized
on the cell surface, in the endoplasmic reticulum, in the endocytic
system, or can be found in a secreted form. The secreted form
could have important effects triggering autoimmunity if released
into the cerebrospinal fluid (CSF) and then drained into the
periphery. The cytoplasmic tail of MOG determines the intracel-
lular localization of the various splice forms and could play a
role in intracellular signaling (6). The cross-linking of antibodies
(ADbs) reactive with the extracellular domain of MOG resulted in
the activation of intracellular signaling cascades resulting in sur-
vival signals, changes of cytoskeletal stability, and cellular stress
responses (7). MOG is highly homologous to butyrophilins which
are expressed in mammary glands (8) and might cause autoim-
munity by molecular mimicry (9). Furthermore, a sequence
homology of MOG AA 35-55 (MOGsgs.s5) to medium-sized neu-
rofilament leads to the activation of MOGss_ss specific T cells (10).

Myelin oligodendrocyte glycoprotein has been implicated
to be the cellular receptor for Rubella virus (11), as a ligand for
DC-SIGN on antigen-expressing cells (12), and as a receptor for
nerve growth factor (13). The interaction of DC-SIGN and MOG
along with its correct glycosylation might keep myeloid antigen-
presenting cells (APC) in an immature and tolerogenic state and

thereby prevent autoimmunity (12). However, the inactivation of
mouse MOG by gene targeting resulted in no clinical or histologi-
cal abnormalities (14, 15).

Whereas the biological function of MOG is still not clear,
its topology at the surface of myelin and oligodendrocytes and
its special characteristics predict MOG to be a very important
target of autoantibodies and cell-mediated immune responses in
inflammatory demyelinating diseases. Initially, MOG was dis-
covered as a dominant target of autoantibodies (they so called it
M2 antigen) after immunization of guinea pigs with CNS tissue
(16, 17). Numerous studies have then established an important
role of MOG as autoantigen for T and B cell responses in experi-
mental models and inflammatory demyelinating diseases.

AUTOIMMUNE RESPONSES AGAINST
MOG IN ANIMAL MODELS

The first indications that humoral factors also contribute to
demyelination have been described in 1947 by Kabat et al. who
observed a demyelinating effect after immunization of rhesus
monkeys with heterologous rabbit or homologous brain tissue
(18). In 1968, it was noted that sera from guinea pigs sensitized
with whole CNS preparations have a demyelinating effect in vitro
(19). The first indication that MOG Abs might be pathogenic
followed about 10 years later when it was observed that guinea
pigs immunized with the M2 protein developed Abs with demy-
elinating activity in vitro (20, 21). Then, it was shown that the
monoclonal MOG-specific Ab 8-18C5 induces demyelination
in Lewis (LEW) rats with experimental autoimmune encepha-
lomyelitis (EAE) (4, 22), that guinea pigs immunized with M2
show demyelinated lesions in their CNS, and that the M2 protein
is identical to MOG (16). It soon became clear that MOG Abs
may be pathogenic in a large number of additional species
(Table 1) (23). Further characterizations of MOG revealed that
this protein is found in the oligodendrocyte membrane with a
large N-terminal extracellular IgG V-like domain (8) and that
N-terminal domain (AA 1-125) is responsible for the formation
of demyelinating Abs (23, 24). Studies in marmoset monkeys
and mice clarified that pathogenic Abs recognize conformational
epitopes on the extracellularly exposed MOG domain (25-27)
and that strain specific differences in mounting such anti-con-
formational Ab responses correlate with exacerbation of diseases
(28, 29). Epitopes for encephalitogenic T cells for many different
strains of mice and for LEW rats are found on the extracellular
domain of MOG (30-33), but also in its transmembrane region
(34, 35) (Table 2).

Immunizations of LEW rats with MOG activates MOG;_»- and
MOGss.ss- specific T cells which are only poorly encephalitogenic
(24) and induces MOG-specific Abs which cause formation of
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TABLE 1 | The effects of myelin oligodendrocyte glycoprotein (MOG)-specific antibodies (Abs).

Reference Year Findings

Trotter et al. (36) 1986 Myelin-specific Abs trigger macrophage-mediated demyelination

Linington and Lassmann (17) 1987 Ab-mediated demyelination in a chronic relapsing experimental autoimmune encephalomyelitis (EAE) in guinea pigs

Schluesener et al. (37) 1887 Monoclonal MOG Abs induced fatal relapses in a model of chronic relapsing-remitting EAE in SJL mice and enhanced acute
EAE in Lewis (LEW) rats with increased inflammation and demyelination

Lassmann et al. (22) 1988 Demyelination occurs in a synergistic way between cellular (T cells) and humoral immune mechanisms

Linington et al. (4) 1988 MOG Abs augment demyelination in a myelin basic protein (MBP) T cell-mediated EAE model in LEW rats

Kerlero de Rosbo et al. (38) 1990
Scolding and Compston (39) 1991

Monoclonal MOG Abs together with complement lead to demyelination and MBP loss in brain cells
Abs mediate macrophage-dependent phagocytosis of oligodendrocytes in vitro

Abs prevent tolarization effect of repeatedly induced MBP-T cell-mediated EAE and enhances demyelination
Ab-mediated demyelination is dependent on complement recruiting ability and independent on its epitope recognition

Ab cross-linking on oligodendrocyte cultures leads to the formation of lipid rafts and to a reconstitution of MOG
Generation of pathogenic Abs to conformational MOG in H-2b mice is dependent on genes encoded within the major

EAE phenotype in marmosets correlates with the availability of conformational MOG Abs resulting in typical multiple sclerosis-

like disease pattern. In addition Abs to MOG peptides lead to focal disease pattern in brain stem and spinal cord. MBP
T cell-mediated EAE animals showed no demyelination when injected with MOG peptides. By contrast, conformational MOG

Human but not rat MOG-induced B cell-dependent EAE in MOG primed C57BL/6 mice and Abs of hMOG immunized mice

only lead to EAE formation in B cell-deficient mice. Pathogenic Abs react to conformational intact and glycosylated antigen only

Increased Ab-dependent demyelination in marmosets immunized with murine myelin compared to myelin lacking MOG

Ab titer against conformational MOG are directly associated with EAE activity and demyelination in EAE rats

Correct refolding of MOG increases its pathogenicity by generating conformation-dependent MOG Abs
Oligodendrocytes incubated with purified human MOG IgG lead to organizational disturbances of the thin filaments and

Patient-derived MOG IgG lead to complement-independent myelin changes and altered expression of axonal proteins, but

Vass et al. (40) 1992  MOG Ab-mediated demyelination is intensified by interferon-gamma
Linington et al. (41) 1992
Piddlesden et al. (42) 1993
Genain et al. (43) 1995 MOG Abs facilitate demyelination in MOG-induced EAE in common marmosets
Johns et al. (44) 1995 MOG Abs lead to degradation of MBP and increased myelin protease activity
Ichikawa et al. (45) 1996 MOGgs-ss encephalitogenic in LEW rats and a potential target for Ab-mediated demyelination
Menon et al. (46) 1997 Ab induced MBP loss and myelin destabilization by neutral proteases in human myelin
Van der Goes et al. (47) 1999  Abs to MOG play a crucial role for the phagocytosis of myelin by macrophages in vitro
Von Budingen et al. (25) 2002 Ab pathogenicity in marmosets is dependent on their ability to bind on conformational epitopes
Marta et al. (48) 2003
Bourquin et al. (28) 2003
histocompatibility complex
Von Budingen et al. (49) 2004
Abs were more pathologic as controls
Marta et al. (26) 2005
Zhou et al. (50) 2006 Patient-derived MOG Abs enhance demyelination in rat EAE models
Urich et al. (51) 2006  Ab-mediated demyelination is FCR independent but completely relies on complement activation
Jagessar et al. (52) 2008
Harrer et al. (53) 2009  Complement induced demyelination in a murine ex vivo model
Ohtani et al. (54) 2011
Mader et al. (55) 2011 Human MOG Abs lead to complement activated cytotoxicity in HEK293A cells
de Graaf et al. (27) 2012
Dale et al. (56) 2014
microtubule cytoskeleton
Saadoun et al. (57) 2014
did not trigger inflammation or cellular death
Flach et al. (58) 2016 MOG Abs boost EAE by activation of effector T cells
Kinzel et al. (59) 2016

MOG Abs are able to trigger spontaneous EAE in mice harboring endogenous MOG-specific T cells in the absence of B cells

focal small demyelinating lesions (24). In contrast to LEW rats
are brown Norway and dark agouti rat strains highly susceptible
to MOG-induced EAE (87). Different MHC haplotypes and non-
MHC background genes modify the anti-MOG immune response
(70, 75). This important information derived from EAE studies in
MHC congenic LEW rats, i.e., in rats with different MHC class II
alleles on the genetic background of LEW rats. Upon immuniza-
tion with MOG, these animals either develop early onset acute
lethal disease with extensive demyelinating plaques, chronic
and/or relapsing types of disease, or do not show any evidence
of clinical and histological disease, depending on the MHC class
II haplotype present (62). Moreover, the MOG-induced T cell
proliferation and interferon-gamma production, and the degree
of MOG-specific B cell responses and Ab titers correlated with

the severity of clinical disease (62). For further experiments,
rats were selected which carried the most permissive MHC class
II haplotype for the induction of MOG-specific autoimmune
reactions, but differed in their non-MHC background genes.
When these animals were sensitized with MOG, they mounted
anti-MOG T cell and B cell responses, but showed differences
in the maturation of these responses (62). Cumulatively, these
data suggested that the MHC haplotype influences the degree
of disease susceptibility, the clinical course, the recruitment of
MOG-specific immunocompetent cells, and the CNS pathology,
while non-MHC genes strongly influence the maturation of the
anti-MOG response (62). A similar effect was also seen in human
HLA DR4 transgenic mice which indicated that HLA DR shaped
the anti-MOG response in both, humans and mice (88).
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TABLE 2 | T cell responses against myelin oligodendrocyte glycoprotein (MOG) in experimental autoimmune encephalomyelitis (EAE) animal models.

Reference Year Finding

Linington et al. (33) 1993 MOG peptide (MOGuasss) specific T cells induce atypical EAE in Lewis (LEW) rats

Amor et al. (30) 1994 Epitope MOGi-22, MOGus-s7, and MOGias-145 induce clinically and pathological relevant EAE, however, mild effects in AB/H
mice. Epitope MOGe:-10s is highly encephalitogenic in SJL mice

Adelmann et al. (24) 1995 N-terminal domain (MOGi_12s) leads to demyelination in LEW rats, T cells reactive to epitope MOGi-20 and MOGgs.ss are only
weakly encephalitogenic in EAE model

Kerlero de Rosbo et al. (31) 1995 Mild pathological signs were detected by inducing MOGis-ss in PL/J mice

Mendel et al. (32) 1995 MOGss-ss induces highly reproducible EAE in C57BL/6J and C3H.SW (H-2b) mice

Devaux et al. (60) 1997 Severe EAE with truncated human MOG (1-120) in SJL and (PLJ x SJL) F1 mice, encephalitogenic T cell proliferation
against epitope MOG-106

Slavin et al. (61) 1998 Relapsing-remitting disease course in NOD/Lt mice (H-2g7) and chronic paralytic disease course in C57BL/6 mice after
injection of MOGas-ss

Weissert et al. (62) 1998 Major histocompatibility complex (MHC) haplotype influences the degree of disease susceptibility, recruitment of MOG-
specific immune cells, and pathology in MOG-induced EAE rats

Storch et al. (63) 1998 Immunization with MOG antigen in rats is able to mimic classical multiple sclerosis (MS) as well and variants such as optic
neuritis (ON), Devic’s and Marburg’s disease

Encinas et al. (64) 1999 Active immunization with MOGas_ss induces relapsing-remitting EAE followed by a secondary progression in NOD mice

Raine et al. (65) 1999 MOG-induced EAE in marmosets lead to vesicular disruption and production of antigen-specific autoantibodies similar to
MS

Abdul-Majid et al. (66) 2000 MOGys-0s is highly encephalitogenic in DBA/1 mice, including macrophage infiltration and demyelination

Kerlero de Rosbo et al. (67) 2000 rhMOG-EAE induced marmosets with different MHC background showed proliferative T cell responses against epitopes
MOG&ZQ, MOGasfso, and MOGgA4|5

Bourquin et al. (68) 2000 MOG-DNA vaccination lead to severe EAE

Brok et al. (69) 2000 Human MOG peptide MOGi 436 is highly encephalitogenic in marmosets (presented by a common class Il Caja-
DRB*W1201 molecule)

Weissert et al. (70) 2001 MOGe1-114 immunization lead to clinical and histopathological EAE signs in LEW.1AV1 and LEW.1N rats

Bettelli et al. (71) 2003 Development of spontaneous ON in T cell receptor (MOGas-ss) transgenic C57BL/6 mice

Delarasse et al. (14) 2003 MOG-deficient mice are resistant to rat MOG-induced EAE and developed a mild pathological phenotype after
immunization of whole myelin. However, B- and T cell responses against the extracellular domain and peptides of MOG
were not altered compared to wild-type mice, indicating MOG being resistant to the induction of immune tolerance

Sun et al. (72) 2003 CD8* MOG-specific T cells recognize H-2Db dimers coupled with encephalitogenic peptide MOGuao-s4

Smith et al. (73) 2005 Injection of full-length conformational MOG leads to chronic progressive EAE, but released MOG does not induce immunity
during an ongoing disease in Biozzi ABH mice

Krishnamoorthy et al. (74) 2006 MOGss-ss leads to paralytic EAE and ON in a double-transgenic (IgH"°¢ and TCRV°%) C57BL/6 line

de Graaf et al. (75) 2008 In LEW.TN, LEW.1AV1, and dark agouti rats, MS-like pathology is mainly determined by presentation of MOG peptides on
MHC class Il molecules

Kap et al. (76) 2008 Cytotoxic T cells specific to epitope MOGasss trigger fast progression of rhMOG-induced EAE in marmosets

Matsumoto et al. (77) 2009 MOGe1-10s is an encephalitogenic epitope able to induce mild T cell-mediated EAE but does not elicit Abs against the
epitope or MOG in LEW.1AV1 rats

Pollinger et al. (78) 2009 Development of relapsing-remitting EAE in TCR (MOGis-106) transgenic SJL/J mice

Bettini et al. (79) 2009 CD8* T cell dominant epitope MOGia7-4s lead to mild form of EAE

York et al. (80) 2010 MOG-specific CD8* T cells are able to ameliorate CD4+ driven EAE

Anderson et al. (81) 2012 CD4+ and CD8* T cell driven EAE in transgenic MOGgs_ss specific T cell mouse line (1C6)

de Graaf et al. (27) 2012 Correct refolding of MOG increases its encephalogenicity by enhancing its processing or/and presentation on MHC
molecules

Jagessar et al. (82) 2012 MOGaa4-ss specific cytotoxic T cells are key regulators for gray and white matter demyelination in marmosets

Delarasse et al. (34) 2013 Transmembrane regions MOGis-127 and MOGiz0-13: and second hydrophobic domain MOGigs-1s7 are found to be
immunogenic and pathogenic in C57BL/6 (H-2b)

Ortega et al. (83) 2013 CD8* cells reactive to MOGas-ss attenuate EAE severity in an adaptive CD4 T cell-mediated EAE model in C57BL/6 mice

Haanstra et al. (84) 2013 rhMOG (1-125) induces EAE in non-human primates

Shetty et al. (35) 2014 T cells directed to an encephalitogenic transmembrane domain (MOGi1o-132) induced clinical EAE, inflammation, and
demyelination

Curtis et al. (85) 2014 Injection of rat immunoglobuline variable of MOG together with incomplete Freud’s adjuvant lead to atypical EAE in LEW
rats and Macaca species

Herrera et al. (86) 2014 MOGss-ss induced EAE in C57BL/6 mice lead to lesions along the optic chiasm
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Further knowledge about the role of B cells in MOG-induced
CNS inflammation derived from transgenic mice (Table 3). Mice
were genetically engineered to express the heavy chain from
the monoclonal anti-MOG Ab 8-18C5 described above, paired
with endogenous Ig light chains (89). These animals had many
MOGe-reactive B cells in their immune repertoire and had titers
of anti-MOG Abs in their circulation. And yet, they remained
completely healthy until they were challenged with MOG.
Then, they developed EAE with higher incidence, severity, and
earlier onset compared to their non-transgenic counterparts (89).
Further studies using B cell-deficient mice showed that B cells
are required for EAE induction using the MOG protein, but are
dispensable when the encephalitogenic MOG peptide is used for
EAE induction (90-92). These studies also revealed that B cells
are needed for the recovery from EAE, by the production of IL-10
and expression of CD40 (93). The role of B cells in promoting
EAE was further confirmed by using transgenic mouse lines in
which MHC class II products were knocked-out in B cells, or in
which B cells were able to express MOG-specific B cell receptors
on their surface, but were unable to secrete MOG-specific Abs
(94). This and several other studies (see Table 3) revealed that
B cells can act as APC, and that they can sufficiently promote
pro-inflammatory T cell activation and spontaneous EAE onset
(91, 94, 95). In another study, in which MOG-specific B cells and
T cells were actively transferred into an intact immune repertoire
of C57BL/6] mice, MOG-specific B cells were shown to aggravate
CNS inflammation and EAE disease course. These results were
further confirmed by using human MOG positive serum Abs,
reproducing the same disease accelerating effects (58). Hence,
both B cells and myelin-specific Abs can independently activate
T cells and thus increase the risk of an autoimmune mediated
inflammation of the CNS (59).

Also spontaneous models of MOG-induced CNS disease
were highly informative for deciphering the role of anti-MOG

responses in autoimmune disease. These models were based on
the transgenic expression in mice of MOG-specific T cell recep-
tors, either alone (71, 78) or in combination with MOG-specific
B cell receptors (74, 97) and gave striking results:

The overexpression of MOG-specific T cell receptors in trans-
genic C57/BL6 (71) or SJL (78) mice lead to spontaneous optic
neuritis (ON) in more than 30% of all animals and rendered the
animals hyper-susceptible to the induction of ON in response
to sensitization with suboptimal amounts of MOG (71), or to a
severe spontaneous relapsing-remitting EAE with episodes often
altering between different CNS compartments in more than 60%
of all male, and more than 80% of all females within 160 days
after birth (78). In these animals, the transgenic T cells expanded
MOG-specific B cells from the endogenous immune repertoire,
which produced pathogenic autoantibodies binding to a confor-
mational epitope on native MOG protein (78). Overexpression of
MOG-specific T cell receptors in NOD mice led to MOG-specific
CD4* and CD8* T cell responses at the same time (79). These
animals revealed that CD8* MOG-specific T cells may be weakly
encephalitogenic (79) and are able to regulate and attenuate CD4*
driven immune responses by modulating APC functions and
reducing CD4* T cell responses (80, 83).

Mice genetically engineered to express MOG-specific recep-
tors on T and B cells (74, 97) showed a class switch of MOG Abs
to an IgG1 subtype, and spontaneously developed inflammatory
demyelinating CNS disease (74, 97). Most interestingly, spontane-
ous development of disease in these animals crucially depended
on the presence of commensal microbiota in the gut (98).

Although many seminal observations on MOG-reactive T and
B cell responses derive from murine EAE models, it is important
to know that in these animals, large lesions with myelin loss are
mainly caused by axonal degeneration with secondary demyelina-
tion, while primary demyelination is sparse (99, 100). Therefore,
it is necessary to also study MOG autoreactivity in the marmoset

TABLE 3 | The role of B cells in experimental autoimmune encephalomyelitis (EAE) animal models.

Reference Year Findings

Hjelmstrom et al. (92) 1998 B cell-independent demyelination in myelin oligodendrocyte glycoprotein (MOG)-induced EAE mice

Litzenburger et al. (89) 1998 MOG-specific B cells accelerate and exacerbate EAE, but are not able to induce spontaneous disease or demyelination without
induced EAE

Stefferl et al. (87) 1999 Major histocompatibility complex (MHC) and MHC-linked effects can influence the antibody response and thereby disease severity
in MOG-induced EAE

Lyons et al. (90) 1999 B-cell-deficient mice immunized with MOGasss induced EAE but not mice immunized with recombinant full-length MOG

Forsthuber et al. (88) 2001 MOG peptide 97-108 is the immunodominant human leukocyte antigen (HLA)-DR4-restricted T cell epitope in transgenic mice
and is presented by human B cells expressing HLA-DR4 (DRB1*0401)

Lyons et al. (91) 2002 MOG-specific B cells and serum reconstitute the ability for inducing inflammatory EAE effects in B cell-deficient mice

Fillatreau et al. (93) 2002 IL-10 production of B cells regulate type 1 immunity and play a key role in EAE recovery

Svensson et al. (96) 2002 B cell-deficient mice with different genetic backgrounds (C57BL/10 and DBA/1) immunized with MOGi_12s showed decreased
demyelination but inflammation was not affected

Bettelli et al. (97) 2006 TCRMOG x IgHMOG mice develop severe EAE, with inflammatory lesions in the spinal cord and optic nerves

Pollinger et al. (78) 2009 Transgenic mice expressing MOGe.-10s specific T cells expand endogenous MOG-specific B cells, producing conformational,
(epitope independent) Abs, and enhancing demyelinating EAE in a relapsing-remitting EAE model

Molnarfi et al. (94) 2013 MOG-specific B cells play a critical role in the EAE pathogenesis due to its function as an antigen-presenting cells

Parker Harp et al. (95) 2015 B cells directly interact with dendritic cells and enhance CD4 driven EAE severity in mice

Flach et al. (58) 2016 MOG-specific B cells accelerate MOG T cell driven EAE inflammation and disease severity
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(Callithrix jacchus), in which MOG-induced EAE resembles
human demyelinating diseases more closely (100-102). When
these animals are immunized with the recombinant IgV domain
of rat MOG, they developed lesions which were very similar to
chronic multiple sclerosis (MS) plaques with mononuclear cell
infiltrates, primary demyelination, and astrogliosis (103), even at
the ultrastructural level (65). Moreover, some animals developed a
progressive form of EAE, which was triggered by cytotoxic effector
memory T cells and further promoted demyelination in the gray
matter (76, 82). As seen before in mice and rats, the marmoset
CD4" T cell response against MOG may cover several different
epitopes, only one of which is highly encephalitogenic (104).
Cumulatively, these animal models revealed that

o autoimmune responses to MOG can be induced in many dif-
ferent species

o the susceptibility to MOG is determined by MHC- and non-
MHC genes

« anti-MOG responses typically involve CD4* T cells and com-
plement-fixing Abs of the IgG1 subtype

o the MOG-specific T cell repertoire contains T cells specific for
several different T cell epitopes which vary between different
species and substrains dependent on the MHC haplotype

« not all MOG-specific T cells are encephalitogenic

o MOG-specific B cells have Ab-dependent and Ab-independent
effects on tissue damage

o different types of anti-MOG Abs exist, but only those recog-
nizing conformational epitopes on the extracellular domain of
MOG are pathogenic

o MOG-specific autoantibodies in the circulation specific for
such conformational epitopes are harmless, unless these Abs
gain access to the CNS via an opened blood-brain barrier in
an inflammatory environment

o MOG-specific Abs can cross-react with other proteins like
butyrophilin

« the extent of demyelination caused by anti-MOG Abs depends
on MHC-dependent and MHC-independent factors.

CLINICAL RELEVANCE OF MOG Abs
IN DEMYELINATING DISEASES

As outlined above, MOG is one of the best-studied autoantigens
for experimental autoimmune models for MS. Attempts to trans-
late these findings into the human disease have yielded contro-
versial results, especially with regard to MOG Abs as a prognostic
biomarker in MS (105, 106) [reviewed in Berger et al. (107)].
These results were caused by the use of inappropriate methods
(e.g., immunoblotting, ELISA) and antigens (recombinant
human MOG produced in Escherichia coli, MOG peptides) to
determine disease-specific MOG Abs. However, with improved
detection methods using correctly folded and glycosylated MOG
protein expressed in mammalian cells for radioimmunoassays,
flow cytometry, and immunofluorescence, MOG Abs were found
in a subset of predominantly pediatric patients with acute dis-
seminated encephalomyelitis (ADEM), aquaporin-4 (AQP4)
seronegative neuromyelitis optica spectrum disorders (NMOSD),
monophasic or recurrent isolated ON, or transverse myelitis

(TM), in atypical MS, brainstem encephalitis, and N-methyl-p-
aspartate receptor-encephalitis with overlapping demyelinating
syndromes, but rarely in classical MS (50, 55, 56, 108-176). Since
low-titer MOG Abs are often found in MS patients and controls,
most of these studies have used either a “high-titer” cut-off or
an IgG1 secondary Ab to increase specificity. Like many other
autoantibodies, e.g., to AQP4, MOG Abs are therefore only pre-
sent in rare diseases indicating widely established immunological
tolerance to most autoantigens.

These findings, however, raise the important question whether
MOG Abs are associated with a specific clinical phenotype like
AQP4 Abs are associated with NMOSD (177). We have therefore
reviewed the literature and compared all studies, which have
analyzed the presence of MOG Abs in inflammatory demyeli-
nating disorders (MS, ADEM, and AQP4 Ab seronegative and
seropositive NMOSD) in comparison with a control group of
patients with other neurological disorders or healthy controls.
Results from these studies are shown in Table 4 and Figure 1. We
have identified 26 studies which fulfilled these criteria (50, 55,
56,109-116, 119, 121, 126, 130, 132, 134, 137, 141, 147, 148, 152,
156, 158, 165, 174). Only 13 of these studies included a control
group with 50 or more individuals and only 5 studies included
more than 100 controls (Table 4). Further, many patients and
controls were repeatedly analyzed in some studies and therefore
we decided not to include a statistical analysis of the reviewed
publications. The specificity of these studies was calculated using
the frequency of MOG Abs in other neurological disorders or
healthy controls determined by the methods shown in Table 4.
The overall specificity of these studies was 98.5% [95% confidence
interval (CI) 97.8-99] and thus 1.5% (range 0-6%) of all con-
trols were seropositive for MOG Abs (Table 4; Figure 1). The
sensitivity of these studies was calculated using the frequency of
MOG Abs in inflammatory demyelinating disorders determined
by the methods shown in Table 4. The presence of MOG Abs in
MS was analyzed in 23/26 studies and the overall sensitivity for
MS was 5.1% (95% CI 4.2-6.1) and thus 5.1% (range 0-46.7%)
of all MS patients were seropositive for MOG Abs. The highest
frequency of MOG Abs within MS patients was found in pediatric
MS patients and in one of the initial studies not using a high-titer
cut-off. Therefore, it can be concluded that MOG Abs are rare in
MS, particularly in adult MS, but are still found in a few patients
in several studies. Since MOG Abs are associated with MS-like
neuropathology (136, 149, 167, 172, 178, 179), they might play a
role in pathophysiology in these patients and therefore the cur-
rent practice to use MS as a negative control group for MOG Abs
(141) should be regarded with caution. The presence of MOG Abs
in ADEM was analyzed in 13/26 studies and the overall sensitivity
for ADEM was 36.4% (95% CI 31.4-41.7; range 17.7-47.4%) and
thus ADEM was the most frequent clinical presentation associ-
ated with MOG Abs. Again, the frequency of MOG Abs was
highest in pediatric patients. Since the 26 studies used different
clinical criteria for NMOSD, we reviewed the studies for the pres-
ence of MOG Abs in AQP4 seronegative patients with ON, TM,
or NMOSD. The presence of MOG Abs in these conditions was
analyzed in 15/26 studies and the overall sensitivity was 26.9%
(95% CI 23.9-30.1; range 9.2-63.5%). Finally, the presence of
MOG Abs in AQP4 seropositive NMOSD was analyzed in 13/26
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TABLE 4 | Studies reporting the presence of myelin oligodendrocyte glycoprotein (MOG) antibodies (Abs) in patients with inflammatory demyelinating
disorders in comparison to a control group of patients with other neurological disorders and/or healthy controls.

Reference Method  Patients Multiple Acute disseminated Aquaporin-4 (AQP4)— AQP4+ Controls
sclerosis encephalomyelitis optic neuritis/transverse NMOSD
myelitis/neuromyelitis
optica spectrum disorders
(NMOSD)

Lalive et al. (109) FACS ad 1/92 (1%) n.a. n.a. n.a. 1/37 (3%)
Zhou et al. (50) FACS ad 25/210 (12%) n.a. n.a. n.a. 8/187 (4%)
O’Connor et al. (110) RIA ad, ped 3/140 (2%) 13/69 (19%) n.a. n.a. 1/133 (1%)
Brilot et al. (112) FACS ad, ped 0/54 (0%) 8/19 (42%) n.a. n.a 0/73 (0%)
MclLaughlin et al. (111) FACS ad, ped 39/385 (10%) n.a. n.a. 0/13 (0%) 6/214 (3%)
Selter et al. (113) FACS ped n.a. 9/19 (47%) n.a. n.a. 0/58 (0%)
Di Pauli et al. (115) IF-HT ad, ped 2/89 (2%) 12/27 (44%) n.a. n.a. 1/105 (1%)
Lalive et al. 2011 (114) FACS ped 1/22 (5%) 3/11 (27%) n.a. n.a. 0/20 (0%)
Mader et al. (55) IF-HT ad, ped 2/71 (3%) 14/33 (42%) 9/23 (39%) 1/75 (1%) 3/101 (3%)
Probstel et al. (116) FACS ad, ped 14/127 (11%) 19/54 (35%) n.a. n.a. 0/63 (0%)
Kitley et al. (119) IF ad 0/75 (0%) n.a. 4/27 (15%) 0/44 (0%) 0/23 (0%)
Rostasy et al. (121) IF-HT ped 1/11 (9%) 13/29 (45%) 7/29 (24%) 0/2 (0%) 0/23 (0%)
Dale et al. (56) FACS ped 7/15 (47%) 11/24 (46%) 13/24 (54%) n.a. 0/24 (0%)
Martinez-Hernandez et al. (134) IF-HT ad 0/64 (0%) n.a. 14/52 (27 %) 2/45 (4%) 0/30 (0%)
Ramanathan et al. (130) FACS ad 1/76 (1%) n.a. 9/23 (39%) n.a. 0/52 (0%)
Elong Ngono et al. (132) IF-HT ad 1/16 (6%) n.a. n.a. n.a 1/24 (4%)
Ketelslegers et al. (147) FACS ped n.a. 10/24 (42%) 4/29 (14%) n.a. 0/44 (0%)
Probstel et al. (137) FACS ad 0/48 (0%) n.a. 4/17 (24%) 0/31 (0%) 0/39 (0%)
Waters et al. (141) IF-1gG1 ad 0/76 (0%) 7/16 (44%) 40/63 (64%) 0/130 (0%) 0/13 (0%)
Fernandez-Carbonell et al. (152)  FACS ped 4/45 (9%) 3/7 (43%) 4/14 (29%) 0/2 (0%) 0/23 (0%)
Jarius et al. (174) IF-HT ad, ped 0/139 (0%) n.a. 50/202 (25%) 0/83 (0%) 1/98 (1%)
Kim et al. (148) IF-1gG1 ad 0/29 (0%) 1/6 (17%) 15/163 (9%) 0/49 (0%) 0/72 (0%)
Spadaro et al. (165) FACS ad 5/181 (3%) n.a. n.a. n.a. 0/39 (0%)
van Pelt et al. (158) FACS ad n.a. n.a. 20/61 (33%) 0/41 (0%) 0/8 (0%)
Overall 106/196 (5%) 123/338 (36%) 193/727 (27%) 3/5615 (1%)  22/1527 (1%)

The percentage of MOG Ab seropositivity was determined using the methods indicated in the table.
ad, adult; ped, pediatric; n.a., not analyzed; FACS, fluorescence-activated cell sorting; IF, immunofluorescence assay; IF-HT, immunofluorescence assay with high-titer cut-off;

IF-IgG1, immunofluorescence assay for IgG1 Abs; RIA, radio immunoprecipitation assay.

studies and the overall sensitivity was 2% (95% CI 1.2-3.4; range
1.2-3.4%). Thus, the presence of MOG Abs in AQP4 Ab-positive
NMOSD is in the range of the control group.

In conclusion, these studies revealed that MOG Abs are asso-
ciated with heterogeneous clinical presentations and a younger
age of onset in human inflammatory demyelinating diseases but
a clear common clinical phenotype is missing.

The histopathology associated with MOG Abs has been
described in few patients including NMOSD, atypical demyelina-
tion, CIS, and ADEM (136, 149, 167, 172, 178, 179) (Table 5). All
cases showed demyelinating lesions with features of MS pattern
II, with well-demarcated confluent plaques with loss of myelin,
relative preservation of axons, well-preserved astrocytes, and
numerous macrophages containing myelin debris. The inflamma-
tory infiltrates were predominantly composed of perivascular and
parenchymal T-cells and some perivascular B-cells. Moreover, the
deposition of terminal complement complex C9neo was reported
indicating complement-dependent cytotoxicity (136, 167). All
lesions were characterized by well-preserved oligodendrocytes
that were partly MOG-negative, most likely compatible with
preoligodendrocytes. Demyelination associated with MOG Abs
differs from AQP4 seropositive NMOSD that characteristically
shows loss of astrocytes with deposition of IgG and terminal
complement complex C9neo, inflammatory infiltrates including

the presence of neutrophilic and eosinophilic granulocytes, and
elevated glial fibrillary acidic protein levels in CSF (180).

These similar immunopathological findings compatible with
MS pattern II supports a humoral immune pathogenesis in
patients with MOG Abs. Since the histopathological lesion type
is independent from the clinical presentation the demyelinat-
ing lesions may be included under the term “MOG antibody
syndrome.

EPITOPE RECOGNITION AND SPECIES
SPECIFICITY OF HUMAN MOG Abs

As MOG Ab binding has been shown to be dependent on the
correct folding and glycosylation pattern of their antigen, studies
were directed toward the binding motifs/epitopes of these Abs
with the aim to identify specific binding patterns for diseases.
Mayer and colleagues (122) performed epitope recognition
studies of MOG Abs from several demyelinating diseases and
seven distinct binding patterns were found. However, no clinical
correlation between the binding patterns and different disease
entities could be shown. Furthermore, these Abs were directed
against only a single epitope or multiple epitopes and an asso-
ciation between glycosylation and an increased binding capacity
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FIGURE 1 | Studies reporting the presence of myelin oligodendrocyte glycoprotein (MOG) antibodies (Abs) in patients with inflammatory
demyelinating disorders (A) MS; (B) ADEM; (C) AQP4— ON/TM/NMOSD; (D) AQP4+ NMOSD (sensitivity, left side of each graph) in comparison to a
control group of patients with other neurological disorders and/or healthy controls (specificity, right side of each graph). Sensitivities and specificities
are indicated by symbols with error bars (95% confidence intervals). Specificities were calculated using the frequency of MOG Abs in other neurological disorders or
healthy controls determined by the methods shown in Table 4. Sensitivities were calculated using the frequency of MOG Abs in inflammatory demyelinating

B A ADEM (sensitivity)
+ controls (specificity)

Lalive 2006

Zhou 2006
O'Connor 2007
Brilot 2009
McLaughlin 2009
Selter 2010

Di Pauli 2011
Lalive 2011

Mader 2011
Probstel 2011
Kitley 2012
Rostasy 2013

Dale 2014
Martinez-Hernandez 2014
Ramanathan 2014
Titulaer 2014
Elong Ngono 2015
Ketelslegers 2015
Probstel 2015
Waters 2015 &
Fernadez-Carbonell 2016
Jarius 2016

Kim 2016

Spadaro 2016

Van Pelt 2016

Yan 2016

Overall A

0!0 0!2 0!4 0!6 0!8
Sensitivity / Specificity (95% CI)

llll«lll;llllllilllilx;l

|

2des

O AQP4+ NMOSD
+ controls (specificity)

Lalive 2006

Zhou 2006
O'Connor 2007
Brilot 2009
McLaughlin 2009
Selter 2010

Di Pauli 2011
Lalive 2011

Mader 2011
Prébstel 2011
Kitley 2012
Rostasy 2013

Dale 2014
Martinez-Hernandez 2014
Ramanathan 2014
Titulaer 2014
Elong Ngono 2015
Ketelslegers 2015
Probstel 2015
Waters 2015
Fernadez-Carbonell 2016
Jarius 2016

Kim 2016

Spadaro 2016

Van Pelt 2016

Yan 2016

Overall

lilllllll;llllllilxlizsil

?T 22097 2 5 2 ¢

e [}
>le gl

-
o

0:2 0:4 0?6 0!8
Sensitivity / Specificity (95% CI)

o
o

could not be detected. The most frequent epitopes were found
in the CC’-loop and FG-loop of the extracellular IgV domain
of correctly folded human MOG protein. Within the CC’-loop,
AA P42 was essential for binding and therefore human MOG

Abs did not bind either to rodent MOG, which has a serine
at position 42, or to mutated human MOG P42S (122). These
findings were confirmed and extended by Sepulveda et al. (166)
who demonstrated that only a subset of human MOG Abs is also
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TABLE 5 | Neuropathological findings in patients with myelin oligodendrocyte glycoprotein (MOG) antibody (Ab)-associated demyelination.

Reference Number of Sex, age Clinical presentation Findings
cases (years)
Konig et al. (178) 1 F, 49 RRMS Multiple sclerosis (MS) pattern II; oligodendrocytes in lesion preserved
(CNPase*; MOG not determined)

Spadaro et al. (136) 1 F, 66 Recurrent myelitis + brainstem MS pattern II; oligodendrocytes preserved (CNPaset; MOG)
involvement

Di Pauli et al. (149) 1 M, 71 Acute disseminated encephalomyelitis ~ MOG and aquaporin-4 Ab positive; MS pattern II; oligodendrocytes
(ADEM)/acute MS preserved (CNPaset, MOG")

Jarius et al. (172) 1 F, 63 CIS MS pattern II; oligodendrocytes preserved (CNPaset, MOG*)

Wang et al. (167) 1 F, 67 Neuromyelitis optica spectrum Pattern classification not done; well-demarcated demyelinating lesion
disorders with preserved axons and astrocytes

Kortvélyessy et al. (179) 2 M, 49 ADEM Intrathecal MOG Ab synthesis; MS pattern II; one patient with

M, 34 overlapping features of pattern Il (early MAG loss, apoptotic

oligodendrocytes in addition to complement deposition)

reactive to rodent MOG epitopes as analyzed by cell-based assays
and tissue immunohistochemistry and this reactivity to rodent
MOG did not correlate with a specific clinical phenotype. Finally,
it has been already demonstrated that species differences of
MOG lead to the activation of different pathogenic mechanisms
in EAE induced with rodent or human MOGss_ss or recombinant
MOG (26, 92, 181).

MOG Abs: EPIPHENOMENON OR
INDICATIVE FOR DISEASE PHENOTYPE

The animal experiments described above clearly indicated that
murine MOG Abs can be pathogenic. Furthermore, pathologic
similarities to ADEM have been shown in transgenic MOG-
IgG mice infected with several neurotrophic encephalitogenic
viruses, exacerbating virus-induced CNS inflammation. These
similarities were indicated by clinical defined extensive perivas-
cular infiltrates (mixed inflammatory cell population, e.g., lym-
phocytes, neutrophils, NK cells, and blood born macrophages)
and perivenous demyelination (182, 183).

By contrast, only four studies aimed to investigate the patho-
genic role of human MOG Abs in vivo. Whereas several studies
indicated that human MOG Abs can activate complement and
cellular-dependent cytotoxicity (50, 55, 112) in vitro, these
mechanisms were not observed after transfer of human MOG
Abs to rodents in vivo: the injection of concentrated serum
samples from MOG Ab-positive patients into LEW rats with
EAE did not increase the clinical score of the disease, but led to a
minor increase in demyelination and axonal loss (50). Intrathecal
injection of purified human MOG IgG caused reversible brain
edema and myelin loss with very little complement deposition at
the lesion site (57).

A different pathogenic mechanism for MOG Abs was pro-
posed in two recent studies (58, 59). In the first study (58), it
was demonstrated that MOG-specific B cells and their products
(MOG Abs) activate MOG-specific effector T cells via CNS resi-
dent APC. A similar effect was demonstrated for peripheral APC
in the second study (59). Both studies emphasize an important
role for Ab-mediated antigen opsonization and accumulation in

Fc receptor expressing APCs and subsequent increased antigen
presentation and activation of specific T cells.

ARE MOG Abs A PRIMARY OR A
SECONDARY IMMUNE RESPONSE?

The findings discussed in the previous chapter raise the important
question whether human MOG Abs are pathogenic themselves or
just a epiphenomenal bystander or a secondary immune reaction
due to previous demyelination (184). An example for a second-
ary immune response was shown in a study using a transgenic
myelin-specific T cell mice model, which developed spontaneous
EAE (98). In this model, an interaction between MOG-specific
T and B cells is necessary for inflammatory demyelination,
resulting in the activation of native B cells by dendritic cells
presenting MOG peptides in the cervical lymph nodes (78). In a
gut germ free environment, autoreactive T cell activation failed,
and therefore the signal cascade for producing autoantibodies
producing B cells was significantly reduced, but increased after
microbial re-colonization. One potential mechanism mediating
the onset of spontaneous EAE is molecular mimicry, activating
encephalitogenic T cells, with subsequent inflammation of the
CNS and second, it leads to an activation of native MOG-specific
B cells recruited to the CNS tissue via locally produced MOG
material or drained into the CNS along peripheral lymph nodes.

But even if MOG Abs would only be a secondary immune reac-
tion they still could be clinically relevant biomarkers such as seen
in diabetes type I, an autoimmune disease affecting insulin produc-
ing p-cells in the pancreas. Four autoantibodies to insulin (185),
glutamic acid decarboxylase (186), Islet antigen-2 (187), and zinc
transporter 8 (188) have been identified as highly specific biomark-
ers to predict this disease. There is more than an 80% probability
of developing diabetes in children and adolescents, if 2/4 autoan-
tibodies are detected [reviewed in Bonifacio (189)]. However,
these autoantibodies are not pathogenic itself, but rather indicate
a disturbed immune activity or an underlying T cell-mediated
autoimmune process (190). Similarly, it could be that human MOG
Abs play only a minor role in the pathophysiology of inflammatory
demyelination, but are highly specific markers for affected patients.
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CONCLUSION

In the past years, autoantibodies emerged as important bio-
markers in neurological autoimmune diseases. One of the best
examples for these biomarkers is AQP4 Abs as diagnostic marker
for NMOSD. Numerous studies have now established a pos-
sible similar role for MOG Abs that are associated with a very
heterogeneous age-dependent clinical presentation and MS-like
neuropathology. The exact pathologic effect of human MOG Abs
is still unclear and needs to be critically investigated in order to
clarify the immunopathological role of these Abs.
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Several lines of evidence suggest a definite and unique link between CNS demyelinating
diseases and autoimmune thyroid disease (AITD). The aim of the current study was to
systematically compare the clinical and laboratory features of patients with coexistent
AITD and CNS demyelinating disease with those of patients with just CNS demyelinating
disease. Forty-four patients with coexisting CNS demyelinating disease and AITD were
identified and their clinical and radiological features were recorded. Blood and DNA were
collected and tested for HLA type and for the response of T cells and antibodies to
a variety of antigens. Patients with multiple sclerosis (MS) without AITD and healthy
individuals were included as controls. Patients with coexisting AITD and CNS demye-
linating disease were almost exclusively female (43/44) and had prominent spinal cord
involvement as the main neurological finding. The HLA molecules carried by individuals
with CNS demyelinating disease and AITD differed from both other MS patients and
healthy individuals. Furthermore, patients with both CNS disease and AITD showed less
T cell reactivity than patients with MS alone to myelin proteolipid protein, but, compared
to other groups, showed elevated levels of T cell reactivity to the calcitonin gene-related
peptide, which is present in both the CNS and the thyroid, and elevated levels of T cell
and antibody to the leucine-rich repeat-containing G-protein coupled receptor 4 (LGR4),
a molecule that is expressed in the brainstem and spinal cord, and which is a homolog
of the thyroid-stimulating hormone receptor. We suggest that reactivity of autoreactive
immune cells in these patients against antigens present in both the thyroid and the spinal
cord is a potential mechanism underlying the pattern of lesion development in the CNS in
patients with coexisting AITD and MS and might indicate a novel mechanism of disease
pathogenesis in these patients.

Keywords: multiple sclerosis, neuromyelitis optica spectrum disorder, autoimmune thyroid disease, calcitonin
gene-related peptide, LGR4, T cells, autoantibodies, autoantigens
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Novel Autoantigens for CNS Demyelination

INTRODUCTION

We have had a long-term interest in the question of why some
patients with autoimmune CNS demyelinating disease tend
to develop lesions in relatively restricted parts of the CNS. In
some patients, lesion distribution appears to correlate closely to
the HLA type of the patients and the dominant myelin antigen-
specific T cell reactivity restricted by those HLA types (1, 2).
In other cases, we have noted that patients who have another
coexisting autoimmune disease often tend to have a similar
lesion distribution, HLA restriction, and T cell myelin antigen
reactivity pattern when compared to other patients who have
the same combination of autoimmune diseases. For example, we
have shown that patients with a combination of multiple sclerosis
(MS) and psoriasis tend to have prominent involvement of the
brainstem and cerebellum lesions and to carry HLA-DRB1*07 (3)
and have elevated levels of T cell reactivity against the 184-210
region of myelin proteolipid protein (PLP) (unpublished data).

Neuromyelitis optica (NMO) is another example of restricted
lesion distribution in CNS demyelinating diseases, being origi-
nally characterized primarily by the presence of optic nerve and
longitudinally extensive spinal cord lesions and the presence
of aquaporin 4 (AQP4) autoantibodies. More recently, NMO
spectrum disorders (NMOSD) has become the favored ter-
minology for this syndrome, as it is now recognized that some
patients have variant lesion distribution, with the presence of
either autoantibodies against AQP4 or myelin oligodendrocyte
glycoprotein (MOG). Interestingly, it has been reported that there
is an increased incidence of non-organ-specific autoimmunity in
NMOSD (4), and the coexistence of systemic lupus erythemato-
sus (SLE) or Sjogren’s syndrome in AQP4 autoantibody positive
patients with NMOSD actually strengthens confidence in the
NMOSD diagnosis (5).

In both MS and NMOSD, there have been reports of increased
prevalence of thyroid dysfunction and anti-thyroid antibodies
(6-10). We have observed that MS patients who have coexisting
autoimmune thyroid disease (AITD) tend to have more extensive
spinal cord involvement than other MS patients, irrespective of
whether the MS or the thyroid disease develops first (11). Links
between disease affecting the corticospinal tract and thyroid
disease have been recognized for many years. In 1888, Charcot
described paraplegia-like symptoms in a patient with severe
hyperthyroidism (12). Hyperthyroidism has been reported as a
contributing factor in corticospinal tract malfunction (13) and
posterolateral myelopathy (14), and encephalopathy associated
with hypothyroidism (Hashimoto encephalopathy) has been rec-
ognized for many years (15). In addition, increased IgG, myelin
basic protein and activated helper T cells have been found in the
cerebrospinal fluid of acute necrotizing myelopathy associated
with thyroid cancer, suggesting that immune-mediated demyeli-
nation may be occurring in this condition (16).

There could be several explanations for the links between auto-
immune CNS demyelinating disease and AITD. First, the HLA
type of patients might predispose them to development of both
AITD and CNS demyelinating disease, by allowing presentation
of pathogenic epitopes specific for each of these disorders. The
two main types of AITD, Graves’ disease (hyperthyroidism) and

Hashimoto’s thyroiditis (hypothyroidism), have both been linked
primarilyto carriage ofthe HLA-DRB1*03-DQB1*02-DQA1*0501
(DR3) genotype in Caucasians (17). MS is generally thought of as
involving linkage to HLA-DRB1*15:01; however, around 40% of
MS patients are negative for DRB1*15:01 (1), and HLA-DRB1*03
has also been reported to confer an increased risk for develop-
ment of MS (18). Interestingly, studies on NMOSD patients from
Caucasian, Afro-Caribbean, and Indian populations have all
found an association with HLA-DRB1*03 (19-21). Second, there
may be cross-reactivity between antigens present in the CNS and
in the thyroid, either through expression of the identical antigens
in both organs or through expression of related proteins with con-
served epitope domains in the different organs. Other possibilities
include altered thyroid function inducing changes in the CNS,
including the induction of neoantigens; however, our observation
that patients with coexisting CNS and thyroid disease have similar
patterns of lesion distribution, irrespective of whether they initially
had CNS or thyroid disease, suggests that this last mechanism is
less likely. Finally, molecular mimicry between various microbes
and self-antigens has been postulated to underpin development
of autoimmunity, and it is of interest to note that MS, NMOSD,
and AITD have all been linked to infection with microbes, such as
hepatitis C virus and Helicobacter pylori, suggesting the possibility
that such infections could induce autoimmune diseases targeting
more than one organ (22-26).

The aim of the current study was to investigate HLA molecules
and T cell and autoantibody reactivity to CNS and thyroid anti-
gens in patients with coexisting CNS demyelinating disease and
AITD. We show that such patients differ in these respects from
healthy individuals and MS patients without AITD.

MATERIALS AND METHODS

Patients and Controls

This study was approved by the Royal Brisbane and Women’s
Hospital Human Research Ethics Committee, The University of
Queensland Medical Research Ethics Committee, and Griffith
University Human Research Ethics Committee. Up to 20 mL of
blood was obtained from patients with coexisting autoimmune
CNS demyelinating disease and AITD, patients with MS alone,
and healthy individuals who had no history of AITD. Written
informed consent was obtained prior to blood collection. Where
sufficient blood was available, 5 mL was used as a source of serum,
2 mL was used to extract genomic DNA, and the remainder was
used for T cell assays. Only 3-5 mL of blood was available from
four patients with autoimmune CNS demyelinating disease and
AITD, in which case plasma was used rather than serum, and
T cell assays were tested only for reactivity to one of the antigens
of interest, calcitonin gene-related peptide (CGRP—see below for
more detail on antigens used). Blood was not available from 11
of the patients with coexisting AITD and MS. Patient and control
demographics for individuals from whom blood was collected are
shown in Table 1.

HLA Typing
Genomic DNA was prepared using NucleoSpin Blood DNA
extraction kits (Macherey-Nagel, Diiren, Germany) as previously

Frontiers in Immunology | www.frontiersin.org

May 2017 | Volume 8 | Article 514


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Greer et al.

Novel Autoantigens for CNS Demyelination

TABLE 1 | Demographics of patients and controls whose blood was used in this study.

Group N Age at time of M:F CNS disease type Disease EDSS
blood collection duration (mean + SE)
(mean + SE) RR-MS SP-MS PP-MS RR-NMO (mean + SE)
CNS demyelinating disease + autoimmune thyroid 33 50.9+1.8 1:32 12 11 6 4 131 +1.8 51+04
disease
Hypo 19 53.7+22 1:18 5 6 5 3 166+23 54 +04
Hyper 14 471 +£3.0 0:14 7 5 1 1 10.1+£2.3 4.6+0.8
Other multiple sclerosis (MS) (T cell assays) 20 46.0 + 3.0 4:16 12 5 3 0 106 +24 43+0.7
Other MS (LGR4 and thyroid-stimulating hormone 13 411+ 3.0 3:10 10 1 2 0 101 +£19 3.3+05
receptor serum assays)
Other MS (calcitonin gene-related peptide serum 14 39.0+25 2:12 9 2 3 0 72+25 4.0+0.7
assays)
Healthy controls (HC) (T cell assays) 20 414 +£25 4:16 NA NA NA NA NA NA
HC (serum assays) 11 36.2 + 3.1 1:10 NA NA NA NA NA NA

M:F, number of males:number of females; RR-MS, relapsing-remitting multiple sclerosis; SP-MS, secondary progressive MS; PP-MS, primary progressive MS; RR-NMO, relapsing-

remitting NMO; EDSS, Expanded Disability Status Scale score; NA, not applicable.

described (2). Dynal low and high resolution SSP kits (Dynal
Biotech, Thermo Fisher, Australia) were used to type for HLA-DR,
-DQA, -DQB, and -DP alleles, following the manufacturer’s
recommended protocols. Results for the patients with coexisting
CNS demyelinating disease and AITD are reported to the four
digit level, when it was able to be determined. For comparison
with larger groups of MS patients and healthy controls (HC),
alleles were grouped at the two digit level.

Peptides and Antigens

For T cell assays, peptides from PLP, the thyroid-stimulating
hormone receptor (TSHR), LGR4 (a homolog of the TSHR), and
the o« and f types of CGRP were used to stimulate T cells. The PLP
peptides used (PLP1ss 100 + PLP1oo-200) Were overlapping peptides
against which we have previously reported elevated levels of
T cell reactivity in approximately 40% of MS patients (2). TSHR
and LGR4 are members of the same LGR family and have some
regions of sequence homology (27). The three peptides chosen
from each of these molecules are from the extracellular portion
of the protein in each instance. CGRP is a neuropeptide that has
been reported to be expressed in both the thyroid and the spinal
cord (28). The sequences of peptides used are given in Table 2.
a-CGRP and 3-CGRP were purchased from Bachem (Bubendorf,
Switzerland). The other peptides were synthesized by Mimotopes
(Melbourne, VIC, Australia). Because the PLP peptides are
moderately hydrophobic they were dissolved in 0.2 M acetic acid
as 5 mg/mL stock solutions. Stock solutions of the other antigens
were made in water. The peptides were diluted in tissue culture
medium immediately prior to use. For T cell assays, peptides
were used in four pools: CGRP (a-CGRP + p-CGRP), PLP
(PLP1s4-199 + PLP19g-209), LGR4 (pool of the three LGR4 peptides),
and TSHR (pool of the three TSHR peptides). Concanavalin A
(Con A) was used as a positive control in all T cell assays.

Assessment of T Cell Proliferation

Blood was centrifuged through Ficoll and the peripheral blood
mononuclear cells (PBMC) were collected at the interface,
washed, and used fresh in T cell assays. Assays testing for reactiv-
ity to CGRP were done using a *H-thymidine uptake assay, as

TABLE 2 | Sequences of peptides used in this study.

Peptide designation Sequence

PLP1ga-190 QSIAFPSKTSASIGSL

PLP190-200 SKTSASIGSLCADARMYGVL

CGRPa ACDTATCVTHRLAGLLSRSGGVVKNNFVPTNVGSKAF
CGRPB ACNTATCVTHRLAGLLSRSGGMVKSNFVPTNVGSKAF
LGR4as 512 DRRVDCSGKGLTAV

LGR4s29 54" FKPCEYLLGSWMIR

LGR4 09625 GIWWETGSGCKVAGS

TSHRas-4e” DFRVTCKDIQRIPS

TSHRu05-418° FNPCEDIMGYKFLR

TSHRug5-400° AIDWQTGPGCNTAGF

“Accession number for LGR4 sequence is Q9BXB1.
tAccession number for thyroid-stimulating hormone receptor sequence is P16473.

previously described (2). In brief, 1.5 X 10° fresh PBMC/well were
cultured in U-bottom 96-well plates (Nunc) in the presence or
absence of CGRPa + CGRPf (at concentrations ranging from 1
to 50 pug/mL) or Con A (2 pg/mL) for 6 days, with ["H]thymidine
being added during the final 18 h. Cells were then harvested onto
glass-fiber mats, and the cpm determined in a Betaplate counter
(Beckman Coulter). The cell division index (CDI) was deter-
mined by the formula: CDI = (Mean cpm of peptide-containing
wells)/(Mean cpm of control wells without peptide). The mean
CDI reported is the maximum value over the different antigen
dilutions. For the other antigens, reactivity was tested using CFSE
assays, as we have previously described (2). Briefly, PBMC were
labeled with 2 nM CFSE (Invitrogen), as previously described
(29) and incubated with peptide pools (tested at 10 and 25 pg/
mL concentrations of each peptide) for 10 days in phenol red-free
X-vivo 15 serum-free medium (Lonza). Cells were then washed,
stained with PerCP-labeled anti-CD4 or anti-CDS8 antibodies (BD
Biosciences), and analyzed by flow cytometry, with gating on the
lymphocyte population. The number of cells with reduced CFSE
staining in the CD4* or CD8* group divided by the total number
of CD4* or CD8" cells was used to determine the percentage of
cells dividing in response to antigen. The CDI was calculated as
the percentage of cells dividing in response to antigen/percentage
of cells dividing without antigen. The highest level of prolifera-
tion is reported in the results, regardless of the concentration of
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antigen or whether the responding cells were CD4* or CD8" (the
CD4" response was the highest is all expect one assay), in order
to keep the results compatible with the assays for CGRP, where
the type of responding cell is not determined.

Detection of CGRP Antibodies

ELISA was used to test for the presence of antibodies against
CGRP. Plates (Nunc Maxisorb) were coated with a mixture of
a-CGRP and B-CGRP (each at 0.5 pg/well) + bovine serum
albumin (BSA) (2.5pg/well) or with BSA (2.5pg/well) alone
(control wells) in 0.2 M bicarbonate buffer. Plates were blocked
with 2% skimmed milk in PBS-Tween 20, 100 pL of each diluted
serum or plasma sample (1/40 dilution) was added in triplicate
to control wells and wells containing CGRP, and the plates incu-
bated overnight at room temperature in a humidified chamber.
After four washes, 100 pL of alkaline phosphatase-labeled
anti-human polyvalent Igs (G + A + M) (Sigma-Aldrich) was
added to each well and plates were incubated for 2 h at room
temperature in a humidified chamber. Plates were washed
again and 200 pL of p-nitrophenyl phosphate substrate (Sigma-
Aldrich) was added to each well. The reaction was stopped after
15 min by addition of 25 pL 3N NaOH, and the absorbance read
at 405 in a plate reader (Paradigm). The CGRP-specific response
was determined by subtracting the mean absorbance value for
the wells coated with BSA alone from that of wells coated with
BSA + CGRP.

Cell-Based Assays to Test for Antibodies

against AQP4, MOG, TSHR, and LGR4
Anti-AQP4 and anti-MOG antibodies were detected by fixed
cell-based assay using a commercially available kit as per the
manufacturer’s instructions (EUROIMMUN, Germany). The
presence of antibodies specific for TSHR and for LGR4 was
assessed using Cos7 cells transduced with lentiviral particles
expressing full length human TSHR or LGR4 (under the control
of a cytomegalovirus promoter) together with a GFP marker
(to identify transduced cells) and puromycin resistance gene
(for selection of transduced cells) were obtained from Applied
Biological Materials Inc. (Richmond, BC, Canada). COS-7
cells were grown to 75% confluency and then transduced using
polybrene-assisted uptake of particles, using the manufacturer’s
recommended protocol. Successfully transduced cells were
selected in media containing 20 pg/mL puromycin. The trans-
duced cells or non-transduced Cos7 cells (as controls) were
plated in 16-well chamber slides. Once cells were confluent,
the slides were washed, fixed in freshly prepared 4% para-
formaldehyde, and then stored in PBS with 0.01% azide at 4°C
until required. Sera/plasma was added to wells at 1:20 dilution
(I h at 4°C). Each sample was tested on at least two wells of
each cell line. Each slide contained control wells that had either
no primary antibody or no primary and no secondary antibody
added. After 3x 5 min washes in PBS-T, HRP-labeled anti-human
Ig (G + A + M) was added to wells for 1 h at 4°C. Slides were
washed again, and then nickel-enhanced DAB substrate (Sigma)
was added for 5 min. Cellular DAB staining was assessed in a
blinded fashion for each well.

Statistical Analyses

GraphPad Prism 7.0 was used for analysis. For comparisons of
frequencies, contingency tables were analyzed using a two-way
Fisher’s exact test. Where correction for multiple comparisons
was applied, that is noted in the text. Where a comparison
among three or more groups was to be made, data were first
assessed to determine if they were normally distributed. If they
were, ANOVA with Bonferroni correction for multiple compari-
sons was used to compare groups. If the data were not normally
distributed, the Kruskal-Wallis test with Dunn’s multiple com-
parisons test was used. p < 0.05 was considered to be significant
throughout.

RESULTS

Features of Patients with Coexisting CNS

Demyelinating Disease and AITD

We identified 44 patients with CNS demyelinating disease who
had also been diagnosed with coexisting AITD. Of these 44
patients, all were of Caucasian background and only 1 (2.3%) was
male. Four patients (10.8%, all female) met diagnostic criteria for
NMOSD (5) and were positive for anti-AQP4 antibodies using
a cell-based assay. All other patients (except case #227) met the
2005 and/or 2010 Revised McDonald criteria for MS (30, 31) and
were negative for anti-AQP4 and anti-MOG autoantibodies using
cell-based assays. Of the 40 MS patients with coexisting AITD,
the distribution of disease course (50% relapsing-remitting MS,
33% secondary progressive MS, and 17.5% primary progressive
MS) is typical for MS. Also in this group, symptoms of AITD
started several months after commencement of treatment with
IFN-f in four female patients, as we have previously reported
in two of these patients (32); these patients were excluded from
some of the analyses, as outlined in subsequent sections. None of
the patients in the study were treated with alemtuzumab (which
has also been linked to subsequent development of AITD).

The clinical characteristics of patients with CNS demyelinat-
ing disease and AITD are presented in Table 3. The majority
of patients [25/40 (62.5%) in the MS group and 3/4 (75%) in
the NMOSD group] had hypothyroidism. Of the 28 hypothy-
roid patients, 20 had overt hypothyroidism, 4 had subclinical
disease, and this information was not recorded for the other
four patients. Of the patients with hyperthyroidism, all but one
had been treated with radioactive iodine or by thyroidectomy,
and were taking thyroxine at the time of blood collection. The
hyperthyroid patient who had not had such treatment was in
remission at the time of blood collection. None of the hyperthy-
roid patients had ophthalmopathy. Excluding the patients who
developed AITD following commencement of IFN-f treatment,
the onset of AITD preceded that of CNS demyelinating disease
in 17 patients, developed at the same time in 3 cases (including
two of the patients with NMOSD), followed the onset of CNS
demyelinating disease in 17 cases, and was unknown for 3 cases.
Interestingly, however, even in this small number of patients
there was a significant difference (p < 0.05) in the proportions
of hypothyroid vs hyperthyroid patients who developed AITD
before CNS demyelinating disease (Table 4). Hyperthyroidism
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preceded the onset of CNS demyelinating disease in the major-
ity of cases (66.7%), whereas hypothyroidism occurred prior
to development of CNS demyelinating disease in only 31.8%
of cases.

Eleven of the 44 patients (25%) had an additional autoimmune
disease, most commonly psoriasis or Crohn’s disease. Of the 37
patients where a family history was known, 30 (81.1%) had other
family members with an autoimmune disease, most commonly
AITD, but also MS, psoriasis, Crohns disease, rheumatoid

TABLE 4 | Time of onset of CNS demyelinating disease compared to
onset of autoimmune thyroid disease (AITD) differs in patients with
hypothyroidism vs hyperthyroidism.

CNS disease AITD occurred CNS disease and
occurred first AITD commenced
first concurrently
Hypo (n = 22) 12 7 3
Hyper (n = 15) 5 10 0

arthritis, and SLE. The personal or family incidence of other
autoimmune diseases did not appear to be related to whether the
AITD type was hypothyroidism or hyperthyroidism.

In most of the patients, the spinal cord was the most common
site of clinical involvement (Table 3), with 68% of the 152 attacks
recorded in these patients primarily affecting the spinal cord.
Eighteen patients also had attacks involving the optic nerve, and
17 patients had attacks involving the brainstem. In most of the MS
cases, there was also clinical and/or magnetic resonance imaging
evidence of cerebral lesions, but symptoms from these lesions
were generally mild.

HLA Typing

The HLA types carried by the patients with coexisting CNS demy-
elinating disease and AITD are shown in Table 5, subgrouped
according to the type of thyroid disease (hypo vs hyper) and
whether AITD developed prior to or after the CNS disease. Blood
was not available for HLA typing from 11 patients (9 with hypo-
thyroidism and 2 with hyperthyroidism). The most commonly

TABLE 5 | HLA types carried by people with CNS demyelinating disease and autoimmune thyroid disease (AITD).

AITD type ID No. DRB1° DQA1? DQB1? DPB1?
CNS disease occurred prior to AITD
Hypo 31 03:01, 15:01 05:01, 01:02 02:01, 06:02 03:01, 04:01
Hypo 43 04:04, 15:01 083:01, 01:02 03, 06:02 02:01, 04:01
Hypo 50 07:01, 13:02 02:01, 01:02 083:03, 06:04 04:01, 04:01
Hypo 171 01:01/2, 03:01 01:01, 05:01 05, 02:01/2 04:01, 04:02
Hypo 291 08, 15:01 04:01, 01:02 04:01/2, 06:02 04:01, 04:01
Hypo 317 03, 10:01 05:01, 01:05 02, 05 02:01, 04:01
Hypo 328 15:01, 15:01 01:02, 01:02 06:02, 06:02 ND
Hypo 332 01:01/2, 03:01 01:01, 05:01 05, 02:01/2 03:01, 04:01
a Hypo 582 01:03, 15 ND ND ND
Hyper 145 04:07, 15:01 083:03, 01:02 030:2, 06:02 03:01, 04:01
Hyper 182 03, 15:01 05:01, 01:02 02:01/2, 06:02 03:01, 61:01N
a Hyper 493 01:03, 15:01 05:05, 01:02 03:01, 06:02 04:01, 04:02
Hyper 494 04:02, 15:01 03:01, 01:02 03, 06:02 02:01, 04:01
Hyper 593 083, 04:02 ND ND ND
CNS disease and AITD commenced at the same time
Hypo 207 03, 03 05:01, 05:01 0201/2, 0201/2 0201, 0202
Hypo 268 04:01, 15:01 03:02, 01:02 0301, 0602 0401, 0401
Hypo 313 03:01, 13:03 05:01, 05:05 0201/2, 0301 0101, 0602
AITD occurred prior to CNS disease
Hypo 193 083:05, 04:02 05:01, 03:01 02:01/2, 03:02 79:01, 79:01
Hypo 200 07:01, 15:01 02:01, 01:02 02:01/2, 06:02 03:01, 19:01
Hypo 227 07:01, 07:01 02:01, 02:01 02:01, 03:03/6 04:01, 09:01
Hypo 261 13:01, 15:01 01:03, 01:02 06:03, 06:02 04:01, 05:01
Hypo 316 16:01, 15:01 01:02, 01:02 06:02, 06:02 ND
Hypo 337 15:01, 16:01 01:02, 01:02 06:02, 05 04:01, 10:01
Hyper 133 01:01/2, 04:01 01:01, 03:01 05, 03:02 03:01, 04:01
Hyper 219 11,18:14 01:05, 05:05 05, 03:01 04:01, 04:01
Hyper 269 01:01/2, 03 01:01, 05:01 05, 02 01:01, 20:01
Hyper 271 03:01, 07:01 02:01, 05:01 02:01/2, 02:01/2 01:01, 04:01
Hyper 274 03:01, 08:01 04:01, 05:01 02:01/2, 04:01/2 04:01, 04:01
Hyper 299 01:08, 04 ND ND ND
Hyper 370 10:01, 13:02 01:05, 01:02 05, 06:04
Hyper 384 04:01, 15:01 083:03, 01:02 03:02, 06:02 04:01, 04:02
Hyper 393 07:01, 15:02 02:01, 01:02 03:01, 06:01 ND
Commencement of AITD in relation to CNS disease not known
Hypo 374 03, 04:04 05:01, 03:01 02:01/2, 038:02 02:02, 14:01

aDisease commenced after p-IFN treatment; ND = not done.
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found genotype was DRB1*03-DQA1*05-DQB1¥02: this geno- 2 £ _ )
type has previously been reported to occur commonly in patients g g E N Sf8e_2a,..5.%@
with AITD. Interestingly, four of the five patients (80%) who 3 g 2 socod % % oo
developed MS prior to hyperthyroidism carried the MS-related B £ _ 3 -
DRB1*15:01 allele, whereas only one (11.1%) of the nine patients é 22
(eight MS and one NMOSD) who developed hyperthyroidism T h l:" S
prior to CNS demyelinating disease carried this allele. The @ g g sros . s =
HLA-DR genotypic and allelic frequencies for these groups are g 2 2 0ds0l0l008o0q
compared with those of 159 healthy individuals and 277 patients 3 2 § oo~ @ - ® o~
with MS alone (all at the two digit serotyping level) in Table 6. In 2 ©
comparison with the MS group, patients with CNS demyelinating E
disease and hypothyroidism had an elevated frequency of car- E E S _
riage of HLA-DR3 (significantly different without correction for e :'g £ ; ? ; Te,TO T ; o
multiple comparisons). The frequency of carriage of DRB1*15:01 § B T | Tooar —=- & o
allele among patients with coexisting CNS demyelinating disease E §_ <
and AITD was intermediate between the healthy control group £ 2T <
and the MS group, but did not reach statistical significance in e ts %
. . . = n 2 e~ — — —
comparison with either. 3 g % §§/§/£g s ? g s go §/O
% ; (E:; tTLwWONT~- = o ©
@ z
T Cell Reactivity g ©
Given the pronounced involvement of the spinal cord in patients g =
with coexisting CNS demyelinating disease and AITD, T cell g S saq -5 56 & %
responses against two antigens that have been reported to be f e 3| 282ssossorol
present at high levels in the spinal cord compared to other parts of S < < mEIfes a-mow 2w
the nervous system, CGRP, and LGR4, were tested. CGRP levels E ¥ 2
have been reported to be upregulated not only in the spinal cord 'g g1z
but also in the diseased thyroid gland. LGR4, which is expressed 5 2= o cEFea & =
in the CNS, particularly in the spinal cord, and also in other sites § % % 588%506230%083
throughout the body, notably the skin and gastrointestinal tract, e § ~oowwa o~ © ©-r
is a homolog of TSHR, the target of autoantibodies in Graves’ g ©
disease. We also assessed T cell reactivity against the immuno- o
dominant region of PLP (PLP;s 200), since we have previously E S o i
found that T cell responses to PLP are elevated in a significant E L alaiNFe NN g ®
. . . . [T} N 0O N0 - OND
proportion of patients with MS (2, 33, 34). Sufficient blood was £ Z  Gob o ~omrToo N O~
available for T cell assays from 15 CNS disease + hypothyroid b 0 = cemsT ¢ TS
patients and 10 CNS disease + hyperthyroidism patients. In 8 é 8|
addition, 20 patients with MS alone and 20 healthy individuals g 2 e 2 R
without known thyroid disease were also tested. -% - 'é TS99 _--5cq%9s So
Compared to patients with MS alone and to HC, patients 8 § cadcdcosasotod | €
with coexisting CNS demyelinating disease and hypothyroid- £ § BBRIFCTITFICELR® '§
ism showed a significant increase in T cell reactivity to CGRP z S
(p < 0.03) (Figure 1). T cell reactivity to CGRP was slightly 8 - é §
increased in the patients with coexisting CNS demyelinating dis- 5 S 158
g i . c ¢ WSO VOTOS® G EF
ease and hyperthyroidism but was not significantly different from = ) Tl locccodoodndwoo|y 8
that in the group with MS alone or in the HC. In contrast, patients T % T/ REITT"VR =8 5 é
with coexisting CNS demyelinating disease and hyperthyroidism s £g ¢ §’
showed significantly increased T cell responses to a panel of g § RS g 2
three LGR4 peptides, compared to all other groups (p < 0.005) g a Z £ E 6668 - . _G=%_ E §
(Figure 1). A smaller subgroup (5-8 per group) of those tested IE g £ =888 Licedeey o s §
for reactivity to LGR4 was also tested for T cell reactivity to the E; T § 2VLHEINVEIr5e8Y S
homologous peptides from TSHR. Once again, elevated reactiv- g 2 ° g o
ity to the TSHR peptides was also seen only in the patients with z = g <
coexisting CNS demyelinating disease and hyperthyroidism E % ° I g
(Figure 1); however, owing to the smaller numbers of individuals © E % ga §
tested and the variation in the responses of the patients, this did 3% é S v
not reach statistical significance. £2/a 58358822328l ad
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FIGURE 1 | Proliferative responses to calcitonin gene-related peptide (CGRP), LGR4, thyroid-stimulating hormone receptor (TSHR), and proteolipid
protein (PLP) in patients with coexisting CNS demyelinating disease and autoimmune hypothyroidism (Hypo) or hyperthyroidism (Hyper), multiple
sclerosis (MS) alone, or healthy controls (HC). Because the data are not normally distributed, they were analyzed used the Kruskal-Wallis test (non-parametric
equivalent of ANOVA), with Dunn’s multiple comparisons test to allow for multiple comparisons being made in the figure. The box of the box and whisker plots
extends from the 25th to the 75th percentiles of the results. The line in the middle of the box is plotted at the median. The whiskers are drawn down to the 10th
percentile and up to the 90th. Points below and above the whiskers are drawn as individual points. *p < 0.05 and **p < 0.001, compared to the indicated groups.
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Compared to the HC, patients with MS without AITD
showed significantly elevated T cell reactivity to the PLP1gs 200
region (Figure 1). In patients with coexisting CNS demyelinat-
ing disease and AITD, T cell reactivity to PLPiss-209 Was inter-
mediate between that in patients with MS without AITD and
that in HC but did not differ significantly from that in either of
these groups.

Taken together, these finding show that patients with coexist-
ing CNS demyelinating disease and AITD have increased T cell
reactivity directed against antigens present in both the CNS
and thyroid or against molecules for which CNS and thyroid
homologs exist.

Antibody Reactivity

Levels of antibodies specific for CGRP were measured in an
ELISA assay, using the whole CGRP molecule immobilized on
the ELISA plate. Apart from one patient with coexisting MS and
hypothyroidism (patient 43), who showed highly elevated serum
levels of antibodies against CGRP (>50-fold higher than the level
for any other individuals in any group), none of the other patients
with coexisting CNS demyelinating disease and AITD showed

TABLE 7 | Frequency of antibodies against aquaporin 4 (AQP4), myelin
oligodendrocyte glycoprotein (MOG), LGR4 and thyroid-stimulating
hormone receptor (TSHR).

Patient group Positive staining of cells transfected with

AQP4 MOG LGR4 TSHR
(%) (%) (%) (%)

NMO spectrum disorders 4 (100) 00 1(25) 2 (50%)
and autoimmune thyroid
disease (AITD) (n = 4)
Multiple sclerosis (MS) and 0(0) 0(0) 10 (43.3) 11 (36.7)
AITD (n = 30)
Hypo (n = 18) 2 (11.1) 3(16.7)
Hyper (n = 12) 8 (66.7) 8 (66.7)
MS only (n = 14) ND ND 0(0) (14.3)

ND, not determined.

antibody levels higher than the levels for healthy individuals or
other MS patients (data not shown). Interestingly, multiple sam-
ples had been collected from patient 43 over 8 years, and testing of
all of these samples showed a sustained response to CGRP across
the entire 8 years (not shown).
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Case 219
(NMOSD + hyper)

Case 193
(MS + hypo)

FIGURE 2 | Representative images of staining of cells expressing aquaporin 4 (AQP4), myelin oligodendrocyte glycoprotein (MOG), LGR4, or
thyroid-stimulating hormone receptor (TSHR). Results for two cases, #219 [NMO spectrum disorders (NMOSD) patient with hyperthyroidism who is positive for
antibodies against AQP4, LGR4, and TSHR] and #193 [multiple sclerosis (MS) patient with hypothyroidism who is positive for antibodies against TSHR, but not the
other proteins], are shown. Human antibody labeling of AQP4- and MOG-transfected cells was detected with FITC-labeled anti-human IgG, so that positive cells
fluoresced green. Human antibody labeling of LGR4- or TSHR-transduced cells was detected by HRP-labeled anti-human IgG + A + M, followed by nickel-
enhanced DAB staining, so that positive cells are labeled by a blue/gray precipitate. Arrows indicate positively stained cells.

Other antibodies were measured using cell-based assays.
Results are shown in Table 7, with representative images in
Figure 2. Only patients with NMOSD had anti-AQP4 antibod-
ies. None of the patients tested in this study had detectable
anti-MOG antibodies using this commercial assay. Labeling of
LGR4-transduced cells occurred in 1 of the 4 NMOSD + AITD
patients (patient with hyperthyroidism), and in 10 of 30 patients
with MS + AITD. In the latter group, 8 of the 10 patients with
anti-LGR4 antibodies had hyperthyroidism, consistent with our
finding of increased T cell reactivity to LGR4s in patients with
concomitant hyperthyroidism and CNS demyelinating disease.
Similarly, antibodies specific for TSHR were found mainly in
patients with hyperthyroidism (9 of a total of 13 positives). Not
all patients who were positive for TSHR antibody also reacted
against LGR4 and vice versa, suggesting specific targeting of each
molecule in different patients.

DISCUSSION

In this paper, we report that patients with coexisting CNS
demyelinating disease and AITD show novel immune reactivity
to CGRP and LGR4 which is not found in MS patients who do
not have AITD and HC. The patterns of immune reactivity to
these molecules differed between patients with autoimmune
hypothyroidism and patients with autoimmune hyperthyroid-
ism, suggesting that immune reactivity targeting these molecules
might have a role in the development of the different types of
AITD. Also of interest was the clinical presentation of patients,
with predominant spinal cord involvement in most patients dur-
ing one or more attacks.

Patients with increased reactivity to CGRP were distributed
among both the hypothyroid and hyperthyroid subgroups, but

responses were slightly higher in the hypothyroid group. In
contrast to the reactivity to LGR4 in the hyperthyroid group,
there were no obvious differences in reactivity to CGRP between
patients who developed AITD prior to vs after the CNS disease.
Within the CNS, CGRP has been reported to be selectively
distributed throughout sensory, motor, and autonomic areas of
the spinal cord (35), which may partly explain the predominance
of spinal cord disease seen in the patients with coexisting AITD
and CNS disease. Reactivity against other thyroid antigens, such
as thyroglobulin and thyroperoxidase, were not specifically
assessed in the current study, as we focused on antigens that
were expressed in the spinal cord; however, antibodies against
these molecules were measured as part of the clinical workup of
these patients, but there were no significant correlations between
the antibody levels and reactivity to CGRP or LGR4 (data not
shown).

The most interesting group of patients was those with autoim-
mune hyperthyroidism preceding the onset of CNS demyelinat-
ing disease. They carried HLA molecules different from those
generally associated with MS or NMOSD and had significantly
elevated T cell and antibody reactivity to LGR4. TSHR and LGR4
both belong to the LGR family, but whereas TSHR belong to
the Group A LGR family, which have 7-9 leucine-rich repeats,
LGR4 belongs to the Group B family, which have 17 leucine-rich
repeats (27). Overall, there is only about 20% identity and 45%
similarity between the two molecules, but there are several parts
of the molecules, particular in their shared seven transmembrane
domain, where the regions of identity and similarity are higher.
Studies in patients with Graves” disease have shown a variety of
T cell epitopes in TSHR, with none appearing to be dominant
(36). The three peptides from TSHR, and the three corresponding
peptides of LGR4 used in this study, which were chosen based
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on their predicted extracellular location and on their predicted
ability to bind to HLA molecules commonly found in MS, only
represent a small selection of possible T cell epitopes. It would
be useful in the future to undertake a larger T cell study utiliz-
ing overlapping peptides across the whole of the similar parts
of these molecules. However, even with the limited number of
peptides used, we could still see significantly elevated responses
to LGR4 in the subgroup of patients with coexisting AITD and
CNS demyelinating disease. We postulate that, in these patients,
CNS disease might be a direct consequence of immunological
cross-reactivity between LGR4 and TSHR, with disease spreading
from the thyroid to the CNS.

There are many case reports in the literature of CNS disorders,
including myelopathy, myelitis, and ataxia occurring together
with thyroid disease (13, 37-41). In many cases, it has been
reported that the CNS symptoms can be reversed by normal-
izing the levels of thyroid hormones, suggesting that the CNS
symptoms were caused directly by the altered thyroid hormone
levels. However, there are some reports where such therapy has
not reversed the CNS disease, but rather the CNS syndrome has
remained and progressed (37, 42, 43). In one such study, where
persistent cerebellar ataxia was associated with elevated levels of
autoantibodies against thyroglobulin and thyroperoxidase, the
authors concluded that the most likely cause of the cerebellar
degeneration in the patients was autoimmune attack (43). The
results of the current study lend further support to the idea that
autoreactivity against antigens present in the thyroid could spread
to the CNS.

The idea of intra-CNS epitope spreading in animal models
of MS and in MS itself is well established (44, 45), although
we are not aware of reports where disease spreads from the
CNS to another organ. However, another example of where
cross-reactivity between related antigens might play a role
in spreading of autoimmune disease from a peripheral organ
to the CNS (or vice versa) is in patients with coexisting type 1
diabetes (T1D) and stiff person syndrome (SPS). In both T1D
and SPS, a major target of autoimmune attack is glutamic acid
decarboxylase (GAD). GAD exists in two isoforms of differing
molecular weight and encoded by separate genes, GAD65 and
GAD67, and while both isoforms are present in the CNS, only
GADG5 is present in the pancreas. Autoantibodies and T cells
from patients with T1D appear to target different epitopes of
GADG65 when compared to patients with SPS, and generally the
response to antigens in SPS appears to be broader than in T1D,
with a larger number of epitopes of both GAD65 and GAD67
being recognized (46, 47).

It is of interest to note that development of AITD has been
reported to follow treatment with several of the drugs com-
monly used in MS, including IFN-f and anti-CD52 antibody
(alemtuzumab/Campath/Lemtrada). IFN-p has been reported
to enhance the production of the B cell activating factor
(BAFF), which could potentially enhance antibody-mediated
autoimmune disease. In contrast, anti-CD52 antibody has been
suggested to lead to development of other autoimmune disease
through the depletion of regulatory T cells. The reason(s) why
these treatments results predominantly in AITD is as yet uncer-
tain. Our results suggest that there could be cross-reactivity

between antigens in the CNS and the thyroid, and since AITD
is likely to be predominantly an autoantibody-mediated dis-
ease, enhancement of the autoantibody response or removal of
regulatory cells that normally keep the action of these autoan-
tibodies under control could result in the emergence of AITD.

Some studies (48-50) but not others (10, 51) have shown an
increased occurrence of other autoimmune diseases in patients
with MS and their first-degree relatives, and NMOSD has
also been linked to coexistence of other autoimmune diseases
in addition to AITD (52). Irrespective of whether or not the
overall incidence of other autoimmune diseases is higher or
the same as the general population, it is of interest why some
patients appear to be so susceptible to multiple autoimmune
diseases. It is generally considered that patients who develop
multiple autoimmune diseases carry HLA types that predispose
them to development of certain combinations of autoimmune
diseases, and this would almost certainly be important in deter-
mining such potential. However, at present, our knowledge
of the specific antigens involved and their HLA restriction is
insufficient to predict combinations of autoimmune diseases
with any certainty. It is notable that out of all the potential
autoimmune diseases that could occur, a fairly restricted num-
ber of diseases were reported in both the personal and family
histories of patients with coexisting CNS demyelinating disease
and AITD, primarily thyroid disease, MS, diseases affecting
the skin (including psoriasis, alopecia areata, and dematitis
herpetiformis), and disease affecting the gastrointestinal tract
(Crohn’s disease, celiac disease). This specific combination of
diseases is of interest, as both CGRP and LGR4 are strongly
expressed not only in the thyroid and the spinal cord but also
in the gastrointestinal tract and in the skin. The number of
patients in the current study is too small to determine whether
elevated reactivity to CGRP and/or LGR4 definitely correlates
with the development of other autoimmune diseases affecting
the gastrointestinal tract or skin, but this would be an interest-
ing study for the future. It is also of interest to note that one of
the NMOSD patients in our study also had myasthenia gravis,
since acetylcholinesterase, one of the targets of autoantibodies
in myasthenia gravis, has an extensive degree of homology with
thyroglobulin (53). Since myasthenia gravis co-occurs with
NMOSD at a relatively high frequency, it would be of interest
to determine if patients with both of these diseases were more
likely to develop AITD than other NMOSD patients.

The reason for the coexistence of CNS demyelinating disease
and AITD almost exclusively in females (43 of the 44 patients in
this study were female) is unclear. Most studies report a higher
incidence in females than males for MS (typically ~3:1 female:
male, although in the south-east part of Queensland where this
study was conducted the ratio appears to be higher at ~6:1)
(54, 55), NMOSD (2-5.5:1) (20) and AITD (~5:1) (56), and it
may just be that the risk associated with getting CNS disease and
AITD together represents a fairly straightforward multiplica-
tive relationship between the risk of getting each disease alone.
Alternatively, there could be differences in regulation/expression
of these antigens in female vs male CNS tissue, dimorphism in the
imprinting of the genes encoding these molecules (57), or other
mechanisms that remain to be elucidated.
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The further study of patients with coexisting AITD and CNS
demyelinating disease may help to identify new antigenic targets
within the CNS and to explain previous observations of link-
ages between altered thyroid metabolism and subsequent CNS
disease.
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Autophagy comprises a heterogeneous group of cellular pathways that enables eukaryotic
cells to deliver cytoplasmic constituents for lysosomal degradation, to recycle nutrients,
and to survive during starvation. In addition to these primordial functions, autophagy has
emerged as a key mechanism in orchestrating innate and adaptive immune responses
and to shape CD4+ T cell immunity through delivery of peptides to major histocompatibility
complex (MHC) class lI-containing compartments (MIICs). Individual autophagy proteins
additionally modulate expression of MHC class | molecules for CD8* T cell activation. The
emergence and expansion of autoreactive CD4+ and CD8* T cells are considered to play
a key role in the pathogenesis of multiple sclerosis (MS) and its animal model experimental
autoimmune encephalomyelitis. Expression of the essential autophagy-related protein 5
(Atgd), which supports T lymphocyte survival and proliferation, is increased in T cells
isolated from blood or brain tissues from patients with relapsing-remitting MS. Whether
Atgs contribute to the activation of autoreactive T cells through autophagy-mediated
antigen presentation is incompletely understood. Here, we discuss the complex functions
of autophagy proteins and pathways in regulating T cell immunity and its potential role in
the development and progression of MS.

Keywords: autophagy pathways, non-canonical autophagy, multiple sclerosis, EAE/MS, oligodendrocyte death,
antigen presentation

INTRODUCTION

Organisms with subcellular compartmentalization and membrane-bound organelles face constant
challenges in order to maintain metabolic integrity and homeostasis. Autophagy comprises a set
of evolutionary conserved catabolic pathways that converge in the guided direction of assigned
cargo to the endolysosomal system (1-3). At first, autophagy was predominantly recognized for
its contribution in keeping energy homeostasis, and degradation of aberrant protein aggregates (4,
5) as well as mediator of development-associated forms of cell death (6). In recent years, however,
autophagy’s function has exceeded the originally allotted role as a mere protein degradation system
alongside the proteasomal machinery. In addition to regulating cellular proteostasis and cell death,
autophagy pathways are increasingly being recognized for actively participating in physiological and
pathological immune responses. In doing so, autophagy pathways limit intracellular proliferation
of pathogens (7), restrict secretion of proinflammatory mediators (8), and tweak T cell responses
by orchestrating both loading and preservation of antigens on and surface-expression of antigen-
presenting molecules (9-12).

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system (CNS),
which is driven by a complex interplay of genetic, environmental, metabolic, and immunological
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factors. The strong genetic association between MS and the major
histocompatibility complex (MHC) allele DRB1*1501 suggests
that CD4* T cell-mediated antigen responses play a key role in
its pathogenesis. This notion is supported by the presence of
clonally expanded T and B cells in MS lesions and cerebrospinal
fluid samples derived from MS patients (13-15). In this review,
we will first illustrate the biology of distinct autophagy pathways
and their function in regulating adaptive immunity in order to
discuss how the autophagy machinery potentially interferes with
pathogenic adaptive immune responses in MS.

AUTOPHAGY

Canonical autophagy implicates at least three distinct pathways:
macroautophagy (MA), microautophagy (MI), and chaperone-
mediated autophagy (CMA) (16). Although all of the above
mentioned pathways coalesce in the lysosome, they considerably
differ (albeit showing some overlap), in their means of cargo
transportation, triggering events, and regulatory factors.

MACROAUTOPHAGY

Macroautophagy, the canonical autophagy pathway sensu strictu,
is evolutionary conserved from yeast to mammalian cells and
characterized by highly regulated membrane reorganization pro-
cesses with the subsequent de novo formation ofa 0.5-1.5 pm wide
double-membraned vesicle termed autophagosome (17). Upon
sequestering neighboring parts of the cytoplasm, the autophago-
some subsequently fuses with lysosomes resulting in enzymatic
cargo break down (18, 19). The process is partitioned in five
sequential steps (1. induction/nucleation, 2. elongation, 3. clos-
ing/maturation, 4. fusion, 5. degradation) that are orchestrated by
hierarchies of autophagy-related genes/proteins (Atgs) and other
essential components, in a tightly regulated enzymatic cascade
(16,20, 21) (Figure 1). Albeit originally identified in yeast, mam-
malian counterparts for many Atgs have been characterized and
some Atgs are so far exclusively reported in mammalian cells and
lack yeast orthologs (21). Among all autophagy pathways, MA is
to date the most extensively investigated one and, depending on
the target constituent encompasses subentities such as macromi-
tophagy, -pexophagy, -xenophagy, and -lipophagy (21-25).

Atg Machinery and Autophagosome

Formation

De novo synthesis and maturation of the autophagosome as well
as the trafficking of such vesicles to and fusion with lysosomes are
distinctive features of MA in opposition to other autophagy path-
ways. Formation of this typifying vesicle requires approximately
5-10 min and is under the control of an ever-growing number
of Atgs (19, 21, 26, 27). The finalized autophagosome is usually
swiftly turned over but may reach a half-life of 10-25 min (28,
29). The key proteins that initiate and govern the formation of
the autophagosome can be assembled in functionally designated
groups: unc 51-like kinase (ULK) complex (1), the class III
phosphatidylinositide 3-kinase (PI3K) complex (2), the Atg2/
WD repeat domain phosphoinositide-interacting protein (WIPI)

complex and the Atg9 cycling system (3), the Atgl2-conjugation
system (4), and the microtubule-associated protein 1 light chain
3 (LC3)-conjugation system (5) (19, 21, 30).

The autophagosome emanates from the double-membraned
phagophore (also called isolation membrane), which sequesters
and closes around designated parts of the cytoplasm to form
the completed autophagosome. The emergence of said phago-
phore constitutes the induction/nucleation phase. However,
the exact assembly platform and membrane source for the
generation of these initial structures are still debated. Similar
to the pre-autophagosomal structure that is observed adjacent
to the vacuole in yeast, an autophagosome formation site, rep-
resented by dot-like accumulations of Atgs, has been identified
in mammalian cells (31). Primary suspect organelles to provide
membranes include specialized PI3P-enriched endoplasmic
reticulum (ER) domains coined omegasomes (32). 3D electron
tomography studies corroborated these results by showing that
the double-membraned phagophore originates in between two
protruding ER flaps. The phagophore then entwines one of
the two extensions and finally buds off the ER containing the
previously enfolded ER flap. This model is further supported
by the fact that >70% of autophagosomes contain ER-derived
cargo (33, 34). Nevertheless, other membrane sources for
autophagosome generation have been suggested. Among them
is the outer mitochondrial membrane (35). These two opposing
results might be brought together by a recent study that identi-
fied ER-mitochondria contact sites as the originating platform
for the autophagosome initiation (36). The VAMP3-dependent
heterotypic fusion between early endosome-derived Atg9*
vesicles and recycling endosome-derived Atgl6L1* vesicles has
also been suggested to contribute to autophagosome precursor
generation (37). Additionally, ER exit sites (38, 39), the ER-Golgi
intermediate compartment together with coat protein complex IT
(40, 41), the plasma membrane (42), and a novel compartment
comprised of Atg9* vesicles and tubules (43) were implicated in
providing membrane material. It is conceivable that different
subentities of MA preferentially harness distinct membrane
sources. Possibly, there is a hierarchy of membrane reservoirs
that sequentially may serve as alternative when other sources
have been exploited. Furthermore, various tissues with specific
composition of subcellular compartments may differ in their
means to utilize membranes for autophagosome generation.

The Atg Core Machinery

The ULK complex is an upstream Atg-unit and, by differential
phosphorylation of ULK1 (the main mammalian ortholog to
yeast Atgl), a direct target of MA regulation via target of rapa-
mycin complex 1 (TORC1) and AMP-activated protein kinase
(AMPK), respectively (44, 45). ULK1/2 builds a stable complex
with FIP200, Atgl3, and Atgl01 (46-48). Not composition of
the complex itself but rather differential phosphorylation of its
members procures promotion or inhibition of MA. In a state
of MA inactivation, TORCI restrains the process by coordinate
phosphorylation of ULK1/2 and Atgl3. During activation,
MA-promoting phosphorylation of ULK1/2 via AMPK, ULK1/2
autophosphorylation, and ULK1/2-mediated phosphorylation of
Atg13 and FIP200 occur followed by translocation of the entire
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FIGURE 1 | Autophagy pathways converge in the lysosomal compartment. Macroautophagy (MA): the phagophore emanates most likely from endoplasmic
reticulum-derived membrane sources at a PI3P-rich (not depicted) structure called the omegasome. Upon recruitment of microtubule-associated protein 1 light
chain 3 (LC3) on the outer and inner leaflet of the forming autophagosome, cytoplasmic cargo is engulfed and LC3 removed from the outer membrane as the
autophagosome is closed. The completed vesicles may now either be further matured via step-wise fusion with the endocytic compartment resulting in the
generation of amphisomes or immediately fuse with hydrolytic enzymes-containing lysosomes. Chaperone-mediated autophagy: target proteins that contain an
exposed KFERQ sequence motif are guided in an hsc70-dependent manner toward lysosome-associated membrane protein type 2A (LAMP-2A), which resides in
the lysosomal membrane. Upon unfolding of the target protein, LAMP-2A multimers together with lysosomal hsc70 facilitate the transport into the lysosomal lumen.
LC3-associated phagocytosis: ligation of an appropriate receptor (e.g., TLR2, Dectin-1, TIM4, etc.) leads to receptor-mediated phagocytosis recruitment and
binding of LC3 to the outer membrane of the LAPosome. By analogy with the MA pathway, completed LAPosomes may either fuse with other endocytic vesicles or
directly merge with lysosomes. Microautophagy: cytoplasmic cargo can be directly targeted to endosomal compartments/multivesicular bodies (MVB) in an hsc70-,
phosphatidylserine (Ptd-L-Ser)-, and endosomal sorting complexes required for transport (ESCRT)-dependent manner. Exosomes containing cytoplasmic material
may emanate from the MVB and be secreted into the extracellular space. The molecular events and regulatory processes orchestrating the direct invagination of
cytoplasmic constituents into lysosomes remain largely unbeknownst.

complex to autophagosomal initiation sites possibly on tubulov-
esicular areas comprised of ER and Atg9* vesicles (46, 49-52).
Atg101 may facilitate phosphorylation of Atgl3 and minimize its
proteasomal degradation (53, 54).

The Class lll PIBK Complex

The tetrameric core of this complex consists of vacuolar protein
sorting protein (Vps)34 (a phosphoinositide 3 kinase), Vps15 (a
regulatory subunit of Vps34 also called p150), Beclin 1 (ortholog
of Atg6), and Atgl4L (aka Atgl4 and Barkor) (27, 55, 56). NRBF2

(ortholog of Atg38) is a recently identified additional subunit of
the complex that augments the enzymatic activity of the lipid
kinase Vps34 (57-59). The lipid kinase complex is recruited to
autophagosomal initiation sites in an ULKI-complex/Atg9-
dependent manner (31, 60).

The key function of the complex is to produce PI3P via Vps34-
mediated phosphorylation of phosphatidylinositol. Presence and
accumulation of PI3P are essential for MA as PI3P-enriched
membrane areas then function as platforms to which downstream
PI3P-binding partners can be recruited. Regulation of MA occurs
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also on the level of the PI3P complex in that death-associated
protein kinase promotes autophagosome formation by unleash-
ing Beclin 1 from the Bcl-2/Bcl-XL complex (61).

Atg2/WIPI Complex and the Atg9 Cycling

System

WIPI1/2 (mammalian ortholog to yeast Atgl8) and its binding
partner Atg2 are among the PI3P-binding effector molecules
that are recruited to PI3P-enriched sites upon PI3PK complex
activation (31, 62-64). Since PI3P is present on various subcel-
lular membranes, up until recently it remained a conundrum as of
how organelle-specific WIPI-binding is achieved. Studies in yeast
have now suggested that WIPI-recruitment to the phagophore
requires a dual determinant: PI3P as well as presence of Atg2 (65).
The Atg2/WIPI complex is thought to be downstream of the two
previous complexes but lateral to the following two conjuga-
tion systems (21). Its presence is essential for the formation of
autophagosomes probably in part due to recruitment of lipidated
LC3 (mammalian ortholog of yeast Atg8) to autophagosomal ini-
tiation sites and shielding of lipidated LC3 from Atg4-mediated
deconjugation (66).

The transmembrane protein Atg9 can be found in the trans-
Golgi network and on late endosomes under nutrient-rich
(hence MA-inactive) conditions (67). Upon starvation (and
induced MA activity) however, Atg9* vesicles translocate from
the trans-Golgi network and colocalize with LC3 (67). Possibly,
Atg2 and WIPI1/2 mediate Atg9-shuttling between autophago-
somal initiation sites and peripheral membrane sources (68).
However, its interaction and association with the autophago-
some appear to be transient since completed autophagosomes
are devoid of Atg9 (69). It was also suggested that local fusion
of Atg9+ vesicles operates as an initiation step in the generation
of autophagosomes (43). Possibly, Atg9 functions in provision
of membrane material for generation of autophagosomes or
even removal of early autophagosomal molecules from the site
of autophagosome generation (21). The exact interplay between
the individual molecules of this unit and their overall function
remains subject to further investigation.

The Atg12-Conjugation System

The first of two ubiquitin-like conjugation systems that orches-
trate autophagosome formation consists of the MA-essential mol-
ecules Atgl2, Atg7, Atgl0, Atg5, and Atgl16L1 (21). Constitutively
and independent of cellular nutrient status, Atg12 is activated via
El-like enzyme Atg7, followed by transfer to E2-like enzyme
Atg10 which catalyzes the covalent conjugation of Atg12 to Atg5.
Via binding to Atg5, the conjugate then forms a complex with
Atgl6eLl (70). WIPI2 now attracts the Atg5-Atgl2-Atgl6Ll
complex by means of a recently identified binding site in Atg16L1
to the site of autophagosome generation (71). Additionally, it has
been suggested that Atgl6L1 is also recruited to the phagophore
via binding to ULK-complex member FIP200 (72, 73). On site,
the complex then functions as an E3-like enzyme for the second
conjugation system. The complex is regularly found on the outer
membrane of the phagophore but dissociates from there upon
completion of the autophagosome (26).

The LC3-Conjugation System

The second and final conjugation system is comprised of the
ubiquitin-like LC3, the hydrolase Atg4, Atg7, and Atg3, which
function as E1- and E2-like enzymes, respectively. The pro-form
of LC3 is cleaved by Atg4 leading to exposure of a C-terminal
glycine residue (74, 75). The resulting LC3-I is then lipidated
with phosphatidylethanolamine (PE) at said glycine residue by
means of Atg3 and Atg7 (76-78). This PE-lipidation of LC3 is
assisted by the Atg5-Atgl2-conjugates via E3-like activity (70,
79). Additionally, the Atg5-Atgl12-Atgl6L1-complex guides and
determines LC3 to its subcellular destination (79). This lipidated
form of LC3, also called LC3-II is initially found symmetrically
distributed on the inner and outer membrane of the phagophore
(75,76,80). There it appears to aid in elongation of the phagophore
as well as coordinate tethering and hemifusion of its membranes
and finally the closing of the phagophore to an autophagosome
(81-84). Upon vesicle closure, LC3 on the outer membrane is
being cleaved from PE via Atg4 while intraluminal LC3 stays
associated with the organelle which makes LC3-II to this day a
valuable marker for autophagosomes (80, 85). In addition to its
contribution during membrane reorganization, LC3 mediates
MA-cargo selectivity by functioning as an adaptor molecule (86).

REGULATION OF MA

Most mammalian cells carry out MA on a constitutive level at
varying degrees. However, depending on the cell type, macro-
autophagic activity can be induced and modulated in numerous
ways. Primarily nutrient deprivation is a potent stimulus of
autophagy and starvation-induced autophagy is a common
means to investigate MA under experimental conditions (87, 88).
The process receives regulatory input on both a systemic and a
cellular level (83). Among the most upstream regulatory units
of the MA machinery is the antagonistic interplay of coordinate
phosphorylation by the two serine/threonine protein kinases
AMPK and TORCI (44, 45) (Figure 2). For insights into tran-
scriptional and epigenetic regulation of MA, we kindly refer the
reader to excellent recent review articles (89-91).

mTOR/TORCH1

Target of rapamycin complex 1 is one of two functional units of
mTOR. Notably, as opposed to TORC2, which hasbeen implicated
as an inhibitory entity of CMA activity (92), TORC1 is actually
a binding partner for the eponymous rapamycin and is the rel-
evant subunit that participates in negatively regulating MA (93).
Various signals that reflect a cell's metabolic status (free amino
acids, growth factors, fatty acids, oxygen, etc.) are integrated at
the level of TORCI which, during its activated state, restrains MA
via phosphorylation of the upstream MA-machinery members
ULK1/2 at serine 757 and ATG13 at serine 258 and is therefore
considered a potent negative regulator of MA (46, 47, 94). In
keeping with its cardinal function as a coordinator of metabolic
homeostasis, two major inputs for TORC1 downstream signal-
ing are free amino acids and growth factors (88). Growth factors
signal via the PI3K-Akt-tuberous sclerosis complex (TSC)1/
TSC2 pathway, eventually leading to disinhibition of the small
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FIGURE 2 | Regulatory network of macroautophagy (MA). This figure illustrates the most important regulatory interplay of molecules that govern MA activity.
Growth factors can signal through phosphatidylinositide 3-kinase (PI3K) to Akt, which in turn inhibits the Beclin 1-containing class Ill PI3K complex. Akt may also
repress transcription of autophagy-promoting genes by direct inhibition of transcription factor forkhead box protein O3 (FoxO3). Additionally, Akt reduces
macroautophagic activity by inhibiting tuberous sclerosis complex (TSC)1/TSC2. Akt interaction with PRAS40 promotes mTORC1 activity thereby further damping
MA. The calcium/calmodulin (Ca?+/CaM) serine/threonine kinase death-associated protein kinase (DAPK) fosters MA through phosphorylation of Beclin 1 at T119
which leads to dissociation of Beclin 1 from Bcl-2. The TSC1/TSC2 complex can promote MA by inhibiting the mTORC1 activator and GTPase Ras homolog
enriched in brain (Rheb). AMPK and mTORCH are the two cardinal regulatory units that control MA. mTORC1 may repress the process by phosphorylation of
ULK1/2 and/or Atg13. mTORC1 activity is increased by amino acid sensing Rag GTPases via interaction with Raptor. The Rag GTPases also facilitate translocation
of mTORC1 to the lysosomal membrane, which serves as a prerequisite for the aforementioned mTORC1-promoting activity of Rheb. AMPK promotes MA by
several means: phosphorylation of ULK1/2 and/or Atg13 at different residues than mTORC1, direct interaction with FoxO3, and by directly disinhibiting the inhibitory
units, mTORC1 and Raptor. AMPK itself can be triggered by increasing levels of AMP relative to ATP, free Ca®*, and activity of liver kinase B1 (LKB1), transforming

growth factor--activating kinase 1 (TAK1), and CAMKK2.

GTPase Ras homolog enriched in brain (Rheb) which then
directly activates TORC1 (95-97). Alternatively, the mTOR bind-
ing partner proline-rich Akt/PKB substrate 40 kDa (PRAS40) is
directly phosphorylated by Akt which in turn leads to revoking
of PRAS40-mediated inhibition of mTOR (98). Recently, Akt has
been shown to also hamper MA in a direct manner via phos-
phorylation of Beclin 1 (99). Indirectly, Akt may repress MA via
inhibiting forkhead box protein O3 (FoxO3) members-dependent
transcription of autophagy-promoting genes (100-102).

Target of rapamycin complex 1 does not directly detect free
amino acids and the actual amino acid sensing entity remains yet

to be identified (88). Detection of free amino acids by innomi-
nate cytoplasmic sensors facilitates the Rag-GTPases-dependent
translocation of TORCI to the lysosomal membrane, which is a
spatial requirement for Rheb-mediated activation of TORCI (88,
103, 104).

AMPK

AMPK is primarily an energy-sensing kinase that in response
to metabolic stress and depleted cellular energy resources such
as a low ATP:AMP ratio initiates catabolism (105). In doing so,
AMPK is also a positive regulator of MA-mediated proteolysis

Frontiers in Immunology | www.frontiersin.org

February 2017 | Volume 8 | Article 165


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Keller and Linemann

Autophagy in MS

(106). However, even under nutrient-rich conditions AMPK
may act toward MA induction in a Ca**-dependent manner
(107, 108). Although essential for starvation-induced MA,
AMPK might not suffice as a stand-alone signal but is likely
to require additional cues in order to fully initiate MA (107,
108). Liver kinase B1, calcium/calmodulin-dependent protein
kinase kinase-p (CAMKKS), and transforming growth factor-f-
activating kinase 1 are upstream regulators which through phos-
phorylating its catalytic a-subunit activate AMPK (109-113).

AMPK promotes MA by different pathways such as initiation
of Rheb inhibition through TSC1/TSC2 (114), phosphorylation
of the mTOR binding partner raptor, thereby inhibiting TORC1
(115), or direct phosphorylation of ULK1/2 (at serine 317
and serine 777) or Atgl3 (at serine 224) which activates these
family members of the upstream MA machinery (44, 45, 94).
Furthermore, AMPK positively regulates MA through activation
of the transcriptional factor FoxO3 which in turn transactivates
MA-essential genes (116, 117).

MICROAUTOPHAGY

During MI, a vaguely characterized autophagosome-independ-
ent process, superfluous cytoplasmic constituents including
whole organelles are directly engulfed by surface invaginations
of lyso- or endosomal surfaces leading to the budding of cargo-
containing microvesicles into the endolysosomal lumina where
degradation takes place (118-121) (Figure 1). MI initially has
been termed unselective; however, numerous reports in yeast
and mammalian cells challenged this concept and described
more discerning mechanisms and functions underlying this
pathway (118, 120, 122). For instance, the MI-assisted transport
of endosomes to lysosomes appears to be a crucial event during
murine embryogenesis in a Rab7-dependent manner (123).
Endosomal sorting complexes required for transport (ESCRT)-
machinery-dependent microlipophagy is essential during cel-
lular adaptation to cell stress caused by disruption of lipidostasis
in yeast (124). Schuck and colleagues characterized the specific
uptake of compromised ER into the yeast vacuole and coined the
term ERphagy (125). Other cargo selective MI entities in yeast
include micromitophagy (126, 127), micropexophagy (128,
129), and piecemeal microautophagy of the nucleus (130-132).
To which extent these processes take place in mammalian cells
remains largely obscure (133). Little is known about MI and its
regulation on a molecular level in mammalian cells and most
findings rely on electron microscope-based morphological
alterations such as lysosomal wrapping and flap-like lysosomal
membrane extensions (133). The picture becomes even more
hazy when acknowledging that some forms of MI require the
core machinery needed for MA (see above) but others do not
(120, 128, 132, 134). However, distinct cargo selective MI path-
ways have also been identified in mammalian cells. For instance,
heat shock cognate protein of 70 kDa (hsc70)-dependent tar-
geting of cytosolic KFERQ sequence motif-containing proteins
into late endosomes and multivesicular bodies (MVB), termed
endosomal MI, has recently been identified in murine antigen-
presenting cells (APCs) (120). Although this newly characterized
process resembles the selective pathway of CMA (see below)

into lysosomes, this endosome/MVB-destined MI does not
require unfolding of target proteins and is lysosome-associated
membrane protein type 2A (LAMP-2A) independent (120).
Also different from CMA, endosomal MI is not only dependent
on hsc70 but also heavily relies on ESCRT I and III and involves
electrostatic binding of hsc70 to negatively charged endosomal
phosphatidylserine (Ptd-L-Ser) (120, 135). Fission yeast Nbrl,
a partial homolog of mammalian MA receptor NBR1, has been
recently identified as a receptor for ESCRT-dependent endoso-
mal MI (136, 137). Two recent reports further elaborated on this
novel pathway. Mukherjee and colleagues describe an endoso-
mal MI-like process in the fat body of Drosophila melanogaster.
In accordance with what had been reported previously, this
process is KFERQ- and hsc70-dependent and relies on ESCRT
I-, II-, and III-mediated endosomal MVB formation. Although
this pathway is independent of MA-machinery members—atg5,
atg7, and atgl2—it can be induced by prolonged starvation
and by mTOR signaling under nutrient-rich conditions (138).
A second report shows that by means of its oligomerization
capabilities, hsc70 promotes membrane deformations, which
supports presynaptic endosomal MI and increases the local
turnover of target proteins. Importantly, the degree of presyn-
aptic endosomal MI fosters the release of neurotransmitters into
the synapse (139).

Intraluminal vesicles generated within MVBs give rise to
exosomes which in a controlled and coordinated manner are
released to the extracellular space by most cells (140, 141).
Aside from their physiological function in cell-to-cell com-
munication and coordinating immune responses, these vesicles
of endocytic origin have also been implicated in propagating
neurodegenerative processes (141-143). Conclusive evidence
points toward a substantial role of endosomal MI in providing
cargo for this unique secretory pathway (120, 141). It will be of
great importance to elucidate the mechanisms and triggers that
decide whether MVB content is targeted toward intracellular
degradation by the lysosome or instead is fed into the secretory
pathway via exosomes.

CHAPERONE-MEDIATED AUTOPHAGY

Chaperone-mediated autophagy is a selective degradation pro-
cess devoid of autophagosome formation during which substrate
proteins are directly targeted to the lysosome (144) (Figure 1).
There is no known equivalent in yeast and evolutionary speaking
CMA has emerged only recently, thus far exclusively being iden-
tified in mammals (145). Most cells constitutively carry out CMA
but the process is upregulated in response to oxidative stress
(146), hypoxia (147), DNA damage (148), or protracted nutrient
deprivation (149). Unlike MI and MA, which may also handle
surplus organelles and non-protein macromolecules, CMA
exclusively processes proteins that contain a pentapeptide motif
in their amino acid sequence (KFERQ) (150). CMA encompasses
at least five distinct steps (1. recognition, 2. binding, 3. unfold-
ing, 4. translocation, 5. disassembly) (144): target proteins bind
with their KFERQ-recognition motif to the cytosolic chaperone
hsc70 and the substrate:chaperone complex translocates to the
lysosomal membrane (recognition) (151). There, LAMP-2A, a
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CMA-receptor, binds the substrate:chaperone complex via its
cytosolic tail and subsequently the designated protein undergoes
unfolding in a hsc70-dependent manner probably assisted by
co-chaperons on the cytosolic side of the lysosome (binding
and unfolding) (152, 153). Binding of the substrate:chaperone
complex to monomeric LAMP-2A not only initiates protein
unfolding but also recruitment of further LAMP-2A molecules
and subsequent assembly of high molecular weight multimers
that then, by help of lysosomal hsc70 (lys-hsc70) enable passage
of target proteins to the luminal side of the lysosome (transloca-
tion) (154). Upon release of the target protein into the lysosomal
lumen, the LAMP-2A multimers are hsp70-dependently broken
down into monomers which are then available for another cycle
of ligand binding and uptake (disassembly) (154). Recently,
more light has been shed on the molecular regulatory pathways
controlling CMA. Glial fibrillary acidic protein (GFAP) together
with elongation factor la tunes assembly and disassembly of the
LAMP-2A translocation complexes at the lysosomal membrane
(155). Phosphorylation of GFAP by lysosomal Aktl leads to
destabilization of such translocation complexes and consequently
reduced CMA activity. The antagonistic interplay between PH
domain leucine-rich repeat-containing protein phosphatase 1
(PHLPPI) as a negative and mTORC2 as a positive regulator
upstream of lysosomal Aktl signaling therefore appears to play
a central role in modulating CMA activity (92). Different from
MI and MA, CMA processes one molecule at the time and does
not require morphological changes of lysosomal membranes
such as invaginations, wrapping, flap-like extensions, or fusion
with other membranes (156, 157). The main rate limiting factor
in CMA is abluminal LAMP-2A availability which is regulated
by the degree of LAMP-2A degradation by a metalloprotease and
cathepsin A at the site of designated lipid microdomains in the
lysosomal membrane (158). As previously mentioned, a prereq-
uisite for CMA processing of a target protein is the presence of
an amino acid sequence motif biochemically related to KFERQ
(150). In contrast to the biochemical earmarking of a molecule by
means of ubiquitination, which may designate the target for pro-
teasomal degradation or recognition by ubiquitin-recognizing
adaptor molecules, the KFERQ consensus motif is pre-existing
in CMA-target proteins (145). It is therefore likely that the
pentapeptide motif is not ubiquitously accessible for binding to
hsc70 in order to prevent premature protein translocation to the
lysosomal lumen via CMA. Possible mechanisms to condition a
target for this destination include but are not limited to, partial
unfolding, disassembly of multimers, cleavage of proteins, and
posttranslational modifications such as phosphorylation or
acetylation of amino acid residues (145, 159, 160). Cytosolic
accumulation of aberrant proteins is a hallmark of age-related
proteinopathies of the brain and other tissues. A central func-
tion of CMA is the removal of misfolded or unwanted proteins
and dysfunction in CMA in senescent cells has been implicated
in promoting neurodegeneration (161-163). Not considering
posttranslational alterations, roughly 30% of cytosolic proteins
bear a sequence motif biochemically related to KFERQ and
are therefore potentially subject to CMA-mediated lysosomal
degradation (145, 150, 151). Due to the heterogenous nature of
this protein pool it does not come as a surprise that CMA can

be regarded as a pivotal gatekeeper in energy homeostasis that
also fine-tunes vital cellular processes by limiting key metabolic
enzymes (144).

AUTOPHAGOSOME MATURATION AND
FUSION WITH THE ENDOLYSOSOMAL
SYSTEM

A hallmark of all autophagic pathways is their convergence
into the lysosomal system. During MA, this event requires
the coordinated membrane fusion of the autophagosome and
endolysosomal vesicles (Figure 1). Prior to terminal fusion with
lysosomes, autophagosomes may (or may not) fuse with vesicles
of the endocytic compartments like early or late endosomes. The
resulting amphisomes subsequently fuse with lysosomes to form
autolysosomes. These partly sequential, partly parallel fusion
events underscore the dynamic nature of MA. Hence, observed
accumulation of autophagosomes needs to be carefully inter-
preted, for it can mean both bona fide induction of the process
and blocked lysosomal fusion.

Autophagosomes are widely distributed throughout the
cytoplasm. For these vesicles to fuse with lysosomes and late
endosomes (which are predominantly located juxtanuclear),
autophagosomes need to be efficiently guided toward this area.
Members of the cytoskeleton have been shown to orchestrate
the regulated trafficking of autophagosomes from the periphery
to sites at which membrane fusion occurs. In fact, microtubules
might even aid in autophagosome formation and subsequent
fusion with endosomal compartments (164, 165). In an antago-
nistic interplay, the members of the motor protein family dynein/
dynactin complex and kinesin have shown to be involved in guid-
ing autophagosomes alongside microtubules toward lysosome-
rich areas, a process during which the trafficked vesicles become
increasingly acidified as they approach the juxtanuclear area (166,
167). Consequently, disruption of the dynein machinery exac-
erbates aberrant protein aggregation in experimental models of
neurodegeneration due to dysfunctional MA (168). Interestingly,
dynamic distribution of lysosomes within the cytoplasm may
actually constitute a mechanism by which autophagic flux is
regulated (169).

In accordance with general membrane reorganization, also
the fusion of autophagosomes with endolysosomal vesicles
is in large parts orchestrated by members of small GTPases
called Rabs, membrane-tethering complexes, and SNAREs. The
molecular specifics have been reviewed in detail elsewhere (170,
171). Studies in yeast suggest that Atg4-mediated cleavage of the
LC3 ortholog Atg8 from the outer membrane constitutes one
prerequisite that renders the autophagosome ready for fusion
(172, 173). Possibly, absence of molecules that are involved in the
early phase of autophagosome biogenesis functions as yet another
signal (170).

Our understanding of the precise molecular events during
autophagosome biogenesis and fusion has significantly improved
during the last decade and enticing models have been proposed
as on how the phagophore is initiated. However, one needs to
be cautious as of how the aforementioned molecular interplay of

Frontiers in Immunology | www.frontiersin.org

February 2017 | Volume 8 | Article 165


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Keller and Linemann

Autophagy in MS

Atgs can be generalized since most results were obtained studying
starvation-induced MA. There is evidence that autophagosomal
biogenesis, and subsequent fusion partners, -sites, and -mecha-
nisms are highly dependent on induction stimulus and cargo
(170). Furthermore, the degree as to which these processes are
actually carried out in sequence remains enigmatic. It is likely
that numerous steps occur in parallel and distinct Atgs might not
only carry out a single function but take on several tasks within
the cascade. The molecular interactions between Atgs and the
kinetics of the process might also significantly differ within the
mammalian species and even on a tissue level, there might be
specifics to MA that need to be taken into account.

Finally, at least for some Atgs that are essential for MA, an even
more promiscuous role has begun to unfold in that these proteins
also facilitate MA-independent functions in cellular reprogram-
ing, dynamic membrane re-distribution, pathogen clearance, and
antigen presentation (11, 174-178).

NON-CANONICAL AUTOPHAGY
PATHWAYS

Non-canonical autophagy comprises a set of recently char-
acterized pathways that either result in autophagosome
formation but omit the usage of distinct parts of the classical
MA-machinery or autophagosome-independent pathways that
utilize key components of the MA network (16, 179). One can
at least differentiate five distinct entities: LC3-associated phago-
cytosis (LAP), Beclin I1-independent autophagy, autophagosome
formation from multiple phagophores and pathogen-specific
autophagy modification, autophagy-associated unconventional
protein secretion, and defective ribosomal products-containing
autophagosome-rich blebs. Here, we focus on LAP, since this
pathway has been associated with antigen processing and
presentation, and kindly refer the reader for specifics on the
other non-canonical autophagy pathways to excellent reviews
elsewhere (16, 179, 180).

LC3-Associated Phagocytosis
During phagocytosis, a specialized way of endocytosis, cells
internalize solid extracellular constituents in a receptor-mediated
fashion. The resulting phagosome is being step-wise matured
and subsequently fuses with the lysosomal compartment in
order to break down the incorporated material (181). Recently,
a novel organelle, the single-membraned LC3* phagosome or
LAPosome, has been identified and the process of its generation
and fate was coined LAP (Figure 3) (182, 183). LAP, that links
both phagocytosis of extracellular cargo and members of the
autophagy molecular core machinery, is initiated by ligation of
a variety of extracellular receptors (12, 182, 184-186). Although
some components of the MA machinery are essential for LAP
(e.g., Atg5, Atg7, LC3, Beclin 1), the process is independent of
others (e.g., the ULK complex including ULK1/2, FIP200, Atg13,
Atg101, WIPI1).

LC3-associated phagocytosis-triggering receptors include
toll-like receptors (TLRs), Fc-receptors, C-type lectins, and Ptd-
L-Ser-binding receptors (12, 182, 184-186). Upon activation of

a LAP-triggering surface receptor, a PI3PK complex that differs
in its composition from the one involved in MA, is recruited
to the cytosolic membrane of the phagosome followed by the
recruitment of the NADPH oxidase NOX2. These events are not
preceded by involvement of the canonical ULK complex. The
LAP-associated PI3PK complex is made up by Beclin 1, Vps34,
and Vpsl5 (analogous to MA) but is devoid of Atgl4 (187).
Instead, it includes UVRAG and Rubicon (not members of the
canonical PI3PK complex). Similar to MA, the PI3PK complex is
set out to generate PI3P on the LAPosome. The association of the
modified PI3PK complex on the LAPosome is potentially liaised
via Rubicon which, together with PI3P also appears to be key in
recruiting, stabilizing, and activating the NADPH oxidase NOX2
to the organelle (187). Rubicon mediates NOX2 stabilization by
interaction of its serine-rich domain (A A 567-625) with the NOX2
subunit p22Pt** whereas PI3P stabilizes the NOX2 subunit p40rte*
(187, 188). LAPosomal PI3P in concert with NOX2-dependent
reactive oxygen species (ROS) production then initiates the two
canonical MA conjugation systems (see above), which results in
efficient deposition of lipidated LC3 on the outer LAPosomal
membrane (187). Consequently, LAP is highly dependent on the
MA proteins Atg5, Atgl2, Atgl6L1, Atg7, Atg3, Atg4, and lipi-
dated LC3. Molecules that have been described to be dispensable
for canonical MA but are thought to be essential for LAP include
NOX2 and Rubicon (187).

Taken together and in contrast to the canonical MA pathway;,
during which LC3 conjugation to the phagophore allows for
recruitment of cytoplasmic substrates into forming autophago-
somes by means of LC3-binding anchor proteins such as p62/
sequestosome 1, LAP handles formerly extracellular particles
that access the cell through phagocytosis and occurs without the
formation of a double-membraned vesicle and in the absence of
p62/sequestosome 1 on LC3* single-membraned phagosomes
(179, 183, 187).

So far LAP has been implicated in efficient clearance of
Saccharomyces cerevisiae and Aspergillus fumigatus (182, 187).
However, in the case of Listeria monocytogenes infection,
LAPosomes have been described as Listeria-containing compart-
ments that promote persistent infection (189). In plasmacytoid
dendritic cells (DCs), LAP, induced upon binding of immune
complexes through FcyR, is required to assemble the interferon
regulatory factor 7 (IRF7)-signaling compartment which is
essential for IRF7 activation and subsequent IFNa secretion
downstream of TLRY ligation (186). LysM-Cre* conditional
knockout mice for LAP-essential proteins mainly target CD11b*/
F4/80* macrophages and CD11b*Ly6G* neutrophils. Aged mice
that are deficient of LAP activity in these myeloid subsets sponta-
neously acquire a lupus-like phenotype (190).

Several questions remain unanswered. The functional benefit
of coupling lipidated LC3 to a phagosome is still not completely
understood. Some have argued that the coating of the phagosome
with LC3-1II allows the vesicle to travel faster along microtubules
which results in faster fusion with the lysosomal compart-
ment (182, 185, 191). However, studies that report more rapid
cargo degradation were predominantly obtained using murine
macrophages. Human studies on the other hand show that in
prototypical APCs such as DCs, LAP seems to retain antigenic
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FIGURE 3 | Microtubule-associated protein 1 light chain 3 (LC3)-associated phagocytosis. The ligation of LC3-associated phagocytosis (LAP)-triggering
receptors such as phosphatidylserine (Ptd-L-Ser)-recognizing TIM4, TLR2, Dectin-1, or Fcy receptors will ensue receptor-mediated phagocytosis and subsequent
phosphatidylinositide 3-kinase-dependent association of the NADPH oxidase NOX2 with the phagosome. The NOX2-derived reactive oxygen species (ROS) and
laposomal PI3P (not depicted) mediate the recruitment and binding of LC3 to the outer membrane of the LAPosome. Instead of terminal fusion with the lysosomal
compartment, the completed LAPosome may also fuse with endosomal vesicles including major histocompatibility complex (MHC) class llI-containing compartments
(MIICs) in which after enzymatic digestion, LAPosomal content can be loaded upon MHC class Il molecules followed by the presentation of the resulting peptides to

cargo for sustained MHC class IT antigen presentation rather than
promoting its degradation (12). Antigenic containment and sta-
bilization in combination with low levels of lysosomal proteases
have been speculated to be a crucial mechanism by which DCs
maintain efficient and prolonged antigen presentation (12, 183,
192). Lee and colleagues reported that in murine DCs, TLR-
dependent phagocytosed HSV-2 can be found in LC3* single-
membraned vesicles reminiscent of LAPosomes. In absence of
LAP-essential protein Atg5, subsequent HSV-2-specific CD4*
T cell responses were markedly reduced, arguing for inefficient
MHC class II-dependent presentation of LAP-deficient DCs
toward cognate T cells (193). Interestingly, pharmacological
induction of canonical MA by TORCI inhibitor rapamycin did
not lead to enhanced MHC class II presentation of viral antigens
arguing for a non-MA pathway linking phagocytosis and MHC
class II presentation (193).

AUTOPHAGY PATHWAYS IN CNS
AUTOIMMUNITY

Multiple sclerosis is a chronic neuroinflammatory condition dur-
ing which autoaggressive leukocytes invade across a compromised
blood-brain barrier into the CNS. On site, the infiltrated immune
cells, in concert with CNS-resident cells mediate progressive
axonal demyelination and engender spatio-temporally dissemi-
nated lesions within the CNS which entails diffuse cytodegenera-
tion in gray and white matter areas of the CNS (194) (Figure 4).

Experimental autoimmune encephalomyelitis (EAE) is a com-
monly used animal model of MS in which disease is induced by
immunization of animals with myelin-derived antigenic peptides
together with adjuvant or by adoptively transferring pre-activated
myelin-specific CD4* T cells in naive recipients (195-197). EAE
is a predominantly T cell-driven model and a pathomechanistic
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prerequisite for CNS damage is the local reactivation of CD4* T
cells specific for myelin-derived antigens (198-202). Reactivated
CD4* T cells together with activated myeloid cells initiate a cas-
cade of proinflammatory events, which is believed to perpetuate
CNS tissue damage leading to the development of clinical EAE
symptoms (203-205).

How and by which APC subset pathogenic CD4* T cells are
being locally reactivated and cause tissue damage during the
course of MS and EAE is, however, incompletely understood. This
isin part due to the fact that the detailed antigen-processing route
of how myelin self-antigens are processed and presented toward
CD4" T cells has not been fully elucidated.

Given their diverse, yet often essential functions in immune
surveillance, cell survival, proteostasis, antigen presentation, and
regulating cellular energy levels, a role for autophagy pathways

in the complex pathobiology of MS can been proposed in many
aspects of the condition including but not limited to the innate
and adaptive branches of the immune system. In the following
sections, we will discuss how autophagy pathways potentially
interfere with pathogenic adaptive immune responses in MS.

AUTOPHAGY IN T CELLS

Autophagy has a central but complex role in cell survival in
numerous cell types, functioning either as a pro-survival or as a
cell death mechanism depending on the cell type, the nature of
the death stimulus, and subsequent compensatory changes. Atg5-
deficient CD4* and CD8* T cells develop normally in the thymus,
but fail to repopulate the periphery because of massive cell death
and fail to undergo efficient proliferation after T cell receptor
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stimulation (206). Using a T cell-specific conditional knockout
of Beclin 1 (CD4-Cre Beclin 1), Kovacs et al. later elaborated
on the underlying mechanism and confirmed that in absence of
Beclin 1 in the CD4* CD8* T cell compartment, homeostasis was
disturbed. In line with previous reports, thymic development of
the T cell compartment was normal; however, numbers of CD8*
T cells in secondary lymphoid organs were drastically diminished
(>3-fold), whereas CD4*+ T cell were less affected (reduction of
CD4* T cell numbers amounted to <2-fold). The steady state
fractions of naive and memory T cells were unchanged between
conditional KO mice and controls. Upon activation with anti-
CD3/anti-CD28, however, T cells readily underwent apoptosis.
Increased susceptibility to cell death was linked to MA-dependent
degradation of pro-apoptotic proteins and seems to be differen-
tially relevant in CD4* T cell subsets (207).

Additionally, Atgl6L1-specific deletion in T cells results in
spontaneous intestinal inflammation and inbalances of different
Ty cell subsets in the gut. While intestinal T regulatory cells
(TREGS) are drastically reduced in number, IL-13-producing
Tu2 cells expand (208). TREG-specific deletion of Atg5 and Atg7
entailed reduced frequencies and survival of this subset and leads
to defective self-tolerance (209).

These data indicate a critical role for the autophagy machinery
in lymphocyte development and function and suggest that MA
may be essential for both T lymphocyte survival and proliferation
in the steady state and after immune activation.

In line with these assumptions, CD4-Cre Beclin mice
are completely protected from active induction of EAE (207).
Interestingly, the defect in the CD4* T cell compartment dur-
ing EAE is much more pronounced in the Tyl fraction but only
mildly present in Tu17. Subsequent in vitro experiments further
confirmed that Tyl cells are significantly more prone to undergo
apoptosis in absence of autophagy (207).

In addition to the observed protection of EAE upon T cell-
specific ablation of autophagy, Atg5 transcript and protein levels
in circulating T cells positively correlated with the disease score
in mice that had been actively immunized with MOGss_ss peptide.
Furthermore, peripheral T cell-derived RNA analyses suggested
a significant increase in Atg5 expression in patients with active
relapsing-remitting MS as compared to healthy controls. Atg5
RNA levels in postmortem brain tissue from patients with
secondary progressive MS (SPMS) were markedly elevated and
strong Atg5 immunoreactivity was observed in confocal micros-
copy analyses (210).

In contrast to what Kovacs and colleagues had reported,
another study that used Beclin 1-deficient Ragl™~ chimeras,
found that although Beclin 1 is essential for the maintenance of
early lymphocyte progenitor subsets, it is widely expendable for
the homeostasis and function of peripheral T and B cells (207,
211). Differential efficiencies of genetic targeting and overall
differences in the genetic ablation models may partly account for
these discrepancies.

Recently, an additional role for autophagy proteins in the main-
tenance of CD8* memory T cells has emerged. Mice that lack Atg7
in T cells showed reduced CD8* T cell-dependent recall responses
upon infection with influenza and MCMV (212). Impairment of
CD8" T cell memory in elderly individuals is commonly observed

lﬂ/ﬂ

and in part responsible for the reduced efficacy of vaccination with
aging (213). Interestingly, Puleston et al. also found reduced levels
of autophagic activity in CD8" cells of aged mice. Accordingly,
upregulation of autophagy with the polyamine spermidine could
restore memory CD8* T cell function to vaccination in aged mice
(212). In contrast to what Pua and colleagues had reported previ-
ously (206), another study described how CD8* cells downregu-
late autophagic activity upon activation and during proliferation.
This was followed by increased activity before the contraction
phase. Absence of the autophagy proteins Atg5 and Atg7 lead to
impaired formation of a CD8" T cell memory pool. Moreover,
metabolomics analysis disclosed mitochondrial fatty acid oxida-
tion to be dysfunctional in Atg7-deficient T cells at the transition
to the memory phase (214).

Aside from the role of autophagy in T cell survival and homeo-
stasis, also CMA has been implicated in regulating CD4* T cell
responses. The negative regulators of TCR signaling, RCAN1,
and Itch have been identified as substrates for CMA. Thereby,
CMA-controlled degradation of these molecules fine-tunes T
cell responses which is exemplified by the significant reduction
in activation-induced proliferation of CD4* T cells that lack
LAMP-2A expression (215). Although so far, dysfunctional CMA
in T cell has not been formally reported to occur in MS or its
model systems it is known that mice lacking Itch are prone to
develop a hyperactive T cell-driven systemic progressive autoim-
mune condition (216).

Similar to T cell development, B cells require autophagy both
during development and maintenance in the periphery. Atg5-
deficient pro-B cells do not efficiently develop into pre-B cells,
but instead, seem to die at increased frequencies of apoptosis
(217). Altogether, these data suggest that highly proliferative
lymphocyte compartments during development or in response
to immune activation, as seen in autoimmune CNS conditions,
require the autophagic machinery to efficiently mobilize nutrients
and maintain cellular fitness. However, further studies are needed
to clarify differential roles of autophagy pathways in lymphocyte
subsets particularly in the context of T cell-driven autoimmunity.

AUTOPHAGY AND ANTIGEN
PRESENTATION

Similar to other autoimmune diseases, HLA-DR and -DQ alleles
within the HLA class II region on chromosome 6p21 are by far
the strongest risk-conferring genes and are thought to account for
10-60% of the genetic risk of MS (218). The size of the autoreac-
tive T cell pool is limited by mechanisms of tolerance; however,
it is clear that potentially dangerous cells persist in the immune
system of healthy individuals without causing damage. Although
itis generally accepted that HLA class II molecules influence auto-
immune disease risk by regulating the emergence, activation, and
expansion of autoreactive CD4* T lymphocytes, our knowledge of
how HLA class II-mediated antigen presentation confers risk for
autoimmune diseases and regulates CD4* T cell autoreactivity at
the molecular level is incompletely understood (219, 220).

The cellular architecture of MS lesions is dynamic in its neu-
ropathological features including leukocyte composition (221).
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Commonly, T cell infiltration occurs in two distinct waves (222,
223). Initially, MS lesions are characterized by oligodendrocyte
damage and commencing demyelination accompanied by
microglia that show an activated phenotype. However, in these
initial lesions lymphocytes are scarce. Thereupon progressive
demyelination occurs, and myelin constituents are phagocytosed
by microglia and other myeloid cells which ensues a dramatic T
cell influx (224).

Onset of EAE is fully dependent on the presence of myelin-
specific Ty cells and local reactivation of these pathogenic culprits
is essential in developing CNS autoimmunity (198-202). To
this effect, on-site presence and activity of CD11c* APCs is an
instrumental prerequisite for disease induction during the effec-
tor phase of EAE (199). Moreover, intravital 2-photon micros-
copy analyses revealed that during EAE, CD11c* APCs show a
strong proinflammatory phenotype, express a chemokine profile
complementary to the chemokine receptor profile expressed
on encephalitogenic T cells in the CNS and depict close spatial
interactions with these lymphocytes. Hence, depletion of CD11c*
APCs abrogated enrichment of pathogenic T cells in the CNS and
significantly alleviated disease course upon adoptive transfer EAE
(225). Active MOGssss immunization of mice that lack expres-
sion of Atg7 in the CD11c* compartment results in ameliorated
EAE disease course (226). Therefore, further elucidation of the
underlying molecular events that drive these cognate interactions
between the triad of (CNS resident) APC, myelin antigen, and
encephalitogenic T cell, might unveil new potential therapeutic
objectives.

The classical MHC class II pathway, the MA pathway, and
LAP are potential degradation pathways resulting in MHC class
II presentation of self-antigens. The first compelling evidence for
the existence of an endogenous MHC class II pathway came from
a study on describing how the endogenous measles virus matrix
and nucleocapsid protein-derived antigens could be presented to
CD4+ T cells via MHC class II (227). Only 1 year later, Nuchtern
et al. confirmed these findings for yet another viral antigen by
reporting the efficient loading of influenza A matrix protein-
derived peptides onto MHC class II (228). Further proof for the
existence of endogenous MHC class II loading pathways was
obtained through the direct analysis of peptides bound to MHC
class IT molecules. In fact, around 30% of natural ligands eluted
from MHC class II molecules from a multitude of cell types were
found to be derived from endogenous protein sources (229). In
a next step, MA was newly identified as a pathway that delivers
endogenous antigenic constituents into MIICs for subsequent
recognition by CD4* T cells (9, 10, 230). Interestingly, the abil-
ity to deliver endogenous antigens to MHC class II seems to
be differentially relevant depending on the APC (231). MA is
constitutively active in a variety of MHC class II positive APCs
such as DCs and B cells (9, 230, 232) and can be induced follow-
ing immune stimulation of these cells through germline-encoded
pattern-recognition receptors such as TLRs or inflammatory
cytokines (233-235). Co-localization studies indicate that in
professional APCs, autophagosomes frequently fuse with MIICs,
and that experimental delivery of antigens to autophagosomes
by targeting the autophagosomal membrane through fusion with
LC3 results in robust recognition by antigen-specific CD4* T

cells (10, 232). Additionally, not only hematopoietic APCs but
also thymic epithelial cells expend MA to generate endogenously
derived MHC class II-bound peptides for positive selection of
CD4+ T cells (236).

Nevertheless, myelin-derived candidate antigens are not
known to be expressed in professional APCs therefore an intra-
cellular loading of these peptides onto MHC class II molecules in
the context of CNS autoimmunity appears counterintuitive. LAP
couples phagocytosis of extracellular solid cargo to key members
of the autophagy machinery (179, 187). A prerequisite for LAP
is the engagement of germline-encoded pattern-recognition
receptors or Ptd-L-Ser receptors through phagocytosed material.
The role of TLR signaling in the context of EAE has partly been
investigated. TLR9 and, to some extend, TLR2 signaling mediates
the pathogenicity of EAE, whereas TLR1- and 6-deficiency in
mice did not have an impact on the development of active EAE
(237, 238). Importantly, also adoptive transfer EAE-induction
was dependent on TLR2 signaling, discarding the assumption
that microbial-derived constituents in the adjuvant preparation
during active EAE serve as ligands (238). Additionally, both
studies showed that deficiency of the downstream TLR-signaling
molecule myeloid differentiation primary response gene 88
(MyD88) abrogates disease (237, 238).

Ample data demonstrate that oligodendrocyte injury and
death represented by primary demyelination in absence of
inflammatory infiltrates constitute early events in the disease
course and are considered specific pathogenic features of MS
(239). Sequential MRI analyses revealed that subtle changes in
white matter areas can be detected prior to apparent lesions (240).
Reduction of macromolecular material and a focal increase of
free water could be detected as early as several months before
the active lesion occurred. The study’s authors concluded that
the reduction of magnetization exchange rate was likely to result
from primary myelin injury (241). Furthermore, genome-wide
epigenetic differences in the DNA methylation status have been
reported between normal appearing white matter derived from
MS patients and non-diseased control brains (242). The observed
hypermethylation and subsequent diminished expression of loci
in MS affected brains included genes that control oligodendro-
cyte survival (BCL2L2 and NDRG1), suggesting that augmented
susceptibility to injury precedes inflammatory infiltration.
Importantly, a recent study showed that oligodendrocyte death is
sufficient to induce encephalitogenic T cell responses and subse-
quent neuroinflammation in vivo (243). It is therefore conceivable
that primary death of oligodendrocytes of yet unknown cause
leads to subsequent uptake of myelin-derived antigenic debris
by CNS-resident APCs and the following mounting of a myelin-
specific adaptive response (244). The non-canonical autophagy
pathway LAP may facilitate uptake and ensuing presentation of
myelin protein-derived antigenic constituents, thus promoting
local reactivation of encephalitogenic Tu cells.

Particularly early MS lesions depict enhanced gene expression
related to ROS production. The most pronounced changes were
found for transcripts encoding subunits of the NADPH oxidase
complex 2 (NOX2), i.e., CYBA, CYBB, and NCF1I, supporting
the concept of oxidative stress as a pivotal pathogenic factor par-
ticularly early during the disease. NOX2 complex expression is
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detectable in up to 20% of myeloid cells, predominantly localized
in areas of initial tissue damage at the edge of actively demyelinat-
inglesions and is associated with the presence of CNS-infiltrating
T cells suggesting that NOX2 expression by myeloid cells may
contribute to CNS inflammation via recruitment or expansion
of T cells within MS lesions (245). NOX2 is expressed in mac-
rophages, DCs, microglia, neutrophils, and eosinophils (246). In
resting conditions, the enzyme complex is highly glycosylated and
resides in intracellular secondary granules and, at lower amounts,
in the plasma membrane. After a triggering event, its subunits
gp91 and p22 are translocated to the plasma membrane at the site
of the forming phagosome, and the cytosolic subunits (p40, p47,
p67) are recruited to assemble the active NOX2 complex (247).
NOX2 function, generation of ROS, has initially been linked to
killing of intraphagosomal pathogens by providing the adequate
environment for protease function. In professional APCs, whose
principal function is to take up, process and present antigens in
order to initiate and shape adaptive immune responses rather
than pathogen killing or clearance of cell debris, NOX2 expres-
sion was shown to regulate antigen presentation due to its ability
to control the level of antigen degradation by altering phagosomal
pH levels (248). Indeed, DCs lacking NOX2 show enhanced
phagosomal acidification and increased antigen degradation,
resulting in impaired cross presentation (248). In addition to cell
type-dependent tuning of phagosomal acidification, NOX2 has
recently also been implicated in regulating serine and cysteine
proteases (cathepsins B, L, and S) within phagosomes (249)
and it has been suggested that increased hydrolysis of critical
regions within the encephalitogenic MOGss_ss antigen by cysteine
cathepsins in the early phagosome contribute to the reduced
incidence and delayed onset of EAE reported in NOX2-deficient
mice (250). It is conceivable that NOX2 as essential component
of the non-canonical autophagy pathway LAP not only affects
levels of phagosomal proteolysis as previously shown, but facili-
tates the induction of an alternative pathway for antigen loading
onto MHC class II molecules, thereby contributing to CD4* T
cell-mediated augmentation of autoimmune CNS inflammation.

Altogether, the aforementioned studies suggest that the
autophagic machinery could potentially contribute to the initia-
tion and maintenance of CD4* T cell-driven CNS tissue injury
through delivery of CD4* T cell antigens into MIICs.

OUTLOOK: AUTOPHAGY PATHWAYS IN
CNS AUTOIMMUNITY BEYOND ANTIGEN
PRESENTATION AND LYMPHOCYTE
SURVIVAL

There is a profound body of evidence showing that mitochondrial
dysfunction is a commonly observed feature in active MS plaques
(194, 251-253). In lesions of patients suffering from acute MS,
immunohistochemical analyses revealed mitochondrial defects
selectively in respiratory chain complex IV subunit COX-IL
Mitochondrial damage was observed in oligodendrocytes and
axons, but was not present in macrophages or microglia (251).
Mitochondria, while being a primary source thereof, are at the
same time particularly susceptible to free radical-mediated

damage and respiratory chain complex IV subunit COX-I expres-
sion is in part regulated by posttranslational modification of
mRNA by nitric oxide (NO) (254-256). It has been suggested that
myeloid cell-derived secretion of active mediators including NO
in close proximity to oligodendrocytes mediates selective COX-I
degradation with subsequent mitochondria impairment (221,
257-260). NMDA-receptor signaling has been shown to induce
NADPH oxidase (NOX) activity in oligodendrocyte precursor
cells and the subsequent production of ROS can drive both fur-
ther oligodendrocyte differentiation and myelination (261, 262).

Malregulated oligodendrocyte-intrinsic events may also
contribute to ROS-mediated mitochondrial damage in oligo-
dendrocytes during MS. Mitochondrial homeostasis (mitostasis)
and quality control is ensured by consecutive cycles of fusion
and fission tightly coupled to mitophagy-mediated removal of
aberrant organelles (263, 264) and, complex IV deficiency as
well as concomitant cellular energy deficit can in part be com-
pensated for by mitochondrial hyperfusion (265). It is therefore
conceivable that malfunctioning of the autophagic axis within
this regulatory network leads to disturbance of compensatory
mechanisms during free radical induced COX-I deficiency (194,
263). Interestingly, as opposed to the observed functional and
morphological impairment of mitochondria in highly active
lesions, older and inactive lesions depict enhanced mitochondrial
count and activity (266, 267).

In comparison to other cell types, neurons depict an unique
geometry and organelles such as mitochondria are also needed
in distal axonal regions afar from the neuronal soma where
mitophagy-mediated lysosomal degradation takes place (268,
269). Duly distribution of mitochondria within axonss critical for
neuronal physiology and the constant turnover of dysfunctional
specimens in these post-mitotic cells requires well-regulated
motor-protein-driven trafficking and anchoring of mitochondria
alongside microtubules (269). Temporary increase in mitochon-
dria number, size, and activity as well as subcellular re-location
is believed to constitute an axonoprotective mechanism in the
light of an elevated energy consumption during chronic axonal
injury (270). This compensatory mitochondrial response relies
on anchoring molecule syntaphilin, which mediates docking
of mitochondria through interaction with microtubules since
knockout of syntaphilin results in exacerbated degeneration of
demyelinated neurons (270). Syntaphilin-anchored mitochon-
dria have been reported to also recruit Parkin for subsequent
mitophagy (268).

In addition to COX-I deficiency observed in acute MS lesions
of the white matter, progressive disease also features mitochon-
drial alterations in deeper cortical areas reminiscent of prototypic
neurodegenerative disorders with autophagy-associated pathoe-
tiology such as Alzheimer’s disease (AD) and Parkinson’s disease
(271, 272). Patients suffering from SPMS show significantly
higher levels of clonally expanded mtDNA deletions in neurons
oflayer VI as compared to age-matched controls (272). Increased
clonally expanded mtDNA deletions were also observed in layer
VI adjacent subcortical white matter which suggests that in both
instances soluble factors such as inflammation-associated free
radicals in active lesions mediate mitochondrial degeneration.
Although this needs to be clearly addressed experimentally, the
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possibility has been raised that accumulations of mtDNA dele-
tions during MS might also yield mutations that could compro-
mise autophagy-mediated quality control of mitochondria (194).

In the process of ATP generation by mitochondrial oxidative
phosphorylation, ROS arise that in order to maintain cellular
integrity and to prevent oxidative stress, need to be eliminated
by means of several antioxidants such as NADPH, cytochrome
¢, and most importantly glutathione (273). However, aside from
their detrimental role when produced in large quantities, if not
exceedingly present, ROS, occupy also important signaling func-
tions within the cell, interact with redox-sensitive proteins, and
work toward maintaining cellular homeostasis in response to
cell stress (274). Also Atgs have been described to be sensitive
to ROS-mediated posttranslational modification. For example,
Atg4 is oxidized and thereby inactivated by H,O,, which sub-
sequently facilitates conjugation of LC3 to membranes (275).
Furthermore, redox-sensitive nuclear transcription factor and
histone deacetylase sirtuin 1 (SIRT1), which is highly expressed
in neurons, promotes autophagic activity directly by complexing
and deacetylation of essential autophagy-machinery proteins and
indirectly by deacetylation of FoxO members which in turn leads
to promotion of autophagy (274, 276).

Portending oxidative damage, strong immunoreactivity for
oxidized phospholipids in neurons of active cortical MS lesions
has been described to be specific to MS and was not observed
to the same degree in tuberculous meningitis, AD, and age-
matched controls (239). In accordance with these observations,
antioxidant enzymes such as superoxide dismutase 1 and 2, heme
oxigenase 1, and catalase have been shown to be increased in
active MS lesions. Interestingly, this upregulation of antioxidant
defense molecules was particularly present in astrocytes and
myelin-containing macrophages but not in oligodendrocytes
(277). It has been suggested before that the extreme susceptibil-
ity of oligodendrocytes to ROS-mediated damage is in part due
to insufficient compensatory expression of protective enzymes
(277, 278).

Increased mitochondrial-derived ROS accumulation and
concomitant oxidative damage is believed to constitute a key
feature of cellular aging and this process appears to be accelerated
and augmented during MS particularly in oligodendrocytes and
neurons (239, 279, 280). In line with this, treatment of aged mice
with mTORCI inhibitor and MA inducer rapamycin increased
longevity in mice (281). It is likely that at least in part this effect
was mediated by the compound’s capability to bridle injurious
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