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Editorial on the Research Topic

Multiple Sclerosis - From Bench to Bedside: Currents Insights Into Pathophysiological
Concepts and Their Potential Impact on Patients

More than 2 million patients worldwide suffer from multiple sclerosis (MS) (1), and it is the most
common cause of disability in young adulthood. Different disease courses are described, possibly
reflecting different pathophysiological scenarios. Although treatment options for MS have changed
dramatically in recent decades, the cause of the disease is still unknown (2, 3).

The special topic “Multiple Sclerosis—From Bench to Bedside: Currents Insights into
Pathophysiological Concepts and Their Potential Impact on Patients” deals with diverse aspects
of MS, and contains 22 articles that approach MS from different angles.

Findings from histopathological studies have shown that different immune cells also play
a role in different disease courses. The significance of B and T cells in these various disease
courses were summarized in a review (Lassmann). The importance of B cells was also highlighted
in neuromyelitis optica spectrum disorder (NMOSD) and related diseases (Hausser-Kinzel and
Weber). In a study, Faigle et al. examined the role of citrullinated peptides identified in the MS
brain tissue, and concluded that citrullination may not be important for the activation of T cells,
but could be the consequence of the inflammatory cascade. Di Pauli and Berger reviewed antibody
diagnostics and discussed the clinical presentation and pathology of MOG-antibody disease. Zhong
et al. examined differential diagnostic questions of MOG-antibody disease in connection with
epilepsy and encephalopathy.

Animal models can provide new insights into immunological processes, although findings
should be extrapolated to MS with caution. In two experimental autoimmune encephalomyelitis
(EAE) models of progressive MS—one with T-cell infiltration in the CNS and one
without—cytokines and transcriptomes were identified as potential candidates for biomarkers
by means of bioinformatic analyses (Omura et al.). The importance of synapses in the neuronal
network and their function and possible interventions were investigated in an EAE study by
LoPresti. Another animal study showed that carnosol inhibits Th17 cells and may be a potential
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candidate for the treatment of MS (Li et al.). Connexin was
identified as a possible modulator of microglia activity in EAE
(Fang et al.).

The analysis of the cerebrospinal fluid (CSF) is important for
establishing diagnosis, distinguishing MS from other diseases,
and obtaining information about immunological processes
within the CNS environment. Deisenhammer et al. summarized
the most important questions about the CSF in MS, its
importance, but also limitations, and potential novel biomarkers.
The distinction between MS and other autoimmune diseases,
particularly rheumatological diseases, is often difficult. Venhoff
et al. examined 108 patients suffering from rheumatological
diseases with CNS involvement or MS, and investigated the
significance of the measles virus, rubella virus, and varicella
zoster virus reaction (MRZ)-reaction in differential diagnosis. It
was found that in cases, where clear clinical separation was not
possible, the MRZ reaction was useful in addition to oligoclonal
bands (OCBs) and specific autoantibodies (Venhoff et al.).

Cytokines are part of the immunological cascade and their
importance for inflammation and disease activity is undisputed.
Redundant role and interconnection among a multitude of
cytokines complicate interpretation. Computational intelligence
could be one possibility for evaluation, and such approaches
could help to use cytokine levels as prognostic markers (Goyal
et al; Omura et al.). Besides influencing disease activity, such
as relapses and the progression of disability, cytokines can also
play a role in the development of symptoms. Hanken et al.
showed that fatigue and IL-1f8 are linked and that disease-
modifying treatments lead to a decrease in cytokine levels and
an improvement in clinical symptoms.

The importance of environmental factors, the microbiome,
aging, gender, and hormones appears to play a role in the
susceptibility to MS. The relevance of epidemiological studies
is undisputed and can help to demonstrate these relationships.
These factors were considered in several articles (Ghareghani
et al; Krementsov et al.; Jiang et al.; Sena et al.).

The number of therapies for relapsing MS has increased in
the recent decades, allowing a more personalized treatment
approach after weighing, among others risks, efficacy, pregnancy
issues, and convenience for patients. The mode of action
and immunological effects of all approved treatments were
highlighted in a review (Rommer et al.). In a longitudinal
analysis, Hegen et al. showed that glatiramer acetate,
interferon-beta, and natalizumab had no effect on the anti-JCV
index. By introducing highly effective treatments, however, more
attention has to be paid to the risk of infections and possible
vaccinations. The extent to which vaccinations can protect
against infections, or whether vaccination protection can be built
up under the therapies, must be discussed in complex terms.
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Pathogenic Mechanisms Associated
With Different Clinical Courses of
Multiple Sclerosis

Hans Lassmann*

Center for Brain Research, Medical University of Vienna, Vienna, Austria

In the majority of patients multiple sclerosis starts with a relapsing remitting course
(RRMS), which may at later times transform into secondary progressive disease (SPMS).
In a minority of patients the relapsing remitting disease is skipped and the patients
show progression from the onset (primary progressive MS, PPMS). Evidence obtained
so far indicate major differences between RRMS and progressive MS, but no essential
differences between SPMS and PPMS, with the exception of a lower incidence in
the global load of focal white matter lesions and in particular in the presence of
classical active plaques in PPMS. We suggest that in MS patients two types of
inflammation occur, which develop in parallel but partially independent from each other.
The first is the focal bulk invasion of T- and B-lymphocytes with profound blood brain
barrier leakage, which predominately affects the white matter, and which gives rise
to classical active demyelinated plaques. The other type of inflammation is a slow
accumulation of T-cells and B-cells in the absence of major blood brain barrier damage
in the connective tissue spaces of the brain, such as the meninges and the large
perivascular Virchow Robin spaces, where they may form aggregates or in most severe
cases structures in part resembling tertiary lymph follicles. This type of inflammation
is associated with the formation of subpial demyelinated lesions in the cerebral and
cerebellar cortex, with slow expansion of pre-existing lesions in the white matter and with
diffuse neurodegeneration in the normal appearing white or gray matter. The first type of
inflammation dominates in acute and relapsing MS. The second type of inflammation is
already present in early stages of MS, but gradually increases with disease duration and
patient age. It is suggested that CD8™ T-lymphocytes remain in the brain and spinal
cord as tissue resident cells, which may focally propagate neuroinflammation, when
they re-encounter their cognate antigen. B-lymphocytes may propagate demyelination
and neurodegeneration, most likely by producing soluble neurotoxic factors. Whether
lymphocytes within the brain tissue of MS lesions have also regulatory functions is
presently unknown. Key open questions in MS research are the identification of the target
antigen recognized by tissue resident CD8T T-cells and B-cells and the molecular nature
of the soluble inflammatory mediators, which may trigger tissue damage.

Keywords: relapsing remitting MS, secondary progressive MS, primary progressive MS, inflammation,
demyelination, neurodegeneration
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INTRODUCTION

Multiple sclerosis is a chronic inflammatory disease of the
central nervous system which leads to the formation of focal
confluent lesions of primary demyelination in the white and
gray matter and to diffuse damage and neurodegeneration in
the entire brain (1). In general the disease starts in patients
in the third decade of life with a relapsing and remitting
clinical course. On average after 10-15 years the disease
in the majority of patients converts into a course of slow
progression (secondary progressive MS). In a subset of patients,
in particular in those with higher age at onset, the disease
starts with a progressive course [primary progressive MS; (2)].
It is currently an open debate, whether primary progressive MS
is a distinct disease entity or whether it just represents part
of the variable clinical disease spectrum (3-5). This question
has major pathogenic implications. Most researchers regard MS
as a primary inflammatory disease, in which demyelination
and tissue injury is driven by immune mediated mechanisms
throughout all different stages and in all different courses (6, 7).
In this case PPMS would be just a clinical variant of a common
disease process. The other view suggests that MS is a primary
neurodegenerative disease, which is modified and amplified by
the inflammatory process. In this situation PPMS could reflect
the primary disease process of MS and the other courses (RRMS
and SPMS) are those, modified by an inflammatory reaction (3).
There is no doubt that major differences exist between the
relapsing and progressive stages of MS and this is also reflected by
the different response to currently available immunosuppressive
or immunomodulatory treatments (8, 9). However, there is an
overlap in pathological features, pathogenic mechanisms and
therapeutic responses between relapsing and progressive MS (10,
11). In particular, evidence for subclinical disease activity, defined
by the presence of new focal contrast enhancing lesions, can be
present in patients with SPMS as well as PPMS. For this reason, it
has been suggested to classify MS patients, who have entered the
progressive disease stage into those with or without evidence of
disease activity and with or without disease progression (2). The
consequence of such a clinical disease classification could be to
skip the distinction between primary and secondary progressive
MS. Whether this may be justified or not and what are the
pathogenic implications will be discussed in this review article.

CLINICAL COURSE, EPIDEMIOLOGY, AND
GENETICS

Clinical and MRI Features

The term primary progressive MS clinically defines a disease,
which develops with increase of neurological deficits in the
absence of prior or intermittent exacerbations and remissions.
This differs from the relapsing-remitting course of the disease,
characterized by new bouts of the disease followed by stages
of clinical remission. Relapsing/remitting MS may after several
years of disease duration, and when patients have reached a
moderate level of clinical disability (EDSS scape 3-4), transform
into a secondary progressive disease course (12, 13). While
disease relapses are associated with new and contrast enhancing

lesions in MRI, the brain and spinal cord changes during
progressive disease were thought to be reflected by a steady
increase of brain and spinal cord atrophy. However, using more
sophisticated tools for clinical monitoring of the patients, as
for instance applied in controlled therapeutic trials, it turned
out that a significant proportion of patients with PPMS and
SPMS show signs of clinical or MRI-based “disease activity” (2)
as defined above. Overall, no qualitative differences regarding
disease activity between PPMS and SPMS were found, although,
as reflected by the original disease definitions, relapses associated
with new focal white matter lesions are less frequent in PPMS.
Similarly, no essential differences between SPMS and PPMS were
seen by MRI (14).

The average disease onset in patients with RRMS is within
the third decade of life. In contrast disease onset in patients with
PPMS peaks in the 5th decade of life, which is similar to the age,
when patients with RRMS tend to convert into SPMS (15, 16).
Clinical disease severity and the speed of disease progression is
highly variable between patients, but on average the speed of
progression is similar between patients with PPMS and SPMS,
and is independent from the severity of previous relapses of the
disease (12, 13).

GENETICS

The male to female ratio in patients with RRMS and SPMS
is 1:3, while patients with PPMS show a lower female
predominance (10, 17). Interestingly, disease risk is also
transferred from unaffected females to their MS affected offspring
than from males, raising the possibilities of the involvement of
mitochondrial genes, epigenetic effects or a pathogenic role of
intrauterine exposure to exogenous risk factors (18). Genome
wide association studies have now identified numerous gene
regions, associated with increased disease susceptibility, each
of the individual genes providing only a very minor effect
(19, 20). Interestingly nearly all of the gene regions identified
so far contain genes involved in immune mechanisms, which
is in line with clinical, immunological, and neuropathological
data defining MS as an immune mediated disease. Importantly,
within the familial risk in multiplex families there is no
clear discrimination between the different MS courses. Thus,
within the same family different patients may develop relapsing,
secondary or primary progressive MS, although the concordance
rate of clinical courses is moderately increased in siblings of the
PPMS cohort (21, 22). In line with these observations, so far no
clear differences in genetic associations became evident between
PPMS and other disease forms in genome wide association
studies (23). However, recent studies suggest that different genes
may be associated with relapse risk vs. the speed of EDSS increase
(24) and genetic variants, described to be pathogenic in some
neurodegenerative diseases, have been identified in a (small)
subset of patients with PPMS, but not in patients with other
disease courses (23). One of these examples is a variant of a
gene involved in transcriptional regulation (NR1H3), which was
only found to be associated with PPMS, but not with other
disease forms (25). This observation, however, also highlights a
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caveat regarding the interpretation of such data, since it has not
been confirmed in a detailed analysis of the much larger dataset
(26). Overall, however, these data indicate that there is a basic
polygenic pattern determining the global MS risk and this is
the same for all disease courses and involves immune mediated
mechanisms (27), while the development of progressive disease
may be additionally fostered by genetic variants associated with
lipid metabolism or neurodegeneration. However, this may not
apply for all, but only for a small subset of patients with PPMS.

IMMUNOLOGY AND BIOMARKERS

Many immunological studies have been performed with the
aim to identify MS specific biomarkers and disease mechanisms
and to find markers able to predict clinical disease course
and outcome. These data are summarized in comprehensive
recent review articles (28, 29). Besides MRI and markers related
to therapy (induction of blocking antibodies) or JC virus
infection, they include markers for neurodegeneration, such as
neurofilaments, markers for astrocytic activation (e.g., chitinase
or GFAP). Neurofilament protein detected in the serum or
cerebrospinal fluid appears to be a good marker for the extent of
active neurodegeneration, but this is not MS specific. Chitinase
may be a good marker for active disease in relapsing remitting
disease, reflecting the degree of astrocyte activation, or damage
in active lesions.

So far the highest clinical relevance is reported for the
presence of intrathecal immunoglobulin synthesis, reflected by
an increased IgG index and oligoclonal bands. It is associated
with MS with high sensitivity, but found also in other (chronic)
inflammatory diseases of the central nervous system (30).
Regarding PPMS its presence is an important paraclinical
marker for diagnosis and, thus, detection of intrathecal IgG
synthesis has been re-introduced into the new diagnostic criteria
(31). Cytokines, chemokines, and adhesion molecules have
been analyzed and a comprehensive immunophenotyping of
inflammatory cells in the cerebrospinal fluid has been performed
as well. Overall these studies showed increased levels in MS serum
and CSE being most significantly altered in patients with (active)
RRMS followed by patients with SPMS and PPMS (32-34). These
markers have some clinical value for diagnosis and monitoring of
disease activity, but none of them have turned out to specific for
MS. In addition, so far no specific serum or CSF marker profile
has been identified, which allows the distinction between SPMS
and PPMS.

To overcome this problem, the question regarding potential
biomarkers for MS diagnosis and clinical subtypes has recently
been approached with an innovative technology. By using
an unbiased simultaneous screening for the concentration
of 1.128 proteins together with new machine learning and
bioinformatics technology, CSF protein profiles were established
in a large sample of patients with RRMS, SPMS, and PPMS
and the findings were compared with those seen in patients
with other inflammatory and non-inflammatory CNS diseases
(35). Using these new tools profiles were detected, which
allowed to differentiate between MS and other inflammatory or

non-inflammatory CNS diseases and to clearly separate RRMS
from progressive forms of the disease. However, no significant
differences appeared in the comparison between SPMS and
PPMS. Deciphering the biomarker profile defined important
pathogenic pathways. The protein profiles, which allowed the
best differentiation between MS and other inflammatory CNS
diseases, were those related to B-cell and Plasma cell function.
This may represent an independent confirmation of the long
standing observation that intrathecal immunoglobulin synthesis
occurs in MS patients (30, 36). However, it also is in line
with observations from pathology, that the contribution of B-
cells differentiates MS lesions from non-MS inflammatory brain
diseases better than it is the case for T-cell subsets or the
activation of macrophages and microglia (37, 38). However,
this profound B-cell component in the inflammatory response
may not be specific for MS, since it is apparently also seen in
certain other chronic human inflammatory diseases of the central
nervous system, such as neurotuberculosis, borreliosis, lues, and
others (39-41).

The CSF protein profiles most significantly associated with
progressive MS were related to the formation of tertiary lymph
follicles, and these markers were also associated with the extent
of subpial cortical demyelinating pathology (42). Other markers
being prominent in patients with progressive disease were related
to innate immunity activation and oxidative injury as well as
markers, which reflect neuronal and axonal injury, such as for
instance neurofilament protein (42-44).

In another approach an un-biased metabolomic plasma
profiling has been performed in PP vs. RRMS patients and the
data were further compared to those obtained from patients
with Parkinson’s disease and healthy controls (45). The most
dramatic metabolic changes were seen in PPMS patients and
were mainly related to decreased profiles of glycerophopholipids
and linoleic acid metabolism. These changes were not only
present in the global MS population in comparison to controls,
but even allowed to discriminate PPMS from RRMS. SPMS
patients were not included in this study. It remains unresolved,
whether these lipid changes just reflect the higher degree of
global demyelination and neurodegeneration in progressive MS
vs. RRMS. In addition, information on these lipid changes in
proper disease controls with brain inflammation, demyelination
or neurodegeneration is very limited.

Overall the immunological and metabolic data suggest
that there are quantitative differences in immunological
and neurobiological marker profiles between relapsing and
progressive MS, which indicate that inflammation (systemic
and intrathecal) is more pronounced in patients with relapsing
disease and neurodegenerative events are more severe in the
progressive stage of the disease. However, such differences
vanish, when SPMS and PPMS patients are directly compared.

NEUROPATHOLOGY AND
IMMUNOPATHOLOGY

There are several pathological hallmarks, which distinguish MS
from other diseases of the central nervous system (1). The
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and blood brain barrier injury: Hochmeister et al. (48).

FIGURE 1 | Active Lesions in early MS (acute and RRMS). (A) The dominant pathology in early MS is the presence of focal confluent demyelinated lesions in the white
matter, many of them being in the stage of activity; section of a patient with acute multiple sclerosis, stained for myelin by immunohistochemistry for proteolipid
protein. Magnification bar: 1 mm. (B) The classical active lesions in early MS develop around a central vein with inflammatory infiltrates, composed of CD8% T-cells
(red), CD20 positive B-cells (green), and few plasma cells (blue). While B-cells and plasma cells mainly remain in the perivascular space, the CD8* T-cells also diffusely
infiltrate the lesion parenchyme. The lesion (blue) is massively infiltrated by macrophages. Many of the lymphocytes are in the process of passing the vessel wall and
this is associated with profound blood brain barrier leakage. This results in profound edema, which expands beyond the area of active demyelination (light blue). (C-E)
Myelin staining (immunocytochemistry for proteolipid protein) shows patchy areas of active demyelination, which is associated with dense infiltration of the tissue by
macrophages (D,E). (F, G) Immunohistochemistry for the T-cell marker CD8 shows perivascular accumulation of T-cells, and their diffuse infiltration of the lesion
parenchyme. (H) The perivascular inflammatory infiltrates contain numerous CD20% B-lymphocytes. (I,J) Staining for IgG reveals massive leakage of the blood brain
barrier and only a small number of IgG containing plasma cells in the perivascular space (I); the profound blood brain barrier leakage is also reflected by extensive
leakage of fibrinogen through the inflamed vessels (J). (K) A subset of macrophages expresses the activation marker CD163, a feature which is typically found in
active MS lesions. The magnification bars in the figures (C,G,l) represent 100 um. Similar histological images as shown in this figure have been previously published.
Structure of the lesions: Frischer et al. (46); Inflammatory reaction: Frischer et al. (47); Machado Santos et al. (37); Microglia and macrophages: Zrzavy et al. (38); Fibrin

most specific pathological changes are focal lesions with primary
demyelination and astrocytic scaring, which develop on the
background of a chronic inflammatory process (Figure 1). These
lesions are not restricted to the white matter, but are also
abundant in the gray matter of the cortex, the deep brain

stem nuclei and the spinal cord (49-51). Primary demyelination
means that myelin sheaths and their supporting cells, the
oligodendrocytes, are destroyed, while axons are at least in part
preserved. However, axonal and neuronal injury in gray and
white matter lesions is pronounced. When it passes the threshold
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of functional compensation its extent is currently the best
pathological predictor for permanent neurological deficit in the
patients (52). Focal demyelinated lesions in the white and gray
matter can be partly or completely repaired by remyelination,
although the degree of remyelination is highly variable between
patients (53, 54). In addition to these focal changes, diffuse
neurodegeneration is present in the normal appearing white
and gray matter, which results in brain atrophy, reflected by
profound focal and diffuse loss of brain and spinal cord volume.
All these changes are present in all MS patients, but their relative
contribution to the global pathology varies between different
patients and different forms, courses, or stages of the disease.

Inflammation

MS is a chronic inflammatory disease of the central nervous.
Inflammation, characterized by the presence of perivascular T-
and B-lymphocytes and their dispersion into the parenchyma, is
most pronounced in patients, who have died in early stages after
disease onset and declines with age of the patients and disease
duration [(47); Figure 1]. However, even in the progressive stage
of the disease pronounced inflammation is present, which is
quantitatively in the range of other acute and chronic infectious
or inflammatory diseases and massively exceeds that seen in
patients with metabolic or neurodegenerative diseases (37). In
progressive disease pronounced inflammation is mainly seen in
those patients with clinical or radiological evidence of disease
activity or of ongoing disease progression during the last months
or year (Figures 2, 3), while in patients with stable disease during
the last year prior to death and/or at very late disease stages tissue
infiltration by leukocytes may decrease to levels present in age
matched controls (47). In these patients ongoing active axonal
injury, detected by focal accumulation of amyloid precursor
protein as a marker for disturbance of fast axonal transport,
has also declined to the levels seen in age matched controls
(47). This adaptive inflammatory process is associated with
microglia activation and infiltration of the tissue by macrophages,
which is most extensive at sites of active demyelination and
neurodegeneration, but, in particular in patients with progressive
disease, diffusely affects also the normal appearing white and gray
matter.

Similarly as in other chronic inflammatory diseases of the
human CNS, inflammatory cells from the adaptive immune
system mainly consist of MHC Class I restricted CD8" T-cells,
while MHC class II restricted CD4™ T-cells are rare or even
absent [(55, 56); Figure 1]. These T-cells display the phenotype
of resident memory cells and show focally restricted activation
within active lesions (37, 57). It has been suggested from
experience obtained in models of autoimmune encephalomyelitis
that CD4™ T-cells are the major drivers of the inflammatory
process, a concept that is also supported by the genetic
association of MS with MHC class II haplotypes and of molecules
involved in the regulation of MHC Class II restricted T-cell
mediated inflammation (27). However, at the time, when new
lesions and neurodegeneration appear in the nervous system,
only sparse or even no CD4" T-cells are present in the tissue
(37, 57). Thus, CD4™ T-cells may be involved in the initiation of
the immune response in MS patients, but less in the effector stage

FIGURE 2 | Inflammatory reaction in the brain of patients with progressive MS
and its relation to active demyelination and neurodegeneration. The
inflammatory reaction in the brain of patients with progressive MS is mainly
seen in the large connective tissue spaces of the meninges and the
periventricular Virchow Robin spaces. These inflammatory sites mainly contain
CD81 T-cells, a major component of CD20" B-cells and a variable number of
plasma cells and may in their most severe manifestations become organized in
structures with features of tertiary lymph follicles (green dots). In addition there
are perivascular cuffs mainly composed of CD8% T-cells, which are more
broadly dispersed within the white matter of the brain (red dots). Inflammation
with T-cells, B-cells and Plasma cells (green dots) is associated with slow
expansion of demyelinated lesions, defined by a rim of activated microglia
cells, which in part contain early myelin degradation products in the cortex and
the white matter (thick blue lines). Active demyelination and diffuse tissue injury
occurs at a distance from the lymphocytic infiltrates and may, thus, be
propagated by a soluble demyelinating or neurotoxic factor. Inactive plaques
(thin green lines) can still be centered by a vein with a dominant infiltrate by
CD8* T-cells (red dots).

of brain inflammation, immune mediated demyelination and
neurodegeneration. In contrast to many other acute of chronic
inflammatory brain diseases, cells from the B-cell lineage are
a major component of the adaptive immune inflammation in
the brain and spinal cord of MS patients (37). They consist in
the early stage and in early lesions mainly of CD20" B-cells,
while during lesion maturation and in the progressive stage of
the disease plasma-blasts and plasma cells dominate (37, 47).
Their possible role in the propagation of demyelination and
neurodegeneration is indicated by the highly effective therapeutic
response of MS patients in clinical trials targeting B-cells by
antibodies against CD20 (58, 59). B-cells in MS lesions may
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FIGURE 3 | Slowly expanding lesions in the progressive stage of MS in the cortex and the white matter. (A) Active cortical lesions are associated with inflammatory
infiltrates in the meninges, which are composed of CD8* T-cells (red), CD20F B-cells (green) and plasma cells (blue). Active demyelination occurs at a distance of the
inflammatory infiltrates and is associated with activated microglia (blue lesion rim). The lesions gradually expand from the pial surface of the cortex toward the depth of
the gray matter. Lymphocyte infiltrates are rare or completely absent in the cortical tissue and in particular at the zone of active demyelination. It is suggested that

the inflammatory infiltrates in the meninges produce a soluble factor, which induces demyelination and neurodegeneration either directly or indirectly through microglia
activation (arrows). (B) In slowly expanding lesions in the white matter T-cell, B-cell and plasma cell infiltrates are present in the large perivascular Virchow Robin
spaces. Active demyelination and neurodegeneration occurs at a distance and is associated with microglia activation. Also in these lesions it is suggested that
demyelination and neurodegeneration is driven by a soluble factor, produced by the perivascular lymphocytes or plasma cells (arrows). (C-F) Active cortical lesion in a
patient with progressive MS. Subpial myelin is completely lost in an area with meningeal inflammation (C); CD8 T-cells are present in the meningeal infiltrates, but do
not enter the cortical parenchyme (D); The meningeal infiltrates also contain IgG positive plasma cells (E), there is however no indication of IgG leakage from the
vessels into the tissue, suggesting an intact blood brain barrier. Activated microglia and macrophages are seen at the site of active demyelination in the depth of the
gray matter (F). (G,H) Slowly expanding lesion in the white matter of a patient with progressive MS. The inactive plaque center contains vessels with perivascular cuffs
of lymphocytes but the active demyelination at the lesion edge is associated with a rim of activated microglia (G,H). Lymphocytes, such as for instance CD8* T-cells
and B-cells are present in the large perivascular space of the vessels, but there is little or no infiltration into the lesion parenchyme (1,J). No fibrinogen leakage is
observed around inflamed vessels, indicating intact blood brain barrier function (K). Magnification bar representative for all images: 100 wm. Similar histological images
as shown in this figure have been previously published. Structure of the lesions: Frischer et al. (46); Inflammatory reaction: Frischer et al. (47); Machado Santos et al.
(87); Microglia and macrophages: Zrzavy et al. (38); Fibrin and blood brain barrier injury: Hochmeister et al. (48).
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augment T-cell mediated inflammation for instance through
effective auto-antigen presentation, but may also have direct
effects in disease pathogenesis. In this line some data suggest that
B-cells within the central nervous system of MS patients produce
factors that can trigger demyelination and neurodegeneration in
vitro (60, 61). In addition, however, plasma cells in MS lesions
express interleukin 10, suggesting a potential regulatory role (37).

It has been suggested that lymphocyte infiltration is less
pronounced in patients with primary progressive compared
to secondary progressive MS (62), but this observation was
restricted to the analysis of focal white matter lesions and based
on a limited number of patients only. It was not confirmed in
a more recent study (47). In addition, a major component of
the inflammatory response accumulates in the large Virchow
Robin spaces of periventricular veins (63) and in the meninges,
where they may form inflammatory aggregates, which in the
most severe variants reveal the structure of tertiary lymphatic
follicles (64). Some studies described a lower degree of meningeal
inflammation and in particular the absence of tertiary follicle
like structures in the meninges of PPMS in comparison to SPMS
patients (65, 66), but this was not the case in PPMS patients with
rapid disease progression in other studies (49, 67).

Focal White Matter Lesions

The inflammatory process in MS is associated with the formation
of different focal lesion types in the white matter of the brain and
spinal cord. They include classical active lesions with pronounced
blood brain barrier injury, chronic active or slowly expanding
lesions with a low degree of demyelinating activity at the lesion
edge and no major blood brain barrier damage, inactive lesions
and remyelinated shadow plaques (46, 68, 69). While classical
active focal white matter lesions are most numerous in patients
with early disease (acute and relapsing MS; Figure 1), they
become rare in the patients who have entered the progressive
stage. In the latter patients slowly expanding or chronic active
lesions contribute on average 30% of all focal demyelinated or
remyelinated plaques [(46); Figure 3]. Their speed of expansion
is very low and longitudinal follow up for several years is
necessary to document their enlargement at 7T MRI (70). MRI
studies indicate that focal white matter lesions are less abundant
in patients with primary vs. secondary progressive MS (71,
72). However, very large neuropathological studies on more
than 300 patient autopsies did not reveal significant differences
between PPMS and SPMS patients in the global extent of white
matter plaques or the relative incidence of different focal white
matter lesions, such as active, chronic active (slowly expanding),
or inactive plaques (46, 69). This discrepancy between MRI
and pathology data may in part be due to a sampling bias
in pathology, where the selection of tissue areas for detailed
analysis is focused on brain areas with macroscopically visible
lesions. In this line, a study focusing on the analysis of very
large hemispheric and double hemispheric MS brain section
showed a lower incidence of active white matter lesions and
more remyelinated plaques in the brain of patients with PPMS
compared to SPMS, but this study was based on a rather small
sample of patients (73).

The issue is further complicated by the observation of
a subset of MS patients, who present with a cortico/spinal
variant of multiple sclerosis. In these patients focal demyelinated
white matter lesions are present only in the spinal cord
and are associated with extensive cortical demyelination and
neurodegeneration (74). They were present in cohorts of
SPMS as well as of PPMS. Such patients show diffuse mainly
periventricular white matter abnormalities in the brain in
MRI. The nature of these diffuse white matter abnormalities
is currently unresolved, but may be due to a combination of
diffuse white matter inflammation, secondary degeneration due
to neuronal loss in the cortex and age related comorbidity, such
as small vessel disease [leukoarayosis; (74), see Figure 1 in (67)].
An extreme variant of this scenario appears to be a condition,
designated as cortical variant of MS, which appears to be due
to severe cortical damage with only very sparse and small white
matter lesions in the brain and spinal cord (67, 75).

Demyelination in the Gray Matter

Cortical lesions, present in the forebrain, the cerebellum, and the
hippocampus, have recently been identified as a major substrate
of MS pathology [(49, 65, 66, 76-78); Figure 3]. More than 90%
of cortical lesions can be visualized by post mortem scanning
of the brain by high field magnetic resonance imaging using
very long imaging times (79, 80). However so far, their detection
in the living patients in vivo is very incomplete, depicting only
an estimate of 10-15% of cortical demyelination, even when
ultra-high field MRI is applied (81). Most lesions depicted in
MRI are cortico/subcortical or intra-cortical, while the most
abundant subpial lesions largely remain unrecognized. Cortical
lesions, including the subpial lesions, may already arise in the
early stages of MS, being present in brain biopsies or autopsies
of patients with a disease duration of weeks to months (82), but
the number and size increases with disease duration, thus being
most extensive in patients with progressive disease (49). So far no
significant differences in the incidence and size of cortical lesions
have been observed between patients with primary or secondary
progressive disease.

As discussed above, subpial cortical lesions are associated with
meningeal inflammation (Figure 3). Meningeal inflammation is
present in the form of diffuse infiltrates or of inflammatory
aggregates containing densely packed T-cells, B-cells, and
Plasma cells, which in most severe forms resemble tertiary
lymphatic follicles (64). The severity of meningeal inflammation
correlates with the extent of subpial cortical demyelination and
neurodegeneration (83). Neuropathology, based on a limited
number of cases, indicated that tertiary lymph follicles in the
meninges are a feature of patients with secondary progressive
disease (65), being absent in patients with primary progressive
MS (66). However, this does not appear to be the case in
PPMS patients with rapid disease progression (49). Furthermore,
the presence of tertiary lymph follicles is not mandatory for
active cortical demyelination, since active cortical lesions are also
present in cases with lower degree and more diffuse meningeal
inflammation.

While lymphocytes and plasma cells are restricted to the
meninges, active cortical demyelination occurs in an outside/in
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gradient and is associated with microglia activation at the site of
active myelin destruction (49, 84). These observations indicate
that active demyelination and neurodegeneration in the cortex
may be driven by a soluble factor, produced in the meningeal
inflammatory infiltrates, either directly or indirectly through
microglia activation (42, 84, 85). The existence of such a soluble
demyelinating or neurotoxic factor has been described in the
serum and cerebrospinal fluid of MS patients decades ago (86)
and it seems to be produced by B-lymphocytes (60, 61). Although
the nature of the demyelinating or neurotoxic factor has so far not
been identified, several potential candidates have been suggested,
including ceramide (87) or semaphorin 4A (88).

Cortical demyelination is accompanied by profound axonal
and neuronal degeneration (50, 89). It results in profound
neuronal loss following a gradient from the meningeal surface
toward the depth of the cortical ribbon (84). Although neuronal
loss in the cortex is highest in demyelinated lesions, it is also
present in the normal appearing cortex (74).

Other gray matter areas, affected in the disease process of
MS are the deep gray matter nuclei, including the thalamus,
hypothalamus and basal ganglia as well as the gray matter of
the spinal cord (50, 90, 91). As in the cerebral cortex these
structures contain focal demyelinated plaques, but active lesions
at these sites are not associated with meningeal, but perivascular
inflammation. As in cortical lesions, active demyelination
expands at a distance from the lymphocytic perivascular
infiltrates and is associated with microglia activation. In contrast
to cortical lesions, demyelinated plaques in deep gray matter
nuclei are already present at early stages of MS and their number
and size only moderately increases with disease duration (50). In
addition to the presence of focal demyelinated lesions there is
also a profound diffuse neuronal loss within the deep gray matter
nuclei, associated with inflammation and oxidative injury, which
may reflect augmentation of oxidative injury by the high iron
content in the deep gray matter nuclei (50).

Diffuse Injury in the Normal Appearing
White and Gray Matter

Diffuse injury in the normal appearing white matter is prominent
in the MS brain and spinal cord, in particular in patients in the
progressive stage of the disease. It consists of small perivascular
inflammatory infiltrates, some diffuse infiltration of the tissue,
predominantly by CD8" T-lymphocytes, diffuse axonal injury
with secondary demyelination, reactive astrocytic scaring and
global microglia activation. The average axonal loss in focal white
matter lesions is in the range of 60% (52, 92, 93). The extent of
cortical demyelination in the brain of patients with progressive
MS is extensive (49) and can affect in extreme cases up to 90%
of the cortical ribbon. Within the cortical lesions, but also in
the surrounding normal appearing cortex, neuronal loss is seen,
which may reach up to 60% of cortical nerve cells (84). Thus, a
major part of the axonal neurodegeneration in the white matter
appears to be due to secondary Wallerian degeneration as a
consequence of axonal trans-section in plaques and neuronal
loss in the gray matter (94). Wallerian tract degeneration in the
human brain is a very slow process, reflected by the presence of

degenerating axons even months after the focal trans-section in
a lesion. Thus, ongoing axonal demise in the normal appearing
white matter in the absence of lesions with active demyelination
may to a major part reflect secondary anterograde or retrograde
degeneration as a consequence of axonal or neuronal damage,
that has occurred even months before.

Alternatively, difftuse neurodegeneration in the normal
appearing gray and white matter may occur independently of
focal lesions. Diffuse axonal damage in the normal appearing
white matter of the spinal cord has been shown to be associated
with inflammation in the meninges (95) and a similar process
may trigger neuronal loss in the normal appearing cortex. In
addition, age related neurodegeneration and comorbidities, such
as vascular pathology and subsequent diffuse hypoxia are likely
to be additional factors, driving diffuse neurodegeneration in the
brain of patients with progressive MS (50).

Some studies have shown profound diffuse myelin lipid
changes in the normal appearing white matter of patients with
progressive MS. This can be visualized by myelin imaging in MRI
as well as by neuropathological or biochemical analysis (96, 97).
Overall, these changes consist of diffuse myelin abnormalities and
diffuse alterations in phospholipids, and it was suggested that
these changes reflect a metabolic disturbance of myelin, which
may be the primary cause of MS or amplify myelin damage (98).
An alternative explanation is that these changes reflect Wallerian
degeneration, since they are associated with diffuse axonal injury
in pathology.

All these diffuse changes in the normal appearing white and
gray matter are increasing with age and disease duration of
the patients and are, thus, most pronounced in patients with
progressive disease. So far, however, they have been seen in
similar extent in patients with PPMS and SPMS.

PATHOGENETIC IMPLICATIONS

All the data discussed above show that there are differences
in clinical disease, pathology and immunology between the
relapsing and the progressive stage of MS. However, when
primary and secondary progressive MS are compared with each
other no qualitative differences become apparent, but there
are some quantitative differences in the presence of focal and
active classical white matter lesions and the global degree of
inflammation, being lower in PPMS compared to SPMS. The key
issue, however, is to explain the difference between early acute
and relapsing MS and the progressive disease stage.

Overall these differences could be explained by acknowledging
that there are two different types of inflammation in MS patients
(Figures 1-3). The first, which is associated with the formation
of new focal lesions mainly in the white matter, is the focal bulk
invasion of inflammatory cells into the brain, which is associated
with a major disturbance of the blood brain barrier. Like in
experimental models of brain inflammation, such as for instance
autoimmune encephalomyelitis, lymphocytes enter the brain in
the course of immune surveillance, and when they recognize
their cognate antigen within the central nervous system, they
may become activated, produce a variety of pro-inflammatory
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mediators and recruit additional cells and serum components
through the impaired blood brain barrier (99). It has originally
been thought that this process is mediated by MHC Class II
antigen restricted CD4" T-lymphocytes. However, as discussed
above, more recent neuropathological data and experience from
therapeutic trials do not support their dominant role in patients
with established disease. Instead, CD8" T-cells or CD20" B-cells
may be more important at least at the stage, when the lesions arise
or expand in the brain and spinal cord.

The mere presence of T- and B-cells in the brain of MS patients
alone does not allow conclusions regarding their potential
involvement in the disease process. The CD8' T-cells in the
MS brain show the phenotype of tissue resident memory cells.
They could have entered the brain and spinal cord as disease-
unrelated bystander cells during disease activity and persist as
tissue resident memory cells without any direct involvement in
the disease process. Support for this view comes from a recent
study, showing that similar CD8™ tissue resident memory T-cells
without signs of activation also populate in small numbers the
brain of normal controls and patients with neurodegenerative
disease (100). Similarly, a major component of the intrathecal
antibody response in MS patients is directed against measles,
rubella and varicella zoster virus (101), possibly reflecting the
B-cell repertoire at the time of their recruitment into the
inflammatory brain lesions. However, in contrast to controls
the CD8" T-cells in the MS brain focally proliferate and show
signs of activation (37, 57) or clonal expansion (102), indicating
local antigen recognition. Such cells could either promote
disease or have regulatory function. Although they do not
express interleukin 10 or TGF-83, a regulatory function through
interferon-y of perforin mediated mechanisms, as suggested
to operate in a mouse model of EAE cannot be excluded
(103, 104). However, in the MS brain these cells are associated
with active demyelination and neurodegeneration, indicating a
disease promoting role in the lesions (37, 57). Regarding B-cells
the therapeutic effect of anti-CD20 antibodies supports their
pathogenetic role in MS patients. However, plasmablasts and
plasma cells within the MS lesions highly express interleukin 10
(37) suggesting that these cells may ameliorate inflammation.
Thus, the role of cells derived from the B-cell lineage in MS lesion
may depend upon their stage of differentiation in different types
or activity stages of the lesions (105, 106).

The acute inflammatory process may lead to focal areas
of primary demyelination with variable axonal injury, mainly
accomplished by activated microglia and macrophages and
possibly also by specific antibodies and may give rise to the
appearance of different types of active focal MS plaques (107).
One possible pathogenic demyelinating autoantibody is directed
against myelin oligodendrocyte glycoprotein (MOG), which,
however, is present in patients with a disease that turned out to
be different from MS (108). In addition, antibodies binding to
the surface of oligodendrocytes and astrocytes (109, 110) have
been found in MS patients, but the molecular nature of the target
antigen is so far undefined. The acutely recruited and activated
lymphocytes are in part destroyed by programed cell death (37)
and microglia and macrophages are transformed in part into
an anti-inflammatory phenotype (38). Thus, these lesions may

become inactive and a subset of them may even be repaired by
remyelination (53). New bouts of the disease (also termed disease
activity in clinical terms) will then be induced by new waves of
T-cells and B-cells, focally entering the brain in association with
blood brain barrier damage, a process termed “disease activity” in
clinical and imaging studies (2).

The second pattern of inflammation in the MS brain is
an inflammatory reaction, which accumulates in the large
connective tissue spaces of the brain and spinal cord, dominantly
affecting the meninges (111) and the large periventricular
Virchow Robin spaces (63). Clearance of T- and B-cells from
the central nervous system by apoptosis is highly effective
for those cells, which penetrate the brain tissue, but is only
minor or absent in lymphocytes present in the perivascular and
meningeal connective tissue (112). The phenotype of CD8" T-
cells in these chronic lesions is similar to that of tissue resident
memory T-cells, which are largely present in an inactive stage,
but show focal spots of activation (37, 57). Regarding cells
of the B-cell lineage, CD20 positive cells are most frequent
in active lesions, but the majority of cells present in chronic
lesions are plasmablasts and plasma cells (37). In the meninges
and perivascular space this inflammatory reaction is present
diffusely but it may form focal aggregates or structures, which
resemble tertiary lymph follicles with clearly separated T-cell, B-
cell and plasma cells areas (111). In contrast to the inflammatory
reaction in classical active white matter lesions blood brain
barrier damage is minor or absent in this compartmentalized
inflammatory reaction in chronic MS (48). The meningeal and
perivascular infiltrates are associated with slow expansion of
pre-existing focal white matter lesions, with subpial cortical
demyelination and with diffuse damage of the normal appearing
white and gray matter, which are the changes typically found in
the brain and spinal cord of patients with active demyelination
and neurodegeneration in the progressive stage of the disease
(113). Tissue injury may at least in be part mediated by a cascade
involving microglia and macrophage activation, oxidative injury
and mitochondrial damage (5). All these data indicate that
demyelination and neurodegeneration in MS is driven by the
inflammatory process in all disease stages. However, it is unlikely
that inflammatory T- and B-cells interact by direct contact with
the specific target cells. More likely, soluble factors, produced by
the inflammatory cells, may exert tissue damage either directly
or indirectly by the activation of microglia or macrophages
(84, 85).

These two types of inflammation occur in parallel in patients
with relapsing as well as progressive disease. However, classical
active plaques with inflammation and leaky blood brain barrier
are most frequent in the early disease stages and then decline
with age and disease duration in patients with progressive disease
and are even less frequent in particular in patients with primary
progressive disease (46, 69, 73). It is so far not clear, whether these
two different types of inflammation reflect immune reactions
to different target antigens within the brain or just represent
inflammatory reactions to a single antigen. To answer this
question, knowledge on the specific target antigens for T-cells
and B-cells in the MS brain is required, but so far lacking
(6,7).
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In summary, inflammation in the brain and spinal cord
is present in all patients with active disease, reflected by
classical active lesions in the early disease stages and by
slowly expanding lesions in the white and gray matter and
ongoing neurodegeneration in the progressive stage of the
disease. The dominant inflammatory cells are CD8" T-cells
with proliferenation and activation in early stages of classical
active lesions and a phenotype of tissue resident memory cells
with focal activation in lesions with ongoing demyelination and
neurodegeneration in the progressive stage. Numerous CD20"
B-cells are found in perivascular and meningeal inflammatory
aggregates in relation to lesion activity in all disease stages, but
they apparently transform into plasmablasts and plasma cells in
the course of lesion maturation. Depending on the lesion stage
lymphocytes may play a role in the induction of tissue damage or
have regulatory function. Demyelination and neurodegeneration
takes place at a distance from the T- and B-lymphocytes and
is associated with activated microglia and macrophages. The
structure of active lesions suggests that tissue damage is driven by
a soluble factor, produced by lymphocytes. Neither the molecular
nature of the soluble factor nor the antigen specificity of the
infiltrating T- and B-cells has been identified so far.

ARE DIFFERENT COURSES OF MS
REPRODUCED IN EXPERIMENTAL
AUTOIMMUNE ENCEPHALOMYELITIS?

Experimental autoimmune encephalomyelitis (EAE) is an acute
or chronic neuro-inflammatory disease of the brain and spinal
cord, induced by sensitization of animals with tissue or specific
antigens of the central nervous system. The value and limits
of different EAE models for MS research has recently been
reviewed in detail (99), and therefore only few points directly
related to the current topic are mentioned here. EAE can be
induced in most, if not all, mammalian species including humans
and leads to an inflammatory disease, which, depending upon
the model, is associated with focal plaques of demyelination
and/or diffuse neurodegeneration. The respective experimental
models provide excellent tools to elucidate basic mechanisms
of brain inflammation and immune mediated tissue injury
in the central nervous system, mediated by different T-cell
populations and components of the innate immune system. Most
importantly, many anti-inflammatory or immunomodulatory
therapies, which have been proven effective in MS patients, have
been developed with the help of EAE models. However, the value
of these treatments in patients, who have reached the progressive
stage of MS, is limited. In addition, effective anti-inflammatory
treatments in MS so far target many different immune
cells simultaneously, including different T-cell populations, B-
lymphocytes and in part also macrophages, while treatments
selectively directed against the MHC Class II restricted CD4™
T-cell population, which drives inflammation in most EAE
models, have so far not provided significant beneficial effects
(99). Furthermore, the nature of the inflammatory response and
the mechanisms of demyelination and neurodegeneration in
the lesions are different between MS and EAE, and so far no

EAE model is available, which reproduces the specific clinical
and neuropathological features of progressive MS (99). Thus,
despite the undisputed value of EAE for basic research related to
mechanisms of brain inflammation and immune mediated tissue
injury, their value as models for MS is limited and the elucidation
of specific mechanisms related to MS pathogenesis depends
on the analysis of the human disease itself. However, EAE
models induced by sensitization with myelin oligodendrocyte
glycoprotein (MOG) in rats and primates are perfect models
for MOG auto-antibody associated inflammatory demyelinating
disease (99), which however is a disease distinctly different from
MS (108).

FUTURE PERSPECTIVES OF MS
RESEARCH

There are at present a number of key questions, which require
focused attention:

1) One key point is to elucidate the function of tissue resident
memory CD8' T-cells, which are the most abundant
inflammatory cells in MS lesions. Further studies are
necessary to define their activation stages, their molecular
profiles and their functional role in MS lesions in relation
to active tissue damage, clearance of tissue debris and tissue
repair. CD8" resident memory cells have originally been
defined and functionally characterized in experimental
models of virus induced disease (114, 115). It is unlikely
that such cells will develop in a condition of classical
autoimmunity, when they are directed against an antigen,
which is ubiquitously present within the target tissue
and is not eliminated in the course of the inflammatory
response. Thus, it will be of critical importance to
identify the specific antigen(s), which are recognized
by tissue infiltrating T- and B-lymphocytes within MS
lesions at different stages of lesion formation and disease
development (7).

Accumulating evidence supports an important role of CD20
positive B-lymphocytes in MS pathogenesis. Although their
role may in part be related to the augmentation of T-cell
mediated inflammatory responses (116), for instance through
effective antigen presentation, an (additional) more direct
involvement in the inflammatory process is likely (see above).
In addition, they may have disease promoting or regulatory
functions, dependent on their differentiation stage in the
evolution of the brain lesions. Functional studies so far have
concentrated on the production and pathogenic involvement
of (auto) antibodies, but little is known regarding the role of B-
cells themselves in the process of immune surveillance of the
normal brain, in brain inflammation and in immune mediated
tissue injury.

Another key feature, which is not well-reproduced in models
of EAE is cortical demyelination, associated with meningeal
inflammation. The only EAE models, which show MS like
cortical demyelination are those, which are mediated by a
combination of an encephalitogenic T-cell response in concert
with a demyelinating antibody response against myelin

2)

3)
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4)

oligodendrocyte glycoprotein [MOG, (99, 117)]. Despite
extensive search the identification of MS-specific target
antigens for demyelinating antibodies was not convincingly
successful up to now.

Most evidence from pathological studies suggests that
demyelination and neurodegeneration in MS is driven by
the inflammatory cells, but that these processes are not
directly induced by cellular contacts. In addition, plaque
like primary demyelination is a specific feature of MS, not
seen in other inflammatory conditions of the brain and
spinal cord with the exception of diseases with viral infection
of oligodendrocytes (89). Evidence from expanding cortical
lesions and slowly expanding white matter lesions suggest
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that demyelination and neurodegeneration is driven by an
MS specific soluble factor, produced by inflammatory cells,
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Our pathophysiological concept of the most common central nervous system
demyelinating disease, multiple sclerosis, strikingly evolved by recent discoveries
suggesting that B lymphocytes substantially contribute in its initiation and chronic
propagation. In this regard, activated B cells are nowadays considered to act as
important antigen-presenting cells for the activation of T cells and as essential source
of pro-inflammatory cytokines. Hereby, they create a milieu in which other immune cells
differentiate and join an orchestrated inflammatory infiltration of the CNS. Without a
doubt, this scientific leap was critically pioneered by the empirical use of anti-CD20
antibodies in recent clinical MS trials, which revealed that the therapeutic removal of
immature and mature B cells basically halted development of new inflammatory flares
in otherwise relapsing MS patients. This stabilization occurred largely independent of
any indirect effect on plasma cell-produced antibody levels. On the contrary, peripherally
produced autoantibodies are probably the most important B cell component in two
other CNS demyelinating diseases which are currently in the process of being delineated
as separate disease entities. The first one is neuromyelitis optica in which an antibody
response against aquaporin-4 targets and destroys astrocytes, the second, likely distinct
entity embraces a group of patients containing antibodies against myelin oligodendrocyte
glycoprotein. In this review, we will describe and summarize pro-inflammatory B cell
properties in these three CNS demyelinating disorders; we will however also provide
an overview on the emerging concept that B cells or B cell subsets may exert
immunologically counterbalancing properties, which may be therapeutically desirable to
maintain and foster in inflammatory CNS demyelination. In an outlook, we will discuss
accordingly, how this potentially important aspect can be harnessed to advance future
B cell-directed therapeutic approaches in multiple sclerosis and related diseases.

Keywords: B cells, multiple sclerosis, central nervous system, antigen-presenting cell, cytokine secretion,
regulatory B cells, anti-CD20 therapy, neuromyelitis optica-spectrum disorders

INTRODUCTION

The fulminant clinical success of anti-CD20 antibodies in the treatment of multiple sclerosis (MS)
and neuromyelitis optica-spectrum disorders (NMO-SD) raised awareness that beside T cells, B
cells play a decisive role in their initiation, and propagation. Here, the rather immediate benefit
of anti-CD20 therapy has been mainly attributed to the extinction of B cells from the blood, but
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even more so from immunological relevant organs, such as
lymph nodes and spleen (1). In these peripheral compartments, B
cells interact with other immune cells after encountering antigen,
promote their differentiation and in turn undergo expansion
and maturation themselves (2). In NMO-SD, this peripheral B
cell activation results in a highly relevant antibody response
against CNS antigen. Consequently, most investigations focused
on elucidating mechanisms by which B cells contribute to the
pathogenesis of MS and NMO-SD in the periphery. These studies
revealed that beyond antibody production, cellular properties of
B cells such as antigen presentation and cytokine production
shape the response of other immune cells such as T cells
and myeloid cells both in a pro-inflammatory, but also in a
regulatory manner. Besides these properties in the periphery, B
cells and their antibodies probably play an important role within
the CNS, which may however substantially differ between MS
and NMO-SD.

B CELLS CONTRIBUTE AS
ANTIGEN-PRESENTING CELLS TO THE
ACTIVATION OF T CELLS

B cells are professional antigen-presenting cells (APC): they
recognize even low concentrations of antigens specifically and
constitutively express major histocompatibility complex (MHC)
class II and co-stimulatory molecules. This enables B cells to
prime T cells and in turn induces their own differentiation into
memory cells and antibody-producing plasma cells (Figure 1A).
In contrast to myeloid APC, which randomly ingest peptides,
B cells are capable of specifically recognizing, and internalizing
natively folded “conformational” protein antigens via their B cell
receptor. Subsequently, B cells process these structures to short
linearized peptides and present it to antigen-specific T cells via
MHC class II molecules. Thus, B cells are most efficient APC
when they share antigen recognition with responding T cells (3).
In genetically-altered mice containing myelin specific B and T
cells, the mere coexistence of these cells induces a spontaneous
form of experimental autoimmune encephalomyelitis (EAE) (4,
5), a commonly used murine model for human inflammatory
CNS demyelinating disorders. In the very same model, the
selective ablation of MHC class IT on B cells renders mice resistant
to disease induction (6), showing their substantial contribution
as APC to this model. However, efficient priming of naive T cells
does not only rely on peptide presentation via MHC class II, but
furthermore requires the ligation of co-stimulatory molecules,
such as CD40, CD80, and CD86. The quality of these signals in
conjunction with soluble factors shapes the emerging effector T
cell type. While for instance a strong cell-cell contact via CD40
on B cells and CD40 ligand (CD40L) on T cells is necessary for
the generation of pro-inflammatory T cells, a weaker molecular
contact induces rather regulatory T cell functions and a complete
block of CD40-CD40L interaction even prevents EAE (7, 8). In
line with these findings, B cells of active MS patients compared
to controls express increased amounts of CD40 together with
higher level of MHC class ITand CD80 (9, 10) suggesting that they
harbor an enhanced APC capacity. Furthermore, peripheral as

well as CNS B cells exhibit signs of chronic activation with a shift
toward antigen-experienced memory B cells (11, 12) pointing
toward an active involvement of B cells in MS pathogenesis.
This assumption is further corroborated by functional studies
which revealed that in a subgroup of relapsing-remitting MS
patients, B cells were capable of initiating proliferation, and
interferon-gamma (IFN-y) secretion of potentially pathogenic
CD4%t T helper (Th)l cells ex vivo (13). In summary,
these findings point toward an active involvement of B cells
in the pathogenesis of MS, potentially by activating CNS-
infiltrating T cells that in turn drive inflammation in brain and
spinal cord.

B CELLS SECRETE PATHOGENIC, BUT
ALSO REGULATORY CYTOKINES, WHICH
CONTROL OTHER IMMUNE CELLS

Besides being equipped with molecules required for direct cell-
cell contact, B cells provide a variety of cytokines for inter-
cell signaling. This is important as T cell activation does
not only rely on the strength of co-stimulatory signals, but
furthermore the cytokine milieu provided by the presenting
cell (Figure 1B). For instance, interleukin (IL)-6 secreted by B
cells fosters the differentiation of Th17 cells, while it prevents
the generation of regulatory T cells (14, 15). Thus, in a B
cell dependent EAE setting, B cell-restricted IL-6 deficiency
diminished the Thl7 response and ameliorated the disease
severity (6, 16). B cells isolated from the blood of MS patients
though exhibit an abnormal pro-inflammatory cytokine profile
when compared to healthy controls. They secrete elevated
amounts of IL-6, lymphotoxin alpha and tumor necrosis factor
alpha (TNF-a), and produce less anti-inflammatory IL-10 (11,
16). The observation that these abnormalities were apparent
upon polyclonal stimulation suggests that not only autoreactive
B cells but rather the B cell pool at large is deregulated in
individuals with MS (11, 17). Moreover, MS patients showed
an increased frequency of memory B cells that co-express the
pro-inflammatory cytokines granulocyte-macrophage colony-
stimulating factor (GM-CSF), IL-6, and TNF-a. In the small MS
cohort investigated, therapeutic removal of B cells including the
latter memory B cell subpopulation resulted in a diminished
pro-inflammatory IL-6 response by macrophages in a GM-CSE-
dependent manner (18). An observation that points toward an
inflammation-promoting potential of B cells in MS. However, a
similar investigation aiming to assess the activation of myeloid
APC in blood before and after therapeutic B cell removal in MS
and NMO patients did not reveal such uniform results. Here,
the macrophages of the study participant showed similar TNF-
a secretion before treatment initiation, but varied widely after
anti-CD20 therapy (19). This suggests that B cell depletion had a
differential effect on the activation of myeloid cells in individual
patients, with either pro-inflammatory, or anti-inflammatory
outcomes (Figure 1C). Moreover, it indicates that in a subgroup
of MS patients, B cells may exert immune regulatory functions
prior to their therapeutic removal. Indeed, B cells are not
only a relevant source of pro-inflammatory, but moreover of
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molecules on myeloid APC and their distinct secretion of cytokines.

FIGURE 1 | B cells, T cells, and myeloid cells shape each other’s immune response via direct interaction and/or secretion of cytokines. (A) B cells encounter protein
antigens specifically via their B cell receptor and present linearized peptides bound to the major histocompatibility complex (MHC) class Il to T cells. Thereby, they act
as efficient antigen-presenting cells and control the differentiation of T cells by the density of co-stimulatory molecules on their cell surface and the cytokine milieu they
provide. In turn, this interaction fosters (B) the differentiation of B cells into antibody-producing plasma cells and memory B cells. B and plasma cells secrete pro- and
anti-inflammatory cytokines, which affect the expression of co-stimulatory molecules and the production of chemokines/cytokines by myeloid antigen-presenting cells.
Vice versa, myeloid cells have an impact on B cell activity through the secretion of distinct cytokines and chemokines. (C) Myeloid antigen-presenting cells, such as
monocytes, macrophages, and dendritic cells internalize antigen randomly or opsonized antigen specifically via Fcy receptors, process them, and present the
linearized peptides via MHC class Il to T cells. They are able to induce both pro- and anti-inflammatory T cells, controlled by the expression density of co-stimulatory
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anti-inflammatory cytokines: while antigen-activated B cells
mostly secrete pro-inflammatory ones, antigen-naive B cells,
plasmablasts, and plasma cells produce relevant amounts of anti-
inflammatory IL-10, IL-35, and transforming growth factor beta
(TGF-B). In the context of EAE, adoptive transfer of IL-10-
secreting B cells for instance suppressed disease (20), while B cell-
restricted abrogation of IL-10 or IL-35 augmented its severity.
Moreover, both B cell-derived IL-10 and IL-35 were required
for physiological recovery from an acute disease flare (21, 22),
and the presence of B cell-secreted TGF-f limited the induction
phase of EAE (23). In all of these studies, augmented EAE
severity went along with an increased number of differentiated,
pro-inflammatory Thl, and Th17 cells, suggesting that anti-
inflammatory cytokines secreted by B cells were required to limit
the pathogenic T cell response during EAE. In humans, similar
regulatory B cell properties have been described (24) and are
assumed to be impaired in MS patients (11). However, further
research is required to validate this assumption and to ascertain
whether regulatory B cells are equally relevant in MS as they
are in EAE. If this proves true however, future therapies should
aim to maintain or restore regulatory B cell functions, while
targeting pro-inflammatory properties selectively; an issue that
currently available therapies cannot address (25, 26). In this
context, a promising approach may be the inhibition of Bruton’s

tyrosine kinase (Btk), an enzyme that is present in B cells, and
innate immune cells, such as myeloid APC, but not in T cells.
B cells require Btk for proper B cell receptor signaling, where
it rather modulates the signal responsiveness, than turning it
on or off (27). Thus, its inhibition does not deplete B cells, but
presumably lowers their response to B cell receptor stimuli (28).
In this way, Btk inhibition is assumed to foster the induction
and maintenance of tolerogenic B cells, while it counteracts their
antigen-mediated pro-inflammatory activation (29-31). In mice
with collagen-induced arthritis and in a murine lupus model,
both autoimmune disorders with pathogenic B cells involvement,
an orally applied Btk inhibitor reduced the amount of circulating
autoantibodies and inhibited the development of disease (32),
showing its ability to limit a pathogenic B cell response. In MS,
first phase II clinical trials testing evobrutinib (ClinicalTrials.gov
Identifier: NCT02975349), an orally applied, highly selective Btk
inhibitor, significantly reduced the number of new enhancing
T1, and new or enlarging T2 lesions when compared to
placebo (ECTRIMS Online Library. Montalban X. Oct 12, 2018;
232075). These preliminary results suggest that a monotherapy
aiming to inhibit Btk can be promising in MS. Moreover, Btk
inhibition may be suitable as maintenance therapy after initial
anti-CD20-mediated B cell depletion to avoid recurrence of
pathogenic B cells.
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B CELLS DIFFERENTIATE INTO
ANTIBODY-PRODUCING PLASMA CELLS

As mentioned before, the process of antigen presentation does
not only activate the responding T cell but in turn induces
the proliferation of the presenting B cell and its subsequent
differentiation into memory cells and antibody-producing
plasma cells. Hence, the presence of persisting oligoclonal
immunoglobulins (Ig) termed oligoclonal bands (OCB) in the
cerebrospinal fluid (CSF) of most MS patients (33-35) can be
construed as a first evidence of the pathogenic activation of
B cells in MS. More detailed investigation revealed that these
intrathecal Ig were most likely produced by plasma cells within
the CSF as the CSF Ig proteome and the Ig transcriptome of
CSF-located B cells matched with each other (36). In addition,
intrathecal B cells show signs of somatic hypermutation and
clonal expansion (37, 38) pointing toward a germinal center-
like reaction with antigen-driven affinity maturation within the
CNS. However, there is new evidence that these terminally
differentiated B cells in the CSF were not solely a product of
intrathecal maturation, but can cross the blood-brain barrier and
interact with the peripheral immune system (39-42). How this
migration though influences the maturation of intrathecal B cells
in detail and whether it affects the peripheral B cell response is
not yet fully understood. Up to now, the expression pattern of
OCB in the CSF do not have an apparent correlate in the blood,
indicating that despite the ability of B cells to exchange, antibody-
secreting plasma cells mainly accumulate within the CNS of MS
patients. However, the pathogenic relevance of these CNS-located
B cells and their products for the pathogenesis of MS is still
controversially discussed. The presence of co-localizing Ig and
complement depositions in ongoing MS lesions (43) suggests
that autoantibodies are involved in CNS injury. A assumption
that has been further fueled by studies demonstrating that
antibodies isolated from the CSF of MS patients induce axonal
damage and complement-mediated demyelination when applied
to human CNS tissue ex vivo or in vitro (44, 45). Nevertheless,
the particular antigen(s) recognized by these antibodies are still
unclear (46). Reiber et al. (47) for instance claimed that OCB
of MS patients were mostly directed against CNS-unrelated
antigens, such as rubella, measles, and varicella zoster virus
indicating an unspecific “bystander” activation of B cells. Others
however proposed autoantibodies against CNS structures, such
as myelin, astrocytes, and neuroglial cells to be part of this
intrathecal humoral immune response. They report that OCB of
MS patients contain autoantibodies against myelin basic protein
(48), myelin-associated lipids (49), contactin-2 (50), and KIR4.1
(51). However, the variety of proposed antibody specificities and
the fact that some of the aforementioned findings were not
easily reproducible by other laboratories (52-54) possibly reflect
the complexity of MS pathogenesis. Alternatively, it suggests
that MS may consist of multiple disease entities with distinct
disease driving mechanisms. In fact, the first clinical variant
of MS, which has been separated from the “core disorder”
was NMO based on the discovery of anti-aquaporin (AQP)4

autoantibodies in the patients’ blood (55, 56). AQP4 is a water
channel found both in peripheral organs such as the kidney
(57) as well as in the CNS (58). There it is mainly expressed
on the end feet of astrocytes (59, 60), most densely in the optic
nerve and spinal cord where astrocytes and oligodendrocytes
are in close proximity (61). Hence, these are the regions where
NMO lesions predominantly occur. Since AQP4 is not expressed
on oligodendrocytes themselves (58), astrocytes are suggested
to be the main target in NMO (62, 63). Corroborating this
notion, active NMO lesions contain areas of co-localizing Ig
and complement depositions with a vast loss of AQP4 and
glial fibrillary acid protein immunoreactivity that points toward
an antibody-mediated destruction of astrocytes. Older lesions
however show in addition a reduced number of oligodendrocytes
and extensive demyelination of gray and white matter (56, 64,
65) indicating that demyelination occurs secondarily in later
stages of the disease as a result of the preceding astrocyte
loss. Hence, NMO is nowadays recognized as an autoimmune
astrocytopathy (66) which is, at least in part, mediated by
autoantibodies against AQP4. Interestingly, anti-AQP4 antibody
titer are relatively low or even absent in the CSF of NMO
patients even when the corresponding antibody titer in the
blood are high (67). Furthermore, only 15-30% of NMO patients
have OCB in the CSE which in addition mostly disappear
with disease progression (68). These findings together suggest
that in NMO, B cells are in the first place activated outside
the CNS resulting in a pronounced humoral immune response
against AQP4 in the periphery. However, new data indicate
that also in NMO patients, similar to MS, B cells exchange
across the blood-brain barrier resulting in the presence of AQP4-
specific B and plasma cells both in the blood and the CSF (69).
Nevertheless, the particular trigger(s) of these astrocyte-directed
attacks and the exact sequence of B cell activation including
the circumstances under which AQP4-directed B cells and/or
antibodies gain access to the CNS to induce lesion formation
are not fully understood. Despite these pending mechanistic
issues, the diagnosis of NMO is nowadays closely tied to the
presence of antibodies against AQP4. However, some patients
with clinical features suggestive for NMO do not have detectable
anti-AQP4 antibody titers. Instead, about a third of them
produce antibodies against myelin oligodendrocyte glycoprotein
(MOG) in the blood (70-72). MOG is a transmembrane protein
expressed on the outermost lamella of the myelin sheath and
the surface of oligodendrocytes (73). Its extracellular localization
and its lack of expression in the thymus renders MOG a
plausible target for autoimmune responses (74, 75). Patients
with autoantibodies against MOG have a severe disease course
with high relapse rates, strong brainstem, and spinal cord
involvement and do hardly respond to several disease-modifying
treatments (54). Evaluation of their CSF and histological analysis
of biopsy/autopsy tissue revealed no astrocytopathy, but myelin
damage as primary injury in the CNS (1, 54, 76-78). Similar
to classical NMO, OCB occur only occasionally (79), and anti-
MOG antibodies can be found in the serum, but not in the CSF
(80, 81).

Frontiers in Immunology | www.frontiersin.org

25

February 2019 | Volume 10 | Article 201


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

Hausser-Kinzel and Weber

B Cells and Antibodies in CNS Demyelinating Disorders

PATHOGENIC INVOLVEMENT OF B CELLS
AND THEIR PRODUCTS IN THE
PERIPHERY AND WITHIN THE CNS

The occurrence of a peripheral humoral immune response
against CNS antigen is the most striking similarity between
patients with anti-AQP4 and anti-MOG antibodies. It delineates
them distinctly from MS patients, which show an accumulation
of Ig in the CSE but have no apparent reflection of these
antibody patterns in the blood. However, the pathogenic role
of these autoantibodies outside the CNS is still elusive. In
mice, it has been demonstrated that peripheral anti-MOG
antibodies foster the activation of encephalitogenic T cells in the
periphery by opsonization of otherwise unrecognized traces of
CNS antigen, which results in the induction of EAE (82, 83).
How these endogenous CNS antigens though reach the periphery
is uncertain, but presumably by being drained from the CNS
to peripheral lymph nodes along lymphatic vessels (84). Even
though it is not yet proven that this mechanism is of relevance for
the human condition, it is conceivable as antibodies isolated from
anti-MOG antibody positive patients were capable of opsonizing
human MOG (83). Furthermore, traces of myelin have been
found in cervical lymph nodes of MS patients as well as healthy
controls (85, 86) indicating that also in humans, CNS structures
can be made accessible to the peripheral immune system by this
route. Consequently, it includes the possibility that CNS antigens
are recognized and opsonized by CNS-directed autoantibodies
in the periphery. Overall, these findings suggest that anti-AQP4
antibody positive NMO as well as MOG antibody-associated
disease is primarily driven by a pathogenic B cell activation in
the periphery resulting in the generation of antibody-producing
plasma cells, again in the first place in the periphery. In contrast,
in MS, B cells probably exert their pathogenic properties both
in the periphery as well as within the chronically inflamed
CNS itself, but most probably independent of CNS-specific
peripheral antibodies. After activation, B cells migrate through
blood or lymph vessels into peripheral lymphoid organs, where
they undergo full activation and maturation. Currently available
immune-modulating MS therapies are very efficient in targeting
these peripheral immune cells, but have only little or no access to
the CNS-compartmentalized cells (87, 88). New concepts though
suggest that two, probably independent, inflammatory processes
drive CNS injury in MS, and potentially involve B cells: on
the one hand, de novo infiltration of immune cells from the
periphery into the CNS that correspond with focal inflammation,
MRI-detectable lesions, and relapses. On the other hand, chronic
progression supposedly driven by CNS-intrinsic inflammation
that is promoted by CNS-resident immune cells in conjunction
with CNS-trapped leukocytes (89). The first mechanism is
premised on abnormally activated immune cells that migrate
from lymphatic tissue, the location of their priming, across the
blood-brain barrier into the CNS. There, these leukocytes are
assumed to reactivate and contribute to the injury of axons
and glial cells (90-92) forming focal lesions. These lesions are
typically located perivascular and contain T cells, monocytes, B,
and plasma cells (93). Since anti-CD20-mediated B cell depletion
is highly efficient in preventing the formation of such focal CNS
lesions, its assumed therapeutic efficiency is mainly based on the

abrogation of the aforementioned cellular B cell properties in
the periphery, and within the perivascular space (94). Chronic
progression in contrast is characterized by gradual expansion of
consisting lesions with myelin-containing macrophages at the
lesion border, gray, and white matter atrophy as well as diffuse
aberrant inflammation of the normal-appearing white matter
(95, 96). In progressive MS, this cortical demyelination has been
further associated with B cell-rich structures in the meninges
(97, 98) as well as with plasma cell accumulation in experimental
CNS inflammation (99). These findings point toward a gradual
shift of disease-driving B cell functions from the periphery to
the CNS with disease progression. Furthermore, they indicate
that B cells may be involved—directly or indirectly—in cortical
injury. An observation that is further corroborated by the
findings of Lisak et al. (100) demonstrating that secretory
products independent of antibodies and multiple cytokines
produced by B cells of progressive MS patients are cytotoxic to
oligodendrocytes and neurons (101). In line with these results, it
is not surprising that even though anti-CD20 is highly efficient
in limiting the formation of new CNS lesions, it does not
entirely stop chronic progression. This further strengthens the
assumption that chronic CNS injury in MS is not primarily
caused by de novo infiltrating immune cells, but by an established
CNS-compartmentalized inflammation, which results in a CNS-
autonomous immune response over time.

CONCLUSION

Current research indicates that in MS, B cells contribute
to the formation of relapses as well as to the progression
of the disease independent of de novo CNS infiltration.
In contrast, in NMO and anti-MOG antibody-associated
demyelination, a peripherally generated CNS-targeting
antibody response is suggested to be the main disease
driver. Accordingly, these delineating disease entities may
require MS-independent therapeutic strategies, a concept
that is currently evolving. Thus, therapies targeting distinct
aspects of NMO-relevant B cell functions such as plasma
cell differentiation and complement fixation are currently
under evaluation. First trials showed promising results for the
treatment with tocilizumab, an therapeutic antibodies against
IL-6 receptor (102, 103), and eculizumab, an complement
component 5-specific antibody (104). Besides these pathogenic
B cell properties, B cells, or B cells subsets likely exert a
therapeutically desirable regulatory function in either disease,
limiting tissue inflammation as well as pro-inflammatory
activation of other immune cells. Accordingly, one of the
prime challenges for the long-term targeting of B cells in MS
and related demyelinating diseases will be to delineate and
specifically target pathogenic B cell properties by novel strategic
concepts, such as the selective depletion of differentiated B cells,
interference with their activation or ablation of a disease-driving
antibody response.
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Immune responses to citrullinated peptides have been described in autoimmune
diseases like rheumatoid arthritis (RA) and multiple sclerosis (MS). We investigated the
post-translational modification (PTM), arginine to citrulline, in brain tissue of MS patients
and controls (C) by proteomics and subsequently the cellular immune response of
cerebrospinal fluid (CSF)-infiltrating T cells to citrullinated and unmodified peptides of
myelin basic protein (MBP). Using specifically adapted tissue extraction- and combined
data interpretation protocols we could establish a map of citrullinated proteins by
identifying more than 80 proteins with two or more citrullinated peptides in human
brain tissue. We report many of them for the first time. For the already described
citrullinated proteins MBP, GFAP, and vimentin, we could identify additional citrullinated
sites. The number of modified proteins in MS white matter was higher than control
tissue. Citrullinated peptides are considered neoepitopes that may trigger autoreactivity.
We used newly identified epitopes and previously reported immunodominant myelin
peptides in their citrullinated and non-citrullinated form to address the recognition of
CSF-infiltrating CD4™ T cells from 22 MS patients by measuring proliferation and IFN-y
secretion. We did not detect marked responses to citrullinated peptides, but slightly more
strongly to the non-modified version. Based on these data, we conclude that citrullination
does not appear to be an important activating factor of a T cell response, but could be
the consequence of an immune- or inflammatory response. Our approach allowed us
to perform a deep proteome analysis and opens new technical possibilities to analyze
complex PTM patterns on minute quantities of rare tissue samples.
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INTRODUCTION

Citrullination is one of more than 400 known PTMs in human
proteins. The enzyme, peptidylarginine deiminase (PADI), is
responsible for modifying the amino acid arginine to the amino
acid citrulline. PADI is part of an enzyme family with five known
members (1), and each of these shows a distinct tissue and
substrate specificity. The enzymatic reaction results in the loss
of a positive charge of the peptide fragment and a mass increase
by 1 Da. The process of deimination is considered irreversible
since no citrulline-iminase is known so far (2). Gudman and
colleagues described citrullination in the context of diseases and
reported and postulated an increase of citrullinated proteins in
all inflammatory diseases (3). The effects of citrullination on
protein function depend on the location of the protein and the
position of the amino acid arginine. Since it removes a positive
charge from arginine, it may loosen protein interactions and
render them more prone to denaturation and degradation (4, 5).
Citrullination plays a role in several physiological mechanisms
like skin keratinization, myelin formation/remyelination, gene
regulation and immune functions. In specialized cells like
neutrophils, histone hypercitrullination is an essential process
in the formation of highly decondensed chromatin structures
termed neutrophil extracellular traps (NETs), which enable
these cells to trap and kill bacteria. During the last 10 years,
great attention has been paid to citrullination because of its
role in inducing anti-citrullinated proteins/peptide antibodies
(ACPA) (6). Involvement of citrullination in various diseases
like rheumatoid arthritis (RA), multiple sclerosis (MS), psoriasis,
chronic obstructive pulmonary disease (COPD), and Alzheimer
has been reported (7). In RA, immune reactivity toward various
citrullinated self-proteins and self-peptides like fibrinogen,
vimentin, fibrin, collagen type II, a-enolase and its involvement
in the disease pathogenesis have been well-established (8).

In MS, a chronic inflammatory demyelinating autoimmune
disease of the central nervous system (CNS), the amount of
the citrullinated myelin sheath protein myelin basic protein
(MBP) is increased in white matter as compared to control
brains (9), although these findings remain controversial (10,
11). In MBP that has been purified from MS brain tissue,
citrullination of six of the nineteen arginines has been found.
Among the myelin components, MBP has been studied in
greatest detail due to its importance for inducing experimental
autoimmune encephalomyelitis (EAE), a rodent model for MS
(12). The identification of CD4™ T cells reactive against epitopes
of several myelin proteins has been a consistent finding (12).
We had previously described reactivity of peripheral blood T
cells against post-translational modifications of autoantigens,
specifically against citrullinated peptides, in MS patients
(13). These preliminary studies hinted at elevated T cell
reactivity against citrullinated MBP and indicated that T cells
specific for citrullinated epitopes could escape central immune
tolerance (13, 14).

In the last years the focus has shifted from peripheral
blood-derived T cells to those that are found within the CNS
compartment, ie. in the brain and cerebrospinal fluid (CSF)
(15, 16), since CNS-infiltrating T cells are considered more likely

to be relevant than those from the peripheral blood due to their
infiltration of the target tissue. Besides MBP, few other proteins
including glial fibrillary acidic protein (GFAP), neurogranin,
and histone H3 have been described to be citrullinated in MS
brain (10, 17).

MATERIAL AND METHODS

Human Brain Tissue Preparation

Tissue Collection

The UK Multiple Sclerosis Tissue Bank (UK Multicenter
Research Ethics Committee, MREC/02/2/39 and KEK-ZH-
Nr. 2014-0243), funded by the Multiple Sclerosis Society of
Great Britain and Northern Ireland (registered charity 207495)
supplied all the tissue samples. Tissue samples from white- and
gray matter were isolated from 9 control and 15 MS cases. Gray
matter samples were from 6 controls and 6 MS cases, white
matter samples from 3 controls and 9 MS cases. All brains have
been screened by a neuropathologist to confirm the diagnosis
of MS and to exclude other confounding pathologies (UK MS
Tissue Bank).

Immunohistochemistry

All tissues were analyzed by immunohistochemistry. In order
to differentiate between white and gray matter, we stained the
tissue with anti-myelin oligodendrocyte glycoprotein antibodies
(MOG) and Luxol fast blue (LFB) for myelin as well as anti-
HLA-DR for macrophages/microglia. Regions of gray matter,
white matter, as well as lesions with active inflammation,
areas of remyelination, and demyelinated lesions without active
inflammation, could be identified. For LFB staining, LN3
(anti-HLA-DR), and MOG cryostat sections (12pm) were
fixed for 10 min in 4% para-formaldehyde (PFA). Endogenous
peroxidase was blocked with 0.6% hydrogen peroxide in PBS
or 80% methanol for MOG staining. MOG staining was further
delipidated in 100% methanol at —20°C for 8 min. Tissues
were blocked with blocking buffer 1% normal donkey serum
(NDS), 0.1% Triton, 0.05% Tween in PBS, LN3: 5% NDS, 1%
fish skin gelatin 0.3 M glycine in PBS) and incubated with the
primary antibodies at 4°C overnight. Secondary biotinylated
antibodies were applied for 2 h at room temperature followed by
the ABC complex reagent (Vector Labs, Burlingame, California,
USA) for 1 h. The color reaction was performed with 3-Amino-
9-ethylcarbazole (18). For some sections, counterstaining in
hematoxylin was applied for 1 min followed by rinsing the slide
in running tap water. For citrulline staining fresh frozen tissue
sections were first air-dried for 20 min. before fixing them in
methanol at —20°C. Incubation of sections with PBS before and
blocking in PBS/10%BSA for 1 h at RT. Incubation with antibody
F95 was performed overnight at 4°C. Secondary biotinylated
antibody was applied for 1h at RT followed by the ABC
complex reagent (VectorLabs) for 1h. The color reaction was
performed with “ImpactDAB” (VectorLabs) and counterstaining
with hematoxylin as described above. Antibodies: LN3 (Abcam,
ab190298, 1:250), anti-MOG (Clone Z12, 1:100), anti-citrulline
F95 (Millipore, Burlington, Massachusetts, USA). LFB staining
was done with cryostat sections (12 pwm), fixed for 10 min in 4%
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PFA. Sections were washed in PBS (3 x 5min) and ddH,0O (2
x 1min), then incubated in 50% ethanol (5 min), 70% ethanol
(5min), 80% ethanol (5 min), and 96% ethanol (5 min). Sections
were incubated in 0.1% LFB solution for 20 h at 56°C. Sections
were washed in ethanol and ddH,O and developed in lithium
carbonate (0.05% in ddH,O) for 15s and 70% ethanol for 1 min
at RT. After cresyl violet staining (4min, RT) sections were
differentiated in 96% ethanol (30s), dehydrated in ethanol and
xylol and finally mounted with “Entellan” (Merck Millipore).

Protein Extraction Protocol

We analyzed gray and white matter tissue from post-mortem
human brains (control and MS patients) in order to establish
a spectral library and protein database of the main protein
constituents of the CNS. The characterization of the tissue
used for the analysis is illustrated in Figure 1A. An overview
of samples that were used in the analysis together with
medical records is listed in Supplementary Table1. For
protein extraction, a barocycler (Barocycler 2320EXT, Pressure
BioSciences, Inc, South Easton, MA, USA) was used. Tissue
samples of the size of a needle-head (2-3mg) were put into
barocycler 150 pl micro tubes. The tubes were filled with 30 pl
of lysis buffer (8 M urea and 0.1 M ammonium-bicarbonate) and
complete protease inhibitor cocktail (Roche, Basel, Switzerland)
and closed with 150 pl microcaps. After pre-heating the
barocycler for 30 min at 33°C, run cycles were performed at 45
kpsi for 60 cycles and 1 min each. Each cycle lasted 50's at high
pressure and 10 s at ambient pressure.

Reduction and alkylation were carried out as follows: Mixing
of TCEP [tris (2-carboxyethyl) phosphine] 2.5mg and IAA
(iodoacetamide) 3.7 mg in 50 w1 of lysis buffer. A volume of 4.9
il of this buffer was added to each tube, incubated at 25°C in
a thermomixer while shaking at 1,000 rpm and protected from
light. By adding lysis buffer, the urea concentration was diluted
from 8 to 6 M. Lys-C enzyme digestion was applied to an enzyme
to substrate ratio of 1:40. Lys-C (mass spectrometry grade, Wako,
Richmond, VA, USA 20 jg/pl) was dissolved in “Milli-Q-water”
to a final concentration 4 pg/pl. Digestion was performed in
barocycler with 20 kpsi for 45 min. and cycles of 50 s duration
at high pressure and 10 s ambient pressure.

A further dilution of urea from 6 to 1.6M with 0.1M
ammonium-bicarbonate buffer was necessary to achieve trypsin
digestion conditions. Trypsin (sequencing grade modified,
Promega, Madison, WI, USA) was added to an enzyme to
substrate ratio 1:20. The digestion took place for 90 min at 37°C
in a barocycler at 20 kpsi and cycle periods of 50s at high
pressure and 10 s at ambient pressure (19). Finally, the solution
was transferred to a 1.5ml Eppendorf tube. The volume was
adjusted to 1 ml by adding a 0.1%TFA/3%ACN solution and the
reaction was stopped by adding 10% TFA and pH adjusted to a
value between pH 2 and 3. The peptides were desalted on solid
phase extraction columns (C18/Finisterre, Wicom, Heppenheim,
Germany) according to manufacturer protocol. The samples
were vacuum concentrated in a “SpeedVac” and the peptides re-
dissolved in 3% ACN/0.1% formic acid in a volume of 20-50
pl to a final concentration of 1 pg/pl. Peptide concentration
was measured with Nanodrop instrument (Nanodrop 1000,

HLA-DR LFB

Control WM >

MS NAWM

Lesion

Control GM MS Lesion

MS NAGM

W

FIGURE 1 | (A) Histopathological examination of control and MS tissue. To
identify normal as well as lesioned tissue, tissue blocks containing white as well
as gray matter tissue were stained for MOG, HLA-DR, and Luxol Fast-Blue.
White and gray Matter control tissue showed no sign of demyelination and
inflammation (A-C and J-L). Also, NAWM and NAGM did not show any signs

(Continued)
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FIGURE 1 | of demyelination or inflammation (D-F and M-0). However, MOG
as well as LFB staining clearly show demyelination in lesional areas (G and |).
Further, a strong HLA-DR staining was visible in lesion tissue (H). (B)
Citrullination pattern in WM and GM of MS brain (staining with anti-citrulline
antibody F95). Inserts showing detail view of corresponding tissue. (C) 2-3 mg
of brain tissue was disrupted in barocycler and digested by Lys-C and trypsin.
All treatments were performed in barocycler instrument. Finally, peptides were
desalted and dried.

spectrophotometer (Thermo Scientific, Wilmington, DE, USA)
and a solution of a concentration of 0.5 jug/l prepared.

Hydrophilic Interaction Liquid

Chromatography (HILIC)

Pools of peptide samples of control tissue (C), as well as the
MS tissues from gray and white matter were prepared (300
ng each) and separated using Hydrophilic Interaction Liquid
Chromatography (HILIC) (Agilent LC1200 equipped with a
column Polyamin I 250 x 3.0mm 120 A, 5m). The applied
gradient was formed of the two solvents: A: 75% ACN, 8 mM
KH,POy4 and B: 5% ACN, 100 mM KH,POy4 (pH4.0) for 60 min.
Fractions of 1 ml were collected in 27 tubes (detailed protocol
as Figure S2). To reduce the number of the samples to be
analyzed on the mass spectrometer the fractions were pooled
from two tubes. Before injection, samples were purified on
“Finisterre SPE” columns (Wicom International, Heppenheim,
Germany). Samples of 1 ml were vacuum dried and dissolved
in an appropriate buffer, 3% ACN/0.1%TFA. In total 11 fractions
for each tissue sample (control and MS of gray and white
matter) were prepared. After another vacuum drying, peptides
were dissolved in 3%ACN/0.1%FA buffer. Concentrations were
measured with Nanodrop instrument and adjusted to 0.25 pg/jLl.
Reference peptides (iRT) were added (iRT, Biognosys, Schlieren,
Switzerland) to each sample.

Data-Dependent Acquisition (DDA) of the HILIC
Fractionated Samples

The HILIC fractionated samples, 44 in total, were run on
Easy-nLC 1000 linked to an Orbitrap Fusion instrument
(Thermo Fisher, Waltham, Massachusetts, USA) on a gradient
of 80 min. Column material was ReproSil-Pur, C18, 120 A,
AQ, 1.9pum (Dr. Maisch GmbH, Ammerbuch Germany) and
column dimensions ID 0.075 mm/length 150 mm. Solvent A
0.1% formic acid in water and Solvent B 0.15 formic acid in
acetonitrile. 4 il of the sample at a concentration of 0.25 pg/pl
was injected.

Peptide and Protein Identification of

HILIC Samples

Identification by “Mascot”

We converted “Raw” files converted into “mgf” (20) files
and analyzed them on MASCOT software with a human
UniProtKB/Swiss-Prot protein database (date: March 22, 2016
with 40,912 entries): Search parameters were 0.05 Da fragment
mass tolerance and 10 ppm precursor mass, minimal number
of peptides 2, and FDR (false discovery rate) of 0.1%, allowing

2 mis-cleavages on trypsin fragments. We set carbamidomethyl
at cysteine as a static modification and oxidation of methionine,
deamidation on arginine (R) (with or without neutral loss),
glutamine (Q) and asparagine (N) as variable modification.
To estimate FDRs separately for deamidated and all the other
proteins the mascot.dat files were converted to the bibliospec file
format (Skyline).

Peptide Identification With “Ursgal”

The universal python module combining bottom-up proteomics
tools for large-scale analysis (Ursgal) was used to perform
a search with multiple search engines (xtandem vengeance,
msgfplus_v9979 and MyriMatch 2 2 140) (21). Evaluation
and post-processing of the search results were performed
using percolator_2_08. We adjusted the do_it_all_folder_wide.py
“Ursgal” example script (https://ursgal.readthedocs.io/en/latest/
example_scripts.html#do-it-all-folder-wide) to our input data.
We set the variable and fixed modifications in the same as for
“Mascot.” For instrument settings, we used the Q-Exactive+
Ursgal profile. We used the “unified_percolator_validated.u_
merged_accepted.u_merged.csv” tables (PRIDE), generated by
“Ursgal” for further analysis.

Post-translational Modifications, Citrullination and
Local False Discovery Rate (FDR) Determination

For each peptide, we selected the best peptide-spectrum match
(PSM) according to the lowest PEP- (percolator) or Mascot Ion
score. We computed the peptide FDR using the target-decoy
approach (22) implemented in the R-package TargetDecoyFDR
prozor (https://github.com/protViz/TargetDecoyFDR; https://
github.com/protViz/prozor). The FDR was estimated separately
for the deamidated and citrullinated peptide sequences and all
other sequences. The FDR for deamidated and citrullinated
peptide sequences increased much faster than for all other
sequences (see FigureS1) resulting in a more demanding
cutoff score for those sequences. We deposited the mass
spectrometry proteomics data in the ProteomeXchange
Consortium via the PRIDE (23) partner repository with the
dataset identifier PXD008344.

Isolation, Expansion, and Proliferative
Testing of T Cells

Peripheral Blood Mononuclear Cell Isolation
Allogeneic peripheral blood mononuclear cells (PBMCs) where
isolated freshly from anonymized buffy coats obtained from
the Blood Bank of the University Hospital in Zurich. Buffy
coats were first diluted 1:1 in PBS, and later PBMCs extracted
using a Ficoll gradient. Irradiated (45 Gray) allogeneic PBMCs
were used during the freezing procedure of the CSF cells and
again during the expansion of CSF-infiltrating CD4" T cells
where they functioned as feeder cells. Fresh blood was obtained
in EDTA-containing tubes from all patients, from whom CSF
samples were available. PBMCs were isolated from fresh blood
using Ficoll density gradient centrifugation (PAA, Pasching,
Austria) and cryopreserved in 90% FCS (Eurobio) and 10%
DMSO (Applichem, Darmstadt, Germany).
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Isolation and Expansion of CSF-Infiltrating CD4+

T Cells

Fresh bulk CSF-derived mononuclear cells from the 22
CIS/RRMS patients were mixed with 5 x 10° allogeneic
irradiated PBMCs, and CD4" T cells were subsequently
positively selected with anti-CD4 magnetic beads according to
the manufacturer’s instructions (Miltenyi, Bergisch-Gladbach,
Germany). CD4" cell fractions were seeded at 1,500 cells per
well in 96-well U-bottom microtiter plates together with 1.5 x
10° allogeneic irradiated PBMCs, 1jg/ml of PHA-L (Remel,
Thermo Fisher, USA) and IL-2 supernatant, derived from the
IL-2t6 (myeloma cells IL-2t6, a human IT cell leukemia line;
kindly provided by Federica Sallusto, Institute for Research
in Biomedicine, Bellinzona). The cell culture was cultivated
in RPMI 1640 medium (Pan-Biotech, Aidenbach, Germany)
supplemented with 2 mM glutamine (Pan-Biotech), 1% (vol/vol)
non-essential amino acids (Gibco), 1% (vol/vol) sodium pyruvate
(Gibco, Carlsbad, California, USA), 50pg/ml penicillin-
streptomycin (Corning, NY, USA), 0.00001% f-Mercaptoethanol
(Gibco) and 5% inactivated human AB positive serum (Blood
Bank Basel). Additional IL-2 was added every 4 days. Growing
wells were transferred to 48/24 well plates and finally to 75 cm?
cell culture flasks until cells were fully rested (20-25 days). Cells
were highly expanded in a single round of stimulation.

Peptide Stimulation

Peptides were synthesized by Peptides and Elephants GmbH
(Henningsdorf, Germany) and dissolved in DMSO at a stock
concentration of 5 mM. The peptides and their sequences which
we used are listed in Supplementary Table 2. The response of
PHA-expanded CSF-infiltrating CD4™ T cells to citrullinated
or non-citrullinated myelin and the CEF (CMV, EBYV, influenza
virus, tetanus toxoid) (Peptides and Elephants GmbH), peptide
pool was tested by seeding 6 x 10* of expanded CSF-
infiltrating CD4% T cells and 2 x 10° irradiated autologous
PBMCs in quadruplicates per each condition of peptide
stimulation or in the absence of peptides. Stimulation with
anti-CD2/CD3/CD28 beads (Miltenyi) was used as additional
positive control.

Proliferation Assay

The above described peptide stimulations of bulk CD4t T
cells from CSF of oligoclonal band (OCB) positive relapsing-
remitting (RRMS) patients were then used to test T cell
reactivity with autologous irradiated PBMCs as antigen-
presenting cells. Proliferation of T cells was measured by
3H-thymidine incorporation. At day 2, the cells were pulsed
with 1 pCi of methyl->H-thymidine per well (Hartmann
Analytic, Braunschweig, Germany) and harvested after 16h
onto a membrane (Filtermat A, GF/C, Perkin-Elmer, Waltham,
Massachusetts, USA) using a semi-automated harvester (Tomtec,
Hamden, Connecticut, USA). Incorporation was measured by -
scintillation counting (Wallac 1450, Perkin-Elmer). Proliferative
responses were given as counts per min (cpm) and the
stimulatory index (SI) was calculated as follows: SI = Mean
(replicates cpm peptide)/Mean (replicates cpm without peptide).

Cytokine Measurement

After 48h of incubation and before adding thymidine, 100
pl of cell culture supernatant were removed in order to
test the cytokine secretion. Here, CD4" T cell reactivity
to peptides was analyzed in supernatants for IFN-y
using an IFN-y ELISA (Biolegend, San Diego, California,
USA) according to manufacturer’s instructions. Cytokine
production higher than 100 pg/ml was considered as a strong
positive response.

HLA Typing

Individuals were typed for HLA class I and -II alleles at
Histogenetics LLC, NY, USA. Isolation of DNA from whole blood
was performed with a standard DNA isolation protocol using a
Triton lysis buffer and Proteinase K treatment. Purified genomic
DNA with a final concentration of 15 ng/pl was used to type
for HLA class I (A* and B*) and HLA class II (DRB1*, DRB3*,
DRB4*, DRB5*, DQA1*, and DQB1*) using high-resolution
HLA sequence-based typing (SBT). The patients’ information is
summarized in Supplementary Table 3.

Statistical Analysis

Pearson correlation analysis was performed between responses
obtained from proliferation assay (thymidine incorporation) and
cytokine secretion (IFN-y) for MOG and CEF peptides.

RESULTS

Characterization of Brain Tissue

To identify the different tissue types, e.g. normal appearing white
matter (NAWM) or lesion tissue, sections from tissue blocks
were immunohistochemically stained and analyzed (Figure 1A).
Stainings were performed for MOG (A, D, G, J, M), and HLA-
DR (LN3; B, E, H, K, N), as a marker for microglia and
macrophages and luxol fast blue (C, E I, L, O), as markers
for myelin and oligodendrocytes (Figure 1A). Figure 1 shows
representative staining for control- (C) and MS tissue. LFB and
anti-MOG antibody staining identified sites of demyelination
(Figures 1A:G,I). Staining with anti-HLA-DR antibody shows
inflammatory cells (Figure 1A:H). Based on the staining, tissue
types were defined and then cut for protein isolation. Tissue
was taken from normal appearing gray matter (NAGM), normal
appearing white matter (NAWM) as well as from active lesions
from the diseased tissue. From control tissue, parts of gray
(GMC)- and white matter (WMC) were excised. Figure 1B shows
an immunohistochemistry staining of citrulline in a section
of MS brain to illustrate the distribution of citrullination. We
observed substantially higher citrullination staining in white
compared to gray matter tissue.

Identification of Specific
Post-translationally Modified Peptides and
Proteins in Pre-fractionated Brain

Tissue Samples
For proteomic analysis we decided to extract proteins from
the brain tissue by barocycler. This technique allows to
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extract proteins efficiently from small sample sizes. It has the  gray matter tissue is not surprising since gray matter tissue
advantage of using a single test tube from tissue disruption is more densely packed with cells than white matter tissue.
until the tryptic digestion, thereby reducing the introduction of ~ Overall, 7,950 proteins were common in both groups, white and
technical variations in the samples (Figure 1C). To be able to  gray matter. In gray matter 2,393 proteins could be uniquely
achieve a higher resolution of the brain proteome we decided  identified compared with 780 in white matter (Figure 2A).
to render the samples less complex and therefore easier to  Since we were interested in the fraction of proteins involved in
analyze. We first separated our peptide digests by hydrophilic ~ processes of inflammation and the immune system an analysis
interaction chromatography (HILIC), and then two fractions  with “STRING-DB” (https://string-db.org/) was performed. We
were pooled and injected into liquid chromatography coupled  submitted the entire protein list that we had obtained from MS
to a mass spectrometer (see illustration in Figure S2). The pre-  white matter and control tissue. The MS white matter showed a
fractionation process allowed us to identify 10,343 proteins  network of proteins involved in immune reactions, which were
in gray matter and 8,730 proteins in white matter tissue.  completely absent in WM control. Control tissue showed an
These numbers correspond to combined data from control  enrichment of a protein network of the nervous system (data
and MS patients (Figure 2). The higher number of proteins in  not shown).

A Proteins (Controls and MS) B All peptides

white ra
oray Mascot no NL Macot NL

7950
(71.5%)

51780
(73.9%)

10912
(15.6%)

Ursgal

PEPTIDE COVERAGE IN %
#MOG  CNPase ®Neug ~MBP ®GFAP

100

WMMS

FIGURE 2 | Overall distribution of proteins identified in white and gray matter (control and MS combined). A total number 10,343 proteins was identified in gray matter
and 8,730 proteins in white matter with an overlap of 7,950 proteins in both tissues (A). A number of 780 proteins were uniquely attributed to white matter and 2,393
proteins to gray matter. (B) Shows all peptide counts in the different search engines from white matter tissue (representative for all tissues analyzed). (C) This graph
presents the percentage of tryptic peptide sequence coverage of the whole protein, MOG, CNP, Neurogranin, MBP, and GFAP and their identification in the four
tissues analyzed, gray matter control (GMC), gray matter MS (GMMS), white matter control (WMC), and white matter MS (WMMS).
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Identification of Myelin Sheath- and Other
CNS Proteins

An important first step for the comparison of different brain
tissue samples is to assure that the protein extraction steps
worked with equal efficiency for the different samples. For
that reason, we analyzed “representative proteins” from the
myelin sheath and considered their presence as quality control
for the extraction efliciency. For myelin proteins, myelin
basic protein (MBP), myelin oligodendrocyte protein (MOG),
myelin-associated glycoprotein (MAG), myelin proteolipid
protein (PLP), and 2',3’-cyclic nucleotide 3’-phosphodiesterase
(CNPase), for astrocytes, glial fibrillary acidic protein (GFAP),
and neurogranin as neuronal marker, we identified a high
number of peptides covering a major part of the respective
protein sequences. Figure 2C shows the peptide coverage (in %)
of these proteins. For MBP the coverage is optimal with more
than 90%. The sequence coverage of MOG was between 30 and
40% and for CNPase around 80%. Peptide sequence coverage
of GFAP was more than 90% and for neurogranin more than
45%. These numbers indicate a comparable efficiency of peptide
extraction from the tissues analyzed.

Identification of “in vivo”

Citrullinated Proteins

Our main goal was to analyze as detailed as possible, which
proteins are citrullinated in MS- and control brain tissue and also
for the main regions of the brain, i.e., gray and white matter..
In Figure 2B, we show the identification of all peptides from
white matter from control and MS. The search with “Mascot no
NI’ (without neutral loss) identified 57,339 peptides, “MascotNL’
(Mascot, with neutral loss) revealed 56,858 peptides and “Ursgal”
identified 65,776 peptides. The majority of peptides was common
to all three algorithms; 51,780 peptides. Unique to the individual
search engines were 674 peptides for “Mascot no NL 279
to “MascotNL” and 10,912 peptides for “Ursgal” (Figure 2B).

Similar distributions were observed for gray matter tissue (data
not shown).

We based the further analysis on combined identification
from the software searches in Mascot (no NL), Mascot (NL) and
“Ursgal.” For most of the following analysis, we used peptides,
which had been identified by at least 2 of the search engines
since not all of them could be identified with all three. The
distribution of all spectral peptide matches and citrullinated
spectral peptide matches and their corresponding proteins
numbers from the different tissues are illustrated in Figure 3
and Supplementary Data 1. The highest number of citrullinated
spectral matches peptides was found in WM tissue (Figure 3A).
The lower part of the panel labeled with NO_Citr., represents the
overall number of spectral matches from the four different tissues
and shows a higher number in GM tissue. Further, very similar
numbers were found for gray matter of controls and MS (179,299
and 172,620), and similarly also for white matter tissue (146,867
in controls and 145,040 in MS). In Figure 3A (Citr., upper part of
the panel ) the peptide spectral matches show a strong increase of
the citrullinated fraction in the white matter tissue of MS (1,612)
vs. control (1,013). In contrast, in gray matter tissue, the numbers
were slightly lower in MS tissue (470) compared to control (500).

With respect to overall peptide numbers, there is little
difference between MS and control tissue (lower panel). The
elevated numbers of citrullinated peptides in white matter
therefore indicate a specific enrichment of modified peptides. The
diagram in Figure 3B shows the number of citrullinated proteins.
Here we only show white matter proteins in control and MS.
From the 179 proteins in MS white matter (WMMS) and 145 in
control white matter (WMC), we found 36 citrullinated proteins
to be unique to white matter tissue and 70 unique to gray matter
with an overlap of 109 in both tissues. A more detailed analysis of
these citrullinated proteins (>80) is shown in Table 1 as a non-
exhaustive list. It represents a selection of citrullinated proteins,
for which we identified at least two citrullinated peptides.
We grouped the proteins into functional or cellular processes,
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of 109 proteins in both tissues.

FIGURE 3 | (A) The number of spectrum matched peptide of citrullinated peptides in all tissues are shown in upper panel (Citr.). All peptide spectrum matches found
in all four types of tissue gray (GM) and white matter are shown (WM) in lower panel (NO_Citr.). (B) Number of citrullinated proteins that were identified in white matter
tissue. From the total amount of 179 proteins in MS tissue and 145 in controls 70 proteins were unique in MS tissue and 36 proteins in control tissue with an overlap

All citrullinated proteins
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TABLE 1 | List of proteins with at least two citrullinated peptides identified in classified in functional groups.

Myelin associated proteins

P02686-5 MBP_HUMAN Myelin basic protein
P20916|MAG_HUMAN Myelin-associated glycoprotein
P09543|CN37_HUMAN 2’,3'-cyclic-nucleotide 3'-phosphodiesterase
Q92597|NDRG1_HUMAN Protein NDRG1

Q8TAMB|ERMIN_HUMAN Ermin

Q13875|MOBP_HUMAN Myelin-associated oligodendrocyte

basic protein

Neuronal development

Q09666|AHNK_HUMAN Neuroblast differentiation-associated protein
AHNAK

015075|DCLK1_HUMAN Serine/threonine-protein kinase DCLK1
P78324|SHPS1_HUMAN Tyrosine-protein phosphatase non-receptor
type substrate 1

Q16555|DPYL2_HUMAN Dihydropyrimidinase-related protein 2
Q14195|DPYL3_HUMAN Dihydropyrimidinase-related protein
3P21291|CSRP1_HUMAN Cysteine and glycine-rich protein 1

Neuronal skeleton

P10636|TAU_HUMAN Microtubule-associated protein tau
P07196|NFL_HUMAN Neurofilament light polypeptide
P12036|NFH_HUMAN Neurofilament heavy polypeptide
Q16352|AINX_HUMAN Alpha-internexin

Astrocyte specific

P14136|GFAP_HUMAN Glial fibrillary acidic protein
Membrane signaling

Q8N7J2|AMER2_HUMAN APC membrane recruitment protein 2
QINZHO|GPC5B_HUMAN G-protein coupled receptor family C group
5 member B

Cytoskeleton

Q13885[TBB2A_HUMAN Tubulin beta-2A chain
Q9UEY8|ADDG_HUMAN Gamma-adducin
P04350|TBB4A_HUMAN Tubulin beta-4A chain
P0O7437|TBB5_HUMAN Tubulin beta chain
Q9BQE3|TBA1C_HUMAN Tubulin alpha
Q71U36|TBATA_HUMAN Tubulin alpha-1A
P46821|MAP1B_HUMAN Microtubule-associated protein
P11137|MTAP2_HUMAN Microtubule-associated protein
P60709]ACTB_HUMAN Actin, cytoplasmic 1
094811|TPPP_HUMAN Tubulin polymerization-promoting protein
Q9BWB0[TPPP3_HUMAN Tubulin polymerization-promoting protein
family member 3

P35611]JADDA_HUMAN Alpha-adducin
Q8N7J2|AMER2_HUMAN APC membrane recruitment protein 2
Q14847|LASP1_HUMAN LIM and SH3 domain protein 1
P06396|GELS_HUMAN Gelsolin

001082|SPTB2_HUMAN Spectrin beta chain, non-erythrocytic 1
Q96PY5|FMNL2_HUMAN Formin-like protein 2
043491|E41L2_HUMAN Band 4.1-like protein 2
075122|CLAP2_HUMAN CLIP-associating protein 2
075781|PALM_HUMAN Paralemmin-1

Q13813|SPTN1_HUMAN Spectrin alpha chain, non-erythrocytic 1
Q92614|MY18A_HUMAN Unconventional myosin-XVllla
Q16181|SEPT7_HUMAN Septin

Q15149|PLEC_HUMAN Plectin

Q14244|MAP7_HUMAN Ensconsin

Q9H3Q1|BORG4_HUMAN Cdc42 effector protein 4

Synapse

Q92686|NEUG_HUMAN Neurogranin
P61764|STXB1_HUMAN Syntaxin-binding protein 1
Q8N3V7|SYNPO_HUMAN Synaptopodin

Q9COHI|SRCN1_HUMAN SRC kinase signaling inhibitor 1
Q13424|SNTA1_HUMAN Alpha-1-syntrophin

Membrane trafficking

QINRW1|RAB6B_HUMAN Ras-related protein rab6B
P63027|VAMP2_HUMAN Vesicle-associated membrane protein 2

Chaperonine like activity

P02511|CRYAB_HUMAN Alpha-crystallin B chain
P0O7900|HS90A_HUMAN Heat shock protein HSP 90-alpha
095817|BAG3_HUMAN BAG family molecular chaperone regulator 3

RNA binding proteins

P61978|HNRPK_HUMAN Heterogeneous nuclear ribonucleoprotein K
P22626|ROA2_HUMAN Heterogeneous nuclear ribonucleoproteins A2/B1
P38159|AUXI_HUMAN RNA-binding motif protein, X chromosome
P23588|IF4AB_HUMAN

Q14011|CIRBP_HUMAN Cold-inducible RNA-binding protein
P68104|EF1A1_HUMAN Elongation factor 1-alpha 1
P38159|RBMX_HUMAN RNA-binding motif protein, X chromosome

Histone

P62807|H2B1C_HUMAN Histone H2B type 1-C/E/F/G/I

Cell adhesion

Q07157|201_HUMAN Tight junction protein ZO-1
Q9UDY2|Zz02_HUMAN Tight junction protein ZO-2
P26232|CTNA2_HUMAN Catenin alpha-2

Cell matrix interaction

Q14CZ8|HECAM_HUMAN Hepatocyte cell adhesion molecule
P78333|GPC5_HUMAN Glypican-5

Endocytosis

075061|AUXI_HUMAN Putative tyrosine-protein phosphatase auxilin
000193|SMAP_HUMAN Small acidic protein

Q9UBC2|EP15R_HUMAN Epidermal growth factor receptor substrate 15-like 1
Phosphatase inhibitor

Q96A00|PP14A_HUMAN Protein phosphatase 1 regulatory subunit 14A
Endoplasmic Reticulum

Q9UNZ2|NSF1C_HUMAN NSFL1 cofactor p47

Energy transduction

P12277|KCRB_HUMAN Creatine kinase B-type
P11216|PYGB_HUMAN Glycogen phosphorylase, brain form

(Continued)
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TABLE 1 | Continued

Q765P7|MTSSL_HUMAN MTSS1-likEprotein

P35241|RADI_HUMAN Radixin

Immune response

QIHIH5|MABD1_HUMAN MAP6 domain-containing protein 1 P43243|MATR3_HUMAN Matrin-3

Nuclear membrane

P20700|LMNB1_HUMAN Lamin-B1
P02545|LMNA_HUMAN Prelamin-A/C

P17858|PFKAL_HUMAN ATP-dependent 6-phosphofructokinase

Q9H910|HN1L_HUMAN Hematological and neurological expressed

1-like protein

citrullinated spectrum matches

FIGURE 4 | Continued
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FIGURE 4 | (A) A StringDB representation of citrullinated proteins in MS (red) and controls (blue) tissue. Edge settings is high-confidence (minimum required
interaction score 0.700). Overlapping in both tissues are depicted in pink. (B) Altman Bland plot. Vertical axis shows the mean number of peptide spectrum matches
against citrullinated sequences in controls and MS donor for white matter. The vertical axis shows the differences in PSM between MS and controls. Highlighted in
Red are proteins discussed in the text. (C) This figure shows a list of other most citrullinated proteins. Overall numbers of tissue distributions are shown: Vimentin,
2/,3'-cyclic-nucleotide 3'-phosphodiesterase (CN37), ermin (juxtanodin), dihydropyrimidinase-related protein 2 (DPYL2 or crmp?2) and neurofilament medium
polypeptide (NFM). Most of the proteins show a higher range of citrullinated peptides in white matter of diseased tissue. Only NFM is citrullinated in a similar manner in
all tissues analyzed. (D) Distribution of citrullinated sites in one of the major citrullinated proteins in brain tissue MBP. The bars represent the numbers of modified
arginine sites in corresponding tissue of control and MS cases. Peptide spectral matches, which were used for quantification of the modified sites are shown as
supplements. MBP sequence (P02686-5) with modified arginine found in our analysis. 16 out of 19 arginine sites were found to be citrullinated in control and diseased
brain (MS) tissue. Sites R6, R10, and R55 were never found to be altered. We never found R171 to be citrullinated in gray matter tissue. (E) Distribution of citrullinated
sites in another major citrullinated protein in brain tissue GFAP. The bars represent the numbers of modified arginine sites in corresponding tissue of control and MS
cases. Peptide spectral matches, which were used for quantification of the modified sites are shown as supplements.

such as myelin-associated proteins, neuronal development, Figure 4A in the protein interaction network generated by String
neuronal skeleton, astrocytes, synapse, energy transduction,  (24). Figure 4B shows the differences regarding citrullination as
membrane trafficking, cytoskeleton in general immune response  numbers of peptide-spectrum matches between MS and controls.
and anti-apoptotic activity. The distribution and the possible =~ For GFAP and MBP much higher numbers of spectra matching
interactions of the citrullinated proteins are illustrated in  citrullinated sequences were detected in MS than in controls.
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Other proteins worth mentioning are vimentin (VIME) and
CNPase (CN37). Proteins with strong citrullination pattern, i.e.
more than three citrullination sites, are represented in Figure 4C.

Vimentin, an intermediate filament protein, is important for
maintaining the structure of a cell. It had already been described
in AD (25) and is one of the most citrullinated proteins besides
MBP and GFAP in WMMS. We found an increased number of
modifications in both tissues of MS in comparison to controls.

CNPase is an oligodendrocyte-specific protein and one of the
most abundant proteins in CNS myelin. Its function remains
unknown. CN37 has been described as an autoantigen in MS (26)
and had been identified to be citrullinated in a mouse model (27).
We identified a higher number of citrullinated CN37 peptides
in human brain white matter tissue as compared to published
data (28). In gray matter, we noticed slightly more citrullinated
spectral matches in controls.

We describe for the first time citrullinated sites of members
of neurofilament protein family (NFL, NFM and NFH), DPYL2
(dihydropyrimidase-related protein 2, CRMP2), a protein
involved in neuronal development and polarity (29), and human
ermin, a protein playing a role in myelin development and
maintenance and stability of myelin sheath (30). Among the
three members of neurofilament proteins, there was no difference
with regard to citrullination across tissues and donors. We show
neurofilament medium chain (NFM) as a representative member
of that group.

The protein DPYL2 showed a particularly increased number
of modified peptides in WMMS tissue and a slight increase
in GMC.

The protein with the highest number of modified/citrullinated
peptides in all tissues was MBP followed by GFAP, which
will be described in more detail. The analysis of total spectral
counts showed that overall comparable amounts of spectra were
observed in control and MS tissue of gray matter, and in white
matter citrullinated spectral counts were strongly increased in
MS white matter whereas the number of citrullinated spectral
counts in gray matter was slightly reduced in MS tissue.

Citrullination and Other Modifications of

Myelin Basic Protein

We examined in more detail MBP as one of the import
proteins of the myelin sheath and due to its role as
target in autoimmune responses. MBP can undergo post-
translational modifications at various sites. Those modifications
are phosphorylation, methylation, oxidation, citrullination and
deamidation/isomerization. So far, very little is known about the
implication of these modifications in disease processes in MS
(31-33). In our study, we found 16 out of the 19 arginine sites to
be modified into citrulline (Figure 4D). Earlier studies described
6-9 arginine sites in MBP to be citrullinated in MS “in vivo” (32,
34). In these studies, MBP was purified prior to analysis, while we
analyzed whole tissue extracts from histologically characterized
sites. We observed various modifications on different amino
acids and will describe some of them in more detail. The
peptide MBP (77-92) “(K)SHGRTQDENPVVHFFK(N)” was
modified at multiple sites. Modifications occurred at asparagine

(N-85), arginine (R-80), and glutamine (Q-82); DENP, HGRT,
and RTQD. The peptide “(K)GVDAQGTLS(K)” (144-154) was
deamidated at DAQG (Q-148). We mention these deamidations
since these modifications have been analyzed previously in MS
patients and healthy donors (32, 35). These two reports show
that deamidation of the latter peptide (MBP 144-154) can
increase with age in MS patients and others in animals (32).
The deamidation of glutamine (Q) in the peptide sequence (82—
90) (QDENP) has been shown to block its degradation by the
protease cathepsin-D in Alzheimer’s Disease (36). In our analysis,
we found that 15 (16) identified citrullination sites were present
in control as well as in MS tissue, in gray—and in white matter. A
16th position could only be found in WMMS.

To see if there is any specific citrullination pattern of
MBP, we counted the number of peptides and the respective
citrullinated sites and plotted them over the whole protein
sequence (Figure 4D). Citrullination is not unique to MS tissue
and neither in GM nor WM tissue. Some citrullinated sites were
strongly over-represented in MS tissue, i.e., R26, R32, R34, R44,
R50, R66, and R98. In GM, only the sites R26 and R44 were
slightly more citrullinated in MS tissue compared to control.

The situation for the structural protein GFAP looked similar.
GFAP protein was found to be much more modified in
WM as compared to GM from MS tissue. Highly modified
sites among others were positions R12, R36, R41, R49, and
R390 and R416. Similar to MBP, GM tissue generally shows
a much lower state of citrullination and a relatively higher
rate in control tissue (Figure 4E; Supplementary Data 1). Since
citrullination depends on the activity of PADI, we looked for
the presence of PADI in the tissues. We could identify a
substantial number of peptides from the isoform PADI2 (between
18 and 20 peptides across all tissue representing between 32
and 45% of protein sequence, data not shown). No peptide of
PADI4, the other isoform described to be present in CNS (17),
could be found.

Immunological Reactivity Against

Citrullinated MBP Peptides

In order to find out if the citrullinated MBP peptides are targeted
by the immune system we examined CSF-infiltrating CD4" T
cells from 22MS patients. We analyzed CSF-derived T cells
under the assumption that they are more likely to be biologically
relevant in MS than peripheral blood lymphocytes, since the T
cells have already infiltrated the CNS compartment. For that
purpose, CD4T cells were freshly isolated and expanded as
described (16) from CSF of 19 relapsing remitting MS, 2 primary
progressive MS and 1 clinically isolated syndrome patients
(Table 2 and Supplementary Table 3), and, subsequently tested
in quadruplicates for eight newly identified citrullinated MBP
peptides together with the non-modified peptides. Furthermore,
seven immunodominant myelin peptides were examined, and,
only for MBP, the most abundant citrullinated epitopes were
included in the assay (Supplementary Table 2). Proliferation and
IFN-y production were used as functional readouts. Positive
responses to CEF, a peptide pool of CMV, EBYV, influenza virus
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TABLE 2 | Main clinical information and CSF findings of MS patients.

MS patients (22 subjects)

Age () 37.3 4+ 12.6 (17-58)
Gender (F/M) 15/7
Disease duration (y) 16+44
Patients with disease duration < 12 months (%) 16 (73%)
Time from last relapse (m) 1.3+22(0-9)
Patients with MRI-LP delay < 1 month (%) 20 (91%)
MRI active patients (%) 11 (50%)
CSF-restricted IgGOCB 21 (95.5%)
Patients with IgG Index > 0.70 (%) 15 (68.2%)
Blood-brain barrier damage (%) 5(22.7%)
CSF cell count (/L) 7+3

Disease duration was defined as the time-span between disease onset and lumbar
puncture (median value and range are reported). The “time from last relapse” value did not
include Primary Progressive MS data. As indicated by the narrow interval between MRI
and LP (MRI-LP delay), the great majority of MS patients received MRI the day before
LR, Blood Brain Barrier (BBB) damage was considered when the albumin quotient (Qa)
exceeded the normal value for patient’s age (i.e., age/15 + 4). y, years;, m, months.

and tetanus toxoid, and global T cell stimulation by anti-
CD2/CD3/CD28 beads were tested in parallel as positive controls.
Four patients (1444ME, 1479CR, 1453AN, 1489HE) showed
responses to CEF peptides with a stimulation index (SI) > 2, but
we did not observe specific recognition of citrullinated- and non-
citrullinated MBP peptides in proliferation assays (Figure 5A).
When we analyzed the IFN-y secretion in the culture supernatant
of the same wells tested for proliferation, we did also not
find strong IFN-y release upon exposure to citrullinated MBP
peptides, but weak responses in only a few patients and one
of the four replicate wells (Figure 5B). On the other hand, in
two patients (1673UR, 1283RO), IFN-y secretion (~50 pg/ml)
in response to several non-modified epitopes of the MBP protein
was seen (Figure 5B). Given these results, we conclude that the
non-modified peptides are more frequently recognized by CSF-
infiltrating CD4™" T cells compared to the citrullinated version
and that the reactivity to the latter is overall very low.

Global T cell stimulation resulted in clear responses in all
donors, whereas responses to CEF peptides were less frequent.
The reactivity observed in proliferation assays to CEF positive
control peptides was partially paralleled by IFN-y release. Only
two out of the four patients (1453AN, 1489HE) responding
in thymidine incorporation assay, produced also IFN-y at
high concentrations (~400 pg/ml). However, additional patients
(1460ML, 1188ZA) responded to these antigens (Figure 5B).

When examining other immunodominant myelin peptides
(9, 37) we observed in most cases IFN-y secretion. Several
patients reacted clearly to MOG2 (35-55) peptide (Figure 6A).
1444ME showed proliferation with a stimulatory index (SI) of
5 (data not shown), 1673UR, 1283RO, and 1560RO release
of IFN-y (~300 pg/ml). 1283RO responded with high IFN-
y release to other non-citrullinated, immunodominant MBP
peptides (Figure 6A) in comparison to the citrullinated version
(Figure 6A). These data show that bulk CSF-infiltrating CD4™
T cells of MS patients are able to recognize at the same
time different epitopes of the same protein but also different

antigens. No significant association between peptide recognition
and the MS risk-associated HLA-DRBI alleles, i.e., DRB1*15:01,
DRB1*13:01, and DRB1*03:01, was observed (reported below
the graphs).

Since we observed substantial differences in the results
obtained from the two response readouts, i.e., thymidine
incorporation vs. IFN-y release, we wanted to assess a correlation
between the two measures and applied Pearson Correlation
testing on CEF- and MOG peptides responses. We observed
(Figure 6B) a strong positive correlation (r = 0.7671) for CEF
peptides (p < 0.0001), but only a weak correlation for MOG (r =
0.1857), where the majority of responses were detected by ELISA.
These results show that IFN-y secretion appeared to be more
sensitive than proliferation as readout.

DISCUSSION

We investigated the composition of citrullinated proteins from
human post-mortem brain tissue. Tissues were characterized by
immunohistochemistry staining with antibodies against MOG
and HLA-DR and LFB. These markers allowed to distinguish
tissue with lesions from NAWM. Some of the tissue sections
showed increased staining for citrullination in white matter
compared to gray matter tissue, an observation that correlated
well with our proteomic findings. Based on mass-spectrometry,
we could identify a high number of citrullinated proteins,
which far exceeded the numbers already published in human
CNS (9, 38). By establishing a “spectral peptide library”
from different disease-relevant brain tissues and controls, we
provide a basis for further, more extensive investigation of
the MS brain proteome. We combined an optimized protein
extraction technique based on PCT (pressure cycle technology)
with chromatographic pre-fractionation, HILIC, to obtain high
proteome coverage. We searched our mass spectrometry data
with various search engines to distinguish post-translational
modifications and identify citrullination. The difficulty of
correctly identifying minute mass changes, ie., an increase
of 1 Da per citrullinated site, made it necessary to apply
complementary bioinformatics approaches to validate the results,
since another post-translational modification, deamidation,
which also increases the molecular mass by 1 Da, occurs in aging
tissue on asparagine (N) and glutamine (Q) and can be a source
of misinterpretation. Therefore, we used different algorithms
to interpret the spectra and features, which are inherent of
citrullinated proteins, i.e., resistance to tryptic digestion and the
neutral loss of 43 Da inside the mass spectrometer instrument
(39). Most of the citrullinated proteins we identified, as well
as new citrullinated sites of MBP had not been described in
MS tissue before. So far, citrullinated myelin proteins had been
analyzed from excised bands (SDS-PAGE) or after “in vitro”
citrullination, but not from entire tissue. We used two software
“Mascot” and “Ursgal” to identify citrullination. Depending on
the search parameters and software the number of identified
peptides varied as illustrated in Figure2B. We could not
detect any of the N-terminal arginines to be citrullinated. This

Frontiers in Immunology | www.frontiersin.org

L

April 2019 | Volume 10 | Article 540


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

Faigle et al.

Brain Citrullination in Multiple Sclerosis

A

Proliferation (SI)

MBP-C(20-40)| 6

MBP-C(38-56)

MBP-C(61-82)

MBP-C(83-106)

MBP-C(94-117) 4
MBP-C(108-126)
3
MBP-C(115-135)
MBP-C(146-170)
2

1673UR
18szA
6978U
1560R0
166451
996NM
1467CL
1458 M1

1440AM
1460 ML,
1489 HE
1371Ms
1515 MA

CEF

1

DRBI*ISOL [- - ¥ - - - - % - - %
DRBI*I30L [+ + - - - + + - + +

DRB1*0301

IFN-y (pg/ml)

MBP-R(20-40) 6

MBP-R(38-56)

MBP-R(61-82) 5

MBP-R(83-106)

MBP-R(94-117)

MBP-R(108-126)|

MBP-R(115-135)

MBP-R(146-170)|

1673UR
1sszA
1283R0
13460
15170m
1479CR
697U
1560R0
166451
996NM
167CL
1458 M1
a7ams
1453AN
1586N1
1493 MO
1489 HE

1444ME

Positive
control

DRBI*1501
DRBI*I301 |+ + - - - + + - + +

DRB1*0301

MBP-C(20-40)| >200

MBP-C(38-56)]

150

MBP-C(61-82),

MBP-C(83-106),

100

MBP-C(94-117);

MBP-C(108-126),

50

MBP-C(115-135)

MBP-C(146-170)

1673UR
1560RO.
166451
996NM
1586N1

1444ME
1440AM
1467CL
1458 M1

1460 ML
1515 MA

>200
150
cxr I
50
0
DRBIPISOL |2 2 $ & W3 B¢ s mPF Y EFE aHBE B ¥
DRBI*I1301 [+ + - - = 4 4 = 4 % = = -« « « - - - . . +
DRBI*0301 | . . . . . - - - o« v o oo v - +

FIGURE 5 | Recognition of citrullinated vs. non-citrullinated MBP in CSF-infiltrating T helper cells of MS patients. (A,B) Reactivity of CSF-infiltrating CD4F T cells from
untreated MS patients to citrullinated MBP (left) and non-citrullinated MBP peptides (right), using irradiated autologous PBMCs as antigen-presenting cells. Each
square represents one well. MS risk-associated HLA-DRB1 alleles are reported for each individual under the respective graph. (A) Proliferative responses to MBP
peptides, CEF peptides or anti-CD2/CD3/CD28 stimulation as positive control are given as stimulatory index (Sl). The strength of the response is depicted by color
coding. A Sl > 2 is considered as positive response. (B) Responses detected by IFN-y secretion against to MBP peptides or CEF peptides in the same wells that
have been tested in the proliferation assay. The IFN-y concentration in culture supernatants is depicted as pg/ml.
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phenomenon had been reported earlier concluding that “N-
termini” are less prone to be citrullinated (38).

Citrullination facilitates enzymatic degradation of MBP but
in the situation of increased citrullination, especially of myelin
proteins, scavenger cells like macrophages might have difficulties
coping with a high amount of proteins to degrade. It could also
be that the presence/absence or activity of specific proteases like
cathepsins play a role.

Citrullinated residues can be considered “neo-antigens” since
they are not necessarily available during thymic selection of T
cells and since citrulline is not one of the naturally occurring

L-amino acids. Hence, T cells with high avidity T cell receptors
against citrullinated peptides, which are presented via MHCII
molecules, might escape negative selection in the thymus and
target citrullinated peptides in the CNS. Earlier data from
testing PBMCs and PBMC-derived T cell lines with proteolytic
fragments (13) and 6 modified arginines in MBP, which had
been known at that time (40), had indicated increased reactivity
against citrullinated MBP epitopes. However, these data were
preliminary due to incomplete knowledge of the citrullinated
sites and other limitations. After analyzing in detail the possible
citrullination sites in the present study, we wanted to expand the
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prior data by testing bulk CSF-infiltrating CD4™" T cells, i.e., from
the CNS compartment, against MBP peptides containing the
newly identified citrullinated sites and against control antigens.
These studies aimed at the question if T cell reactivity against
citrullinated epitopes of MBP is increased in MS as it has been
described in a subset of rheumatoid arthritis patient for antibody
reactivity against citrullinated peptides (41), and, if not generally
increased in MS, whether it is found in a subset of patients. Our
findings show that there is very little reactivity again citrullinated
MBP epitopes and that it is thus unlikely to play a role in the
autoimmune response in MS. When comparing the present study
with previous data (12, 13), the testing of CSF-infiltrating T
cells, which are more likely to be disease-relevant than PBMC-
derived T cells, and of a larger number of individuals are the
most important differences. The fact that we observed reactivity
against MOG- and CEF peptides in a number of individuals,
indicate that the lack of reactivity against citrullinated MBP
peptides was not a technical problem. The observation that
some wells were only positive when testing for IFN-vy, is likely
explained by the fact that individual functions of T cells require
different strengths of stimulation (42). Modified/citrullinated
peptides may be less potent ligands compared to native peptides
and, since only one antigen concentration was tested, it is possible
that responsiveness was only observed for one functional readout
instead of both (42).

Since we did not examine antibody reactivity against
citrullinated proteins, the possibility remains that humoral
responses could still play a role in MS as is the case in RA (42).
Bodil et al. did not find elevated levels of antibodies either against
citrullinated proteins or PAD in MS patients (43). Furthermore,
decreased reactivity against citrullinated MBP was found in
serum and CSF of MS patients. However, this study examined
only two citrullinated MBP peptides (44).

Besides myelin proteins, we also identified additional
citrullinated sites in vimentin and CN37 from WMMS, whereas
numbers of CN37 and DPYL2 citrullinated peptides were slightly
increased in GMC tissue (Figure4C). Some of the newly
identified citrullinated proteins like ermin (juxtanodin) and
DPYL2 (crmp-2) are of particular interest. Little is known about
ermin. It appears to be expressed only by oligodendrocytes and
involved in the compaction of myelin (45) and the formation
of axonal microtubules (46). It is interesting to note that
citrullinated ermin is present in tissue were compaction of
myelin is lost. Moscarello et al. were the first to hypothesize that
damage of white matter in MS results from a failure to maintain
compact myelin sheaths due to an increased citrullination of
MBP (47). Citrullination of ermin may occur as “collateral
damage.” MBP like ermin belongs to a group of proteins, which
are characterized as “intrinsically disordered proteins” that adopt
tertiary structure depending on the molecular environment (48).
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DPYL2 or (CRMP2) is a protein, which has been linked to
neurodegenerative disorders (49) and shown to be involved in
synaptic function. It appears in an interactome with proteins
involved in B cell differentiation (49) and in T cells in the
context of neuroinflammation in an animal model (50). Further,
it has been shown to have multiple PTMs and potentially many
interactors, among them structural proteins as tubulin (51).

Our list of citrullinated proteins shows a large number
of molecules involved in cytoskeleton formation, especially
vimentin, GFAP, tubulin and actin. The picture we obtained
from our MS tissues indicates that structural proteins are the
main targets of this particular post-translational modification.
Citrullination is considered to result from insult and damage,
leading to molecular and cellular breakdown. In addition,
recent publications show that post-translational modifications as
citrullination and deamidation also occur in the aging brain (32,
34, 36). Therefore, it is possible that the citrullination patterns
we obtained from control brain reflect the natural aging of brain
tissue. Nevertheless, citrullination occurred with a much higher
frequency in MS tissue as compared to control. This could be
due to inflammation, even if tissue is not overtly inflamed and
considered “normal-appearing,” and support the argument that
citrullination is not an initiator of the disease but the result.
Other PTM, such as phosphorylation occur also on MBP, but
their possible influence on disease course is currently not clear.

In summary, our study provides a comprehensive analysis
of citrullinated peptides in white- and gray matter of MS
patients and controls. We combined efficient protein extraction-
and separation techniques to analyze very small samples.
Thorough data mining with the support of complementary
software allowed us to establish a map of citrullinated
peptides and proteins. This proteomic approach in principle
provides the basis for multiple other studies on the role of
citrullination in MS brain tissue, but more broadly also with
respect to analyzing other post-translational modifications in
small tissue samples and identifying potential neo-antigens.
This information, i.e., whether structural proteins and or
those involved in inflammatory processes are citrullinated,
should improve the understanding whether citrullination is
implicated in distinct pathomechanisms in MS. Altered myelin,
either via structural alterations, during the processes of
de- and remyelination, neuronal/axonal loss or autoimmune
inflammation could result in neoantigens and thereby induce an
autoimmune reaction or increase demyelination (5).

The immunological testing in the present study focussed
on citrullinated MBP epitopes based on previous reports, and,
even though we examined CSF-infiltrating CD4" T cells, we
did not find a marked response, which argues against a major
pathogenetic involvement of autoimmune T cells directed against
citrullinated MBP epitopes in MS.
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Myelin Oligodendrocyte Glycoprotein
Antibody-Associated Disorders:
Toward a New Spectrum of
Inflammatory Demyelinating CNS
Disorders?

Franziska Di Pauli and Thomas Berger*

Clinical Department of Neurology, Medical University of Innsbruck, Innsbruck, Austria

Inflammatory demyelinating CNS syndromes include, besides their most common entity
multiple sclerosis (MS), several different diseases of either monophasic or recurrent
character—including neuromyelitis optica spectrum disorders (NMOSDs) and acute
disseminated encephalomyelitis (ADEM). Early diagnostic differentiation is crucial for
devising individual treatment strategies. However, due to overlapping clinical and
paraclinical features diagnosis at the first demyelinating event is not always possible.
A multiplicity of potential biological markers that could discriminate the different
diseases was studied. As the use of autoantibodies in patient management of other
autoimmune diseases, is well-established and evidence for the critical involvement of B
cells/antibodies in disease pathogenesis in inflammatory demyelinating CNS syndromes
increases, antibodies seem to be valuable diagnostic tools. Since the detection of
antibodies against aquaporin-4 (AQP-4), the understanding of immunopathogenesis
and diagnostic management of NMOSDs has dramatically changed. However, for
most inflammatory demyelinating CNS syndromes, a potential antigen target is
still not known. A further extensively studied possible target structure is myelin
oligodendrocyte glycoprotein (MOG), found at the outermost surface of myelin sheaths
and oligodendrocyte membranes. With detection methods using cell-based assays
with full-length, conformationally correct MOG, antibodies have been described in
early studies with a subgroup of patients with ADEM. Recently, a humoral immune
reaction against MOG has been found not only in monophasic diseases, but
also in recurrent non-MS diseases, particularly in pediatric patients. This review
presents the findings regarding MOG antibodies as potential biological markers in
discriminating between these different demyelinating CNS diseases, and discusses
recent developments, clinical implementations, and data on immunopathogenesis of
MOG antibody-associated disorders.

Keywords: multiple sclerosis, myelin oligodendrocyte glycoprotein antibody-associated disorders, neuromyelitis
optica spectrum disease, inflammatory demyelinating CNS syndromes, clinically isolated syndrome
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Di Pauli and Berger

MOG Antibody-Associated Disorders

INTRODUCTION

Inflammatory demyelinating CNS diseases are a heterogeneous
group, covering monophasic and multiphasic diseases, prognoses
ranging from benign to fulminant, and a variety of different
treatment responses. Although the sensitivity and specificity of
diagnostic criteria, particularly for multiple sclerosis (MS), the
most common demyelinating CNS disease, have significantly
improved (1), misdiagnosis is not infrequent and occurs
in up to 10% of cases (2). Differential diagnoses are beside
other neurological non-inflammatory diseases, in particular
neuromyelitis optica spectrum disorder (NMOSD), acute
disseminated  encephalomyelitis =~ (ADEM),  multiphasic
disseminated encephalomyelitis (MDEM), and atypical
demyelinating CNS syndromes (3, 4). Diagnosis is based
on a combination of anamnesis, clinical presentation, and
radiological findings (1, 5, 6) and allows, for the most part,
correct stratification.

Given the recommendation for early treatment initiation in
MS, and the availability of highly effective treatments (7), in the
last few years efforts have been made to establish the diagnosis
as early as possible. However, this in turn increases the risk
of beginning a possibly harmful treatment regimen in patients
without MS. The first detection of a laboratory biomarker in
MS concerned the description of oligoclonal bands (OCBs)
more than 60 years ago (8). However, so far analysis of the
target antigen of an intrathecal immunoreaction has not been
successful, and no specific antibodies have been found to be
associated with MS (9).

In 2004, a change in the diagnosis and research of
inflammatory demyelinating CNS diseases was evoked with the
description of specific autoantibodies in patients with NMOSD
(10). These antibodies are directed against aquaporin-4 (AQP-
4), an abundant water channel in the CNS on astrocytic endfeets
(11). However, a subgroup of clinically defined NMOSD patients
are seronegative, and no marker is so far established for other
differential diagnoses (12).

In animal models of MS (experimental autoimmune
encephalomyelitis, EAE) a well-known target structure
is myelin oligodendrocyte glycoprotein (MOG) (13), a
protein comprising 245 amino acids that is exclusively
expressed on the outermost surface of the myelin sheath
and oligodendrocyte plasma membrane in the CNS, and which
is easily accessible by a humoral immune reaction (14, 15). After
passive immunization with tissue homogenates of CNS, the
predominant antigen target in EAE is MOG, and inflammatory
and demyelinating changes are enhanced by MOG antibodies
(16-19). Furthermore, in combination with complement,
demyelination, and diseases relapses have been induced and

Abbreviations: ADEM, acute disseminated encephalomyelitis; ADEMON,
acute disseminated encephalomyelitis followed by optic neuritis; AQP-4,
aquaporin-4; CSE cerebrospinal fluid; CRION, chronic relapsing inflammatory
optic neuropathy; EAE, experimental autoimmune encephalomyelitis; LETM,
longitudinally extensive transverse myelitis; MDEM, multiphasic disseminated
encephalomyelitis; MS, multiple sclerosis; MOG, myelin oligodendrocyte
glycoprotein; NMOSD, neuromyelitis optica spectrum disorder; OCBs, oligoclonal
bands; ON, optic neuritis; RON, recurrent optic neuritis; TM, transverse myelitis.

MOG antibodies seem to be involved in macrophage mediated
myelin destruction/phagocytosis (12).

Given these promising results, a multiplicity of studies
have attempted to identify MOG antibodies in demyelinating
CNS diseases. Numerous techniques and heterogeneous study
populations have been included in these, leading to conflicting
and inconsistent data on the prognostic and diagnostic value
in MS (20-24). However, the establishment of methods similar
to that used for the analysis of AQP-4 directed antibodies
has enabled the reliable detection of antibodies against native
correctly folded and glycosylated MOG (12, 25). With these cell-
based assays, a humoral immune response against MOG has been
consistently identified—initially in ADEM and subsequently in
a subgroup of particular pediatric patients with inflammatory
demyelinating CNS diseases (20, 22, 24, 26).

In the last few years, the MOG antibody-associated disorder
spectrum has been rapidly broadening, making more data
regarding clinical, radiological, and laboratory findings available,
as well as elucidating immunopathogenesis. The current paper
discusses the developing clinical spectrum, histopathological
data, and immunopathogenesis, alongside the implications of the
same for daily clinical practice.

CLINICAL PRESENTATION AND
PROGNOSIS OF MOG
ANTIBODY-ASSOCIATED DISORDERS

The first evidence for the potential use of antibodies against
native MOG as a biological marker for ADEM was published
by O’Connor et al. (26). Self-assembling radiolabelled MOG
tetramers were established and a humoral immunoreactivity
against MOG reliably identified in a subgroup of children
with ADEM. Initially, these antibodies seemed to be associated
with monophasic disease courses, predominantly present in
children with an ADEM-like onset (27-29). Subsequent studies,
however, revealed that the spectrum of MOG antibody-associated
disorders is much broader. MOG antibodies have been found
to be present in a subset of patients with ADEM, NMOSD,
monophasic, and recurrent optic neuritis (ON), and transverse
myelitis (TM), demyelinating syndromes overlapping with anti-
NMDA receptor encephalitis or glycine receptor alpha 1 subunit
antibody positive ON, Figure 1 (26, 27, 29-48). It is now well-
accepted that MOG antibodies are in particular associated with
ON and TM (49). In MS, a humoral immune response against
MOG is only rarely seen (12). In atypical MS with a distinct
clinical phenotype of e.g., severe brainstem and spinal cord
involvement, immunoreactivity against MOG has been described
in up to 5% of cases (50). In this subgroup, frequent relapses
and insufficient responses to disease-modifying treatment seem
to be a common feature. As co-incidence of MOG and AQP-
4 immunoreactivity is an exception, disease mechanisms have
been suggested to be at least partly different in these two
entities (24).

However, clinical MOG antibody-positive patients can present
with an NMOSD phenotype. Mader et al. were the first to
describe the presence of MOG antibodies in this patient group
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FIGURE 1 | Spectrum of MOG antibody-associated disorders.

(51). Subsequent studies supported the results: overall, in AQP-
4 negative patients, MOG antibodies have a prevalence of 25%
(12). In contrast to AQP-4 antibody-associated disorders with the
well-defined clinical phenotype of NMOSD, in MOG antibody-
associated disorders, the clinical presentation is less well-defined.
Still, particularly in children, the sensitivity in ADEM is highest,
at an average of 36% in different studies (12).

The two largest cohorts looking at the clinical features of MOG
antibody-associated disorders were recently published (49, 52).
Clinical presentation based on a trimodal distribution with age
clusters of <20 years, 20-45 years, and >45 years, ADEM was
most common in the age group <20 years; whereas ON (20-45
years) and bilateral ON (>45 years) were more frequent in adult
patients with MOG antibody positive disorders (52). A short TM
occurred in 14% of patients >45 years, but was rarely described
in younger patients. The age-dependent clinical presentation was
confirmed in a further study, with a predominance of ON found
in adult onset MOG antibody-associated disorders, compared to
a predominance of ADEM-like patterns in children as well as
better recovery from neurological symptoms in children (53).

The second largest study to include MOG antibody positive
patients supported ON/TM as the main manifestations, given
they represented clinical onset in over 90% of adult patients
(49). However, NMOSD criteria (54) were fulfilled in only
19% of patients. Interestingly, in this study population, an
encephalogenic phenotype was described with clinical signs
of meningeal symptoms, retrograde amnesia, and seizures—
uncommon symptoms in classical MS. Furthermore, seizures
and encephalitis-like presentations are more common in MOG
antibody-associated disorders compared to AQP-4 antibody
positive diseases (55). Three recent case reports also found MOG
antibodies to be associated with clinical presentation of cortical
encephalitis and steroid responsiveness (56-58), indicating a new
phenotype of MOG antibody-associated disorders.

Initial studies assumed MOG antibody-associated disorders
to be monophasic, but it is now well-known that monophasic
and recurrent diseases are both associated with MOG antibodies
(59). In children, MOG antibodies are predictive not only of non-
MS disease with a specificity of 100% but also of a recurrent
non-MS disease course with a specificity of 75% including
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NMOSD, recurrent ON (RON), MDEM, and ADEM followed by
optic neuritis (ADEMON) (48). Overall, 39% of MOG antibody
positive children have been found to have a recurrent disease
course, but only 5% a typical MS. It is important to note that as
low levels of MOG antibodies were also measured in healthy and
other neurological controls, a cut-off for positivity was in most
studies defined as >1:160 (12). However, this study introduced
a new cut-off for seropositivity, to increase the specificity for
prediction of non-MS diseases with only a moderate decrease of
sensitivity, at a titer of >1:1,280 (48).

Higher age, female sex, and MRI findings atypical of MS were
found to be risk factors for a recurrent disease course. This
reported risk was found to vary across different studies. Relapses
were observed in 36% of 252 MOG antibody positive patients
in the UK, with an annualized relapse rate of 0.2 (52), with the
highest risk in patients with ON or NMOSD phenotypes. These
relapse rates seem to be lower than those of AQP-4 antibody
positive patients (37, 39, 49, 60). However, disease reoccurrence
of up to 80% with an annualized relapse rate of 0.9 has been
described as associated with a humoral immune reaction against
MOG (61); in particular, a NMOSD phenotype seemed to be
correlated with a relapsing disease (62). The highly variable data
on further attacks and relapse rates may be due to the different
characteristics of patients included for study, as well as the
higher detection probability in relapsing diseases compared to
monophasic diseases according to study design.

In several studies, a favorable outcome seemed to be associated
with MOG antibodies (34, 39, 63). Patients seropositive for
MOG antibodies less frequently suffer motor disability and
have a better EDSS score after recovery compared to AQP-
4 antibody positive patients (37). In patients with TM, the
presence of MOG antibodies has also been associated with
a better recovery from acute attack, indeed similar frequency
of severe attacks at onset and similar relapse rates to AQP-4
antibody-associated disorders (64). Although, MOG antibody-
associated ON is mainly a recurrent disease, accompanied by
severe visual loss in the acute phase, visual recovery was found
to be good (65); the outcome was better in MOG- compared
to AQP-4 antibody positive patients correlating with a better
preserved retinal fiber layer thickness (65, 66). However, in
another study, severe functional loss was described in nearly half
of MOG antibody positive patients and retinal axonal damage
was similar in both conditions (61, 67). In a recent study,
visual function outcomes and ambulation were significantly
better in MOG antibody-associated disorders than in AQP-
4 antibody-associated disorders; indeed, permanent disability
was described in nearly half of the patients after a median
disease duration of 16 months, and permanent bladder and
erectile dysfunction in ~1 quarter of the MOG antibody positive
patients (52). In a subgroup of adult MOG antibody positive
patients, severe disease courses and lack of response to DMT
were also noted (50). Though more data are necessary to
confidently evaluate the prognostic value of MOG antibodies
regarding disability, data indicates a favorable outcome at least
in the majority of patients; however, severe disease courses with
pronounced functional loss are possible, and may warrant early
immunotherapy.

LONGITUDINAL ANALYSIS OF MOG
ANTIBODIES: IMPLICATIONS FOR
CLINICAL PRACTICE

Prognostic assessment in MOG antibody positive patients who
have had their first demyelinating event, with a possibility of
an ensuing multiphasic disease course, is a challenge in clinical
practice, and has important implications regarding further
initiation of disease-modifying treatment. An association of
longitudinal antibody level change with clinical course has been
suggested (28, 29). Studies have also revealed an association of
MOG antibody titer decrease with a monophasic disease course
compared to stable or increasing titer in patients with multiphasic
diseases (36, 45, 49, 50, 68). Persistent MOG antibodies have
been predominantly found in recurrent non-MS diseases such
as MDEM, NMOSD, and ADEMON (48). Furthermore, in a
cohort of ON patients, 98% presented with persistent MOG
antibodies, and of these 80% relapsed (65). A recent publication
on adult and pediatric seropositive ADEM patients supported
the clinical usefulness of serial MOG antibody testing for relapse
prediction, as 88% with persistent MOG antibodies relapsed
during long-term follow-up compared to 12% with transient
antibodies (69). In the largest MOG antibody positive cohort to
date, 72% of patients were persistently MOG antibody positive
during the disease course; of these, 60% relapsed, whereas
all transient antibody positive patients were relapse-free (52).
Cobo-Calvo et al. confirmed the trend toward association of a
relapsing disease with persistent antibodies only in a subgroup
of patients; in some groups, no such association was observed
(49). Similarly, Duignan et al. found persistent MOG antibodies
in relapsing and monophasic diseases alike (70). In addition,
one study showed that in adult MS patients, a subgroup had
an immunoreactivity against MOG as well as associated severe
brainstem and spinal cord involvement, frequent relapses, and
a less favorable treatment response, with fluctuating and non-
persistent antibody levels (50).

Promising results for the use of MOG antibodies as treatment
biomarkers were published in 2017 in a study showing
conversion to seronegativity during immune-directed therapies.
The conversion was found to be a predictive marker for disease-
free activity during the subsequent disease course (71). Although
there is evidence for the potential use of serial testing as a
long-term disease marker and potential treatment marker, more
prospective data are necessary for the final evaluation of the
predictive value of serial MOG antibody testing, as the results
are in part inconsistent, and severe, relapsing disease courses
have been described in patients with decreasing/disappearing
antibody levels.

PARACLINICAL FINDINGS AND MOG
ANTIBODIES

In ADEM, an intrathecal IgG synthesis as measured by IgG
index or OCBs, is rare (72)—in contrast with MS, in which
OCBs are present in over 90% of cases. OCBs are included
in recent diagnostic MS criteria, and count for dissemination
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in time (1). Similar findings have been confirmed for MOG
antibody-associated disorders: OCBs are uncommon, occurring
in ~10% of cases, and cerebrospinal fluid (CSF) reactivity to
MOG has only been shown in cases of high serum levels (27,
28, 46, 73). These findings indicate a peripheral production of
MOG antibodies and secondary diffusion in the CNS similar to
that in NMOSD (74). Possible explanations include: a direct CNS
infection with leakage of CNS antigens in the periphery, and a
secondary peripheral immune reaction against MOG (20); or a
peripheral infection that stimulates MOG antibody production
via molecular mimicry (20, 22).

Other routine CSF analyses were also comparable between
MOG antibody-associated disorders and NMOSD. CSF
pleocytosis was detected in 55-70% of cases, with neutrophilic
granulocytes in more than half of patients and cell counts
higher than in typical MS (37, 61, 75). In addition, similarities
were found between CSF cytokine profiles in MOG antibody-
associated disorders and AQP-4 antibody-associated NMOSD,
with a predominant up-regulation of T helper 17 related
cytokines in the latter, whereas in MS, T helper 1 related
cytokines were found (75, 76), suggesting shared immunological
pathomechanisms in the two diseases.

Besides clear differences in clinical and laboratory findings,
MRI also provides a useful means of discriminating MOG
antibody-associated disorders from other CNS demyelinating
diseases, in particular MS. Brain MRI abnormalities at onset
range from 40 to 77% (41, 49, 61, 77, 78) and supratentorial
lesions have been found in nearly half of patients during the
disease course and brainstem, respectively, cerebellar lesions in
one third of the patients. Brain MRI abnormalities are associated
with pathological CSF findings (49). According to the typical
clinical manifestations of TM, the most common imaging finding
is a longitudinally extensive transverse myelitis (LETM) or a
short TM (61). In MOG antibody-associated ON, typical imaging
characteristics are a contrast enhancement of the optic nerve,
a perineural enhancement in a proportion of the patients,
and in 80%, more than half of the pre-chiasmic optic nerve
length being affected (65, 79). Lesion distribution in children
seems to be age-dependent, with poorly demarcated, widespread
lesions in younger children, in contrast with a normal brain
MRI in older children (80). It has been possible to distinguish
MOG antibody-associated NMOSD from MS with a specificity
of 95% and a sensitivity of 91% by employing predefined
MRI criteria for lesion distribution, including Dawson’s fingers,
subcortical U fiber lesions, and lesions adjacent to the lateral
ventricles, as typical for MS (81). A subsequent study confirmed
these results, and was able to accurately discriminate MS
from MOG antibody-associated disorders by the presence of
ovoid lesions adjacent to the body of the lateral ventricles,
Dawson’s fingers, and T1 hypointense lesions, whereas fluffy
lesions and three lesions or less were typical for MOG antibody-
associated disorders (82). However, there was an overlap between
MRI characteristics for AQP-4 and MOG antibody-associated
disorders. Moreover, a further study could not identify typical
radiological features to discriminate between the diseases; indeed,
thalamus, and pons lesions were more common in MOG
antibody-associated disorders, and in 16% of patients, a cortical

involvement, and in 6% a leptomeningeal enhancement, was
described (49).

Although MRI is variable in MOG antibody-associated
disorders, depending on the clinical presentation and age of the
patient, it is an important diagnostic tool. In the absence of
an unique imaging finding, typical features of MOG antibody
positive patients are characterized as a normal brain MRI or large,
confluent, poorly marginated MRI lesions (if clinically presenting
with ADEM), LETM, perineural enhancement of the optic nerve,
brainstem and hypothalamic lesions, and a leukodystrophy-like
MRI pattern (25, 83).

DIAGNOSTIC RECOMMENDATIONS FOR
MOG ANTIBODY-ASSOCIATED
DISORDERS

The International Panel on Diagnosis of Multiple Sclerosis
published in 2017 its most recent diagnostic criteria for MS. The
revised diagnostic criteria were based on further knowledge of a
combination of clinical, MRI, and CSF findings, and emphasized
the important role of OCBs in the diagnosis of MS and in
reducing the risk of misdiagnosis (1). Although MOG antibody
testing was not included in the revised criteria, due to a lack of
full validation of antibody testing, special clinical situations were
described for which antibody testing was recommended.
NMOSD and MS are often precisely discriminated by
clinical and paraclinical features (84), of which the important
therapeutic consequences regarding DMT requires special
attention. NMOSD, therefore, should be considered in every
suspected case of MS (1). The presence of antibodies against
MOG and AQP-4 should be tested for in patients with clinical
symptoms suggestive of NMOSD, such as bilateral ON, severe
brainstem involvement, or LETM, in special patient groups with a
high risk of NMOSD, if there is evidence of large cerebral lesions,
if MS criteria of dissemination in space are not fulfilled, or if
brain MRI is normal (1). As lack of OCBs is a very rare finding
in typical MS; MOG antibody testing should be considered in
OCB negative MS patients. In pediatric onset MS, antibody
testing can support the diagnosis of AQP-4 negative NMOSD,
ADEM followed by RON or with including chronic relapsing
inflammatory optic neuropathy (CRION). In 2017, Hacohen
et al. more precisely described the routine diagnostic use of
MOG antibody testing for pediatric patients in clinical practice,
and proposed a diagnostic algorithm for any episode of CNS
demyelination (83). According to the revised McDonald criteria,
first of all the diagnosis of MS should be evaluated by spinal
and brain MRI and CSF findings. Given the 2010 McDonald
diagnostic criteria (85), in this cohort diagnosis MS is also
reliable in children independent of age and no further diagnostic
steps are required. However, if there are features of NMOSD or
ADEM in cases where the patient is AQP-4 antibody negative,
MOG antibody analysis is strongly recommended. In contrast,
preceding criteria advised to apply the McDonald criteria with
caution for children under 12 years, as the validation of the
predictive value is lacking (86). In addition, MOG antibodies
are much more frequent in children; therefore, less stringent

Frontiers in Immunology | www.frontiersin.org

51

November 2018 | Volume 9 | Article 2753


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

Di Pauli and Berger

MOG Antibody-Associated Disorders

indications for antibody testing should be implemented in the
clinical practice.

Other red flags indicating the usefulness of MOG antibody
testing identified in the study of Hacohen et al. included
poorly marginated lesions located in the cerebellar peduncle
and a leukodystrophy-like MRI pattern. As MOG antibody
positive patients have distinct clinical features (being young,
less frequent area postrema syndrome, typically presenting
ADEM initially, lower disability during follow-up, a longer
time interval till the first relapse), the authors regard MOG
antibody-associated disorder as a new phenotype, discriminating
it in terms of its diagnostic algorithm from MS, AQP-4
antibody positive NMOSD, and antibody-negative recurrent
demyelinating syndrome (83).

Due to the rising relevance, in 2018 an international
recommendation based on expert consensus was proposed for
indication of antibody testing for patients with a demyelinating
CNS disease of suspected autoimmune etiology and either
a monophasic or relapsing disease course (25). Jarius et al.
proposed the urgent necessity of stringent indications for MOG
antibody testing, as screening for a rare biomarker in large,
unselected patient cohorts significantly decreases the predictive
power of a test (25). This limitation applies particularly to adult
patients, as in children MOG antibodies are more common.
Based on a combination of clinical, imaging, and laboratory
findings, MOG antibody testing should be performed in patients
with high risk of a MOG antibody-associated disorder and/or
in the case of findings that are atypical for MS. Concrete
antibody testing indications are: “Monophasic or relapsing
acute ON, myelitis, brainstem encephalitis, encephalitis, or any
combination thereof, AND radiological or, only in patients with
a history of ON, electrophysiological (VEP) findings compatible
with CNS demyelination” (25). In addition, at least one further
finding is necessary, of clearly defined MRI, Fundoscopy, CSF,
or clinical features, or typical treatment response. Among others,
a progressive disease course, progressive lesion load shown by
MRI during clinically inactive time periods, AQP-4 AND MOG
antibody positivity, and MOG IgM antibodies are regarded as red
flags for a false positive result.

As discussed above, no exact clinically unique phenotype
has been identified in patients with MOG antibodies. However,
MOG antibody-associated disorders share similar features and
a common treatment response, making their inclusion in
diagnostic criteria for all patient age ranges of important
clinical relevance. Therefore, two research groups independently
suggested diagnostic criteria for MOG antibody-associated
disorders, the newly introduced entity was termed as “MOG
encephalomyelitis” (25), respectively, “MOG IgG associated
disorders” (69). Jarius et al. propose the possible diagnostic
criteria for “MOG encephalomyelitis” in adult patients, as
including MOG antibody seropositive patients with either a
monophasic or relapsing ON, TM, brainstem encephalitis,
or encephalitis (or a combination of these syndromes), if
MRI or electrophysiological findings are compatible with CNS
demyelination (25). In the second proposal for diagnostic criteria
of Lopez-Chiriboga et al., similar findings are required: MOG-
IgG seropositivity measured by a cell-based assay with clinical

findings of ADEM, ON, CRION, TM, brain or brainstem
syndrome compatible with demyelination, or any combination
of the described syndromes, after exclusion of other differential
diagnoses (69).

These suggested criteria are preliminary: validation
experiments are essential for confirming final use in clinical
practice. Furthermore, depending on future data and antibody
testing methods, which may offer improvements in sensitivity
and specificity, adaptions will be necessary. In particular in large,
experienced MS centers, screening for MOG antibody positivity
in typical MS cohorts, and critical consideration of results,
could yield enhanced knowledge of the whole spectrum of MOG
antibody positive disorders.

HOW TO TEST FOR MOG ANTIBODIES

Several detection methods have been applied in identifying MOG
antibodies in inflammatory demyelinating CNS diseases. Given
the inconsistent results generated by ELISA and immunoblot
in MS patients, these techniques are now regarded as obsolete
(21). However, reliable results have been recorded with cell-
based assays expressed in human cells using immunofluorescence
or fluorescence-activated cell sorting. With this method, the
expression of natural conformation full length native MOG at
the cell surface is possible, and subsequently, so is the detection
of antibodies targeting human MOG. Different expression
vectors, cell lines, and read-out systems have been reliably used.
Immunohistochemistry is not recommended, due to reduced
sensitivity depending on the tissue donor, and limited data
regarding specificity (12, 87). As mentioned above, a cut-off is
important, as in healthy individuals as well as other neurological
controls, low-titer antibodies are detectable, leading to a lack of
disease specificity for low-titer MOG antibodies. Most studies
have used a cut-off of >1:160 (88). A higher prognostic specificity
has been described using a higher cut-oft titer for positivity, but
further prospective studies are required for the evaluation of
optimal cut-off.

Waters et al. were able to improve the test using an IgGI-
specific secondary antibody, in response to the problem of cross-
reactivity of the anti-human IgG secondary antibody with IgM
and IgA antibodies. This optimization increased the specificity
of the MOG antibody assay in cases of non-MS disease, and
the method provided class II evidence for the discrimination
of non-MS CNS demyelinating disorders from MS (89). As
an alternative, IgG Fc antibodies can be used (25). As data
suggests peripheral production of MOG antibodies, analysis of
serum samples results in higher specificity than CSF samples
(28, 46), and CSF analysis is only recommended in rare
cases (46).

Although the value of longitudinal testing warrants further
evaluation, the current authors recommend serial analysis of
positive patients at 6-12 months. As there is no evidence
for seroconversion from negative to positive (48), there is
no expectation of additional information by retesting negative
patients during the disease course. However, as there is no gold
standard for MOG antibody analysis, in particular cases with
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clinical and paraclinical findings suggestive for a MOG antibody
associated disorder retesting is reasonable.

LESSONS FROM NEUROPATHOLOGY

Only limited data, mainly by single case reports, are available
regarding MOG antibody positive patients and underlying
histopathology. However, the existent neuropathological findings
are consistent and show in most cases MS pattern II pathology
(12). To the current authors’ knowledge, to date only nine
cases with available neuropathology are described in the
literature, Table1 (47, 56, 58, 90-94). Most cases revealed
MS pattern II lesions with demyelination, relatively preserved
axons, pre-oligodendrocytes, an absence of myelin, and myelin-
laden macrophages. The inflammatory hallmark is an infiltrate
consisting of T cells as well as a complement and antibodies
(12)—indicative of humoral pathogenesis in these cases. The
clinical presentation of MOG antibody positive patients with
MS pattern II pathology varies, and includes cases with CIS,
MS, NMOSD, recurrent LETM followed by tumefactive lesions,
and atypical inflammatory demyelinating CNS syndromes (47,
58, 90-94). Tough the clinical presentation corresponded to
NMOSD, the typical pathological hallmarks of NMOSD with
AQP-4 and astrocyte loss, necrosis, complement activation, focal
perivascular or confluent extensive demyelination, eosinophilic,
and neutrophilic cell infiltration (95), and thickened hyalinized
vessel walls (96) were missing.

Similar results have been obtained for ADEM. No clinical
ADEM MOG antibody positive case to date, according to the
diagnostic criteria, has the ADEM typical neuropathological
findings with perivenous demyelination (compared to confluent
demyelination in MS) (97) and cortical microglial activation
(35). In accordance with this, it has previously been shown
that 9% of patients with ADEM according to clinical criteria
were misdiagnosed, since the pathology was MS typical and
the patients developed MS during long-term follow-up (97).
Complications in ADEM diagnosis are still possible with biopsy,
as an overlap of confluent and perivenous demyelination has
been described. However, two recently published MOG antibody
positive cases presented with a distinct pathology and clinical
presentation (56, 58). In the first case, a bilateral cortical frontal
steroid-responsive encephalitis with ADEM-like lesions and ON
was associated with MOG antibodies and mild inflammatory
changes with intact myelin sheaths (56). Comparably, in the
second case, of cerebral cortical encephalomyelitis, epilepsy,
and steroid responsiveness, biopsy revealed slight inflammation
without distinct demyelination, and in contrast to the first
case, mild loss of MOG (58). Whether these two cases
extended the spectrum of MOG antibody-associated disorders
to a subgroup of cortical inflammatory encephalitis without
pronounced demyelination needs to be further elucidated.

To summarize the available rare data, MOG antibody-
associated disorders seem to be mainly associated with MS
pattern II pathology, independent of clinical features, pointing
to a distinct humoral-mediated disease group of demyelinating
CNS diseases.

EVIDENCE FOR THE PATHOGENIC ROLE
OF MOG ANTIBODIES

In animal models, it is well-established that MOG antibodies
have a pathogenic effect (12); however, in humans, the role of
MOG antibodies in disease pathogenesis is less clear and still
under debate, including the subjects of direct, antibody-mediated
cell induced tissue destruction or their presence of a bystander
phenomenon.

Initial studies showing evidence for a pathogenic effect of
humoral immune response against MOG involved purified
human MOG antibodies; these antibodies were able to induce
cell death of MOG-expressing cells, as well as natural killer-
cell mediated cell death, with the extent of cell damage
dependent on antibody levels (27, 30). In addition, MOG
antibodies belong mainly to the complement binding IgGl
subtype, and have been found to be able to activate the
complement cascade, finally leading to complement-dependent
destruction of MOG expressing cells (31, 51). A disruption of
the oligodendrocyte cytoskeleton, with the effect of a functional
modification, has been described (73); however, results from
in vivo studies of the ability of MOG antibodies to damage tissue
are inconclusive. Patient purified antibodies injected in EAE
increased demyelination (30), and reversibly damaged axons,
though no inflammatory reaction or complement deposition was
induced (98). One possible explanation is that human and rodent
MOG differs, and human MOG antibodies do not recognize
rodent MOG (99).

However, in CNS antigen-presenting cells (APCs),
accumulation of MOG antibodies has been described, with
a subsequent activation of autoreactive T cells, as well as a
MOG antibody induced Fc-mediated APC recognition of
MOG, followed by induction of peripheral autoreactive T cells
(100, 101). A recent study confirmed the pathogenic effect
on rodents of affinity-purified MOG antibodies transferred
from patients. These purified MOG antibodies were not
only able to mediate MS pattern II pathology with typical
immunoglobulin-mediated tissue destruction, but also induce, in
combination with MOG reactive T-cells, a clinical disease with
enhanced T-cell recruitment and reaction (102). Importantly,
results revealed that MOG antibodies alone did not induce
inflammation and tissue destruction—their interdependence
with T-cells was required to evolve their pathogenic
potential.

Evidence is arising that MOG antibodies have a pathogenic
potential, but the exact pathomechanism and the synergy with T
cells requires further elucidation. However, if MOG antibodies
are mainly bystanders and only slightly contribute to disease
development and pathogenesis, their important role as disease
biomarkers is obvious.

TREATMENT

As there have been no controlled treatment trials in MOG
antibody positive diseases, therapy regimes are based on
the suspected individual prognosis and clinical experiences.
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TABLE 1 | Histopathological findings in MOG antibody-associated disorders. Modified after (12, 24).

Sex Age Clinical diagnosis Neuropathological Inflammatory  Perivascular Eosinophilic cell Comment References
classification infiltrates and complement infiltration?
confluent deposition
demyelination® and/or AQP-4
lossP
M 71 Fulminant encephalomyelitis MS pattern I, in addition + + in a single lesion nr Late 91)
lesions with complement of optic chiasm seroconversion to
activation and AQP4 loss low-titer AQP-4
antibody positivity
during disease
course
M 46  Encephalitis, ADEM-like Mild inflammatory changes na na na No demyelinating (56)
lesions and unilateral optic lesions
neuritis
F 29  Cerebral cortical Inflammatory infiltrates in the na na na No demyelinating (58)
encephalitis with epilepsy cortex and subcortex lesions
and bilateral optic neuritis
F 63 CIS MS pattern I + - - - (93)
W 49 RRMS MS pattern I + - - - (90)
M 49 ADEM MS pattern Il with an + - - Oligodendrocyte (94)
overlap of MS pattern Il apoptosis and loss
M 34 ADEM MS pattern Il + - - -
F 66  Recurrent myelitis and MS pattern Il + - - - 92)
brainstem involvement
followed by tumefactive
bilateral lesions
F 67  NMOSD, recurrent myelitis ~ No pattern classification, + nr nr - 47)

followed by cerebral
tumefactive lesions

inflammatory demyelination
without astrocyte loss

aTypical neuropathological findings of MS and NMOSD.
bTypical neuropathological findings of NMOSD, nr, not reported; na, not applicable.

In an acute attack, similar approaches are used as in
other inflammatory demyelinating CNS diseases such as MS
(intravenous methylprednisolone and plasma exchange). A
favorable recovery has been demonstrated in 70-90% of patients
given intravenous methylprednisolone (39, 103). Long-term
treatment with corticosteroids reduces the risk of relapse and
cessation has been associated with breakthrough disease (103).
Jarius et al. describe similar results, with a full recovery in
50% of cases, partial recovery in 44%, and no recovery in 6%
(61). Of particular importance is that tapering or finishing of
corticosteroids was followed by a flare-up of the disease and
early relapses (25, 52, 103). Thus, some authors have favored
long-term steroid treatment over 6 months, given alongside
other immunomodulatory or immunosuppressive drugs. When
there is suggestion of an antibody-mediated immune reaction,
plasma exchange, which is normally initiated if corticosteroid
therapy is insufficient, is promising for managing the acute
attack. Use of plasma exchange seems to be associated in
several reports with a better outcome and improved neurological
deficits after the failure of corticosteroids (50, 80). However,
though plasma exchange seems mainly to be followed by a good
functional outcome, in a substantial proportion of patients, only
partial recovery was achieved (61). On balance, plasma exchange
seems to be a reasonable therapy after the treatment failure

of corticosteroids, or in selected patients as an early treatment
option.

A challenge in MOG antibody-associated disorders is the
choice of long-term immunotherapy, since clinical courses
and prognoses substantially vary between individuals. When
considering the underlying pathogenesis as involving B cells and
antibodies, therapies directing the humoral immune response
may prove most promising.

Although the data shows that recurrent disabling disease
courses are common with MOG antibody-associated disorders,
they are treated less often than AQP-4 associated diseases
(104). Only 40% received a long-term maintenance therapy
(52). As mentioned above, a combination of corticosteroids
and other immune-mediated therapies seems favorable.
Ramanathan et al. found a reduction of relapse rates with
different immunotherapies such as azathioprine, rituximab,
and mycophenolate, maintenance corticosteroids and rituximab
being most effective in preventing disease activity (103).
In addition, further studies confirmed the positive effect
of immunosuppression/immunomodulation, including
azathioprine, methotrexate, and rituximab, on the risk of relapse
and the annualized relapse rate (23, 49, 52), in particular if
treatment is maintained for more than 3 months (52). Recently,
a study including children with relapsing MOG antibody
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associated disorders demonstrated a benefit of intravenous
immunoglobulins on the annualized relapse rate (78). Classical
MS drugs such as natalizumab, interferon, and glatirameracetat
showed no treatment efficacy (61). To the knowledge of the
current authors, so far only one case has been published detailing
treatment with alemtuzumab, a highly effective treatment in
MS. Similar to reports of alemtuzumab use in AQP-4 antibody
NMOSD (105), treatment failed and disease activity resumed
(106). The failure of a treatment effective in MS is well-known
in NMOSD, suggesting a distinct pathomechanism in antibody-
associated disorders. In conclusion, promising treatment regimes
include maintenance corticosteroids and rituximab, although
for a more definitive statement, prospective controlled trials are
required.

CONCLUSION

Inflammatory demyelinating CNS diseases include a broad
spectrum of different diseases, among which single diseases
might show distinct clinical phenotypes and prognoses. For
disease stratification, prognostic evaluation, treatment decisions,
and patient counseling an early diagnosis is important.
Diagnostic procedures now include a combination of clinical,
imaging, and laboratory findings. However, correct diagnosis
at disease onset is still a challenge and an exact prognostic
estimation regarding occurrence of relapses and disability is
remains out of reach. Biomarker research has therefore been
a focus of interest for several decades, given that in MS, in
particular, new treatment allows for early therapy initiation.
However, since newly available treatments are not only more
effective but also more aggressive, carrying more side effects and
risks, overtreatment should be avoided.

Over the past few years our knowledge of clinical, imaging,
and laboratory data regarding MOG antibody-associated
disorders has evolved. Clear differences in this spectrum have

REFERENCES

1. Thompson AJ, Banwell BL, Barkhof F, Carroll WM, Coetzee T, Comi G,
et al. Diagnosis of multiple sclerosis: 2017 revisions of the McDonald criteria.
Lancet Neurol. (2018) 17:162-73. doi: 10.1016/S1474-4422(17)30470-2

2. Solomon AJ, Weinshenker BG. Misdiagnosis of multiple sclerosis: frequency,
causes, effects, and prevention. Curr Neurol Neurosci Rep. (2013) 13:403.
doi: 10.1007/s11910-013-0403-y

3. Brownlee WJ, Hardy TA, Fazekas F, Miller DH. Diagnosis of multiple
sclerosis:  progress and challenges. (2017)  389:1336-46.
doi: 10.1016/S0140-6736(16)30959-X

4. Hoftberger R, Lassmann H. Inflammatory demyelinating diseases of
the central nervous system. Handb Clin Neurol. (2017) 145:263-83.
doi: 10.1016/B978-0-12-802395-2.00019-5

5. Karussis D. The diagnosis of multiple sclerosis and the various related
demyelinating syndromes: a critical review. ] Autoimmun. (2014) 48-9:134—
42. doi: 10.1016/j.jaut.2014.01.022

6. Beesley R, Anderson V, Harding KE, Joseph F, Tomassini V, Pickersgill
TP, et al. Impact of the 2017 revisions to McDonald criteria on
the diagnosis of multiple sclerosis. Mult Scler. (2018) 24:1786-7.
doi: 10.1177/1352458518778007

7. Thompson AJ, Baranzini SE, Geurts ], Hemmer B, Ciccarelli O. Multiple
sclerosis. Lancet (2018) 391:1622-36. doi: 10.1016/S0140-6736(18)30481-1

Lancet

not only been found with MS, but also, to a lesser degree, with
AQP-4 associated disorders. Although there is no unique clinical
phenotype, clinical presentation, prognosis, and treatment
response is distinct in this demyelinating CNS disease subgroup.
In particular, in MOG antibody-associated NMOSD a different
immunopathogenesis, with an oligodendrogliopathy rather than
a classical astrocytopathy, is suggested. These differences are
mirrored in the histopathological findings of MOG antibody-
associated disorders, where there is a preponderance of MS
pattern II findings. This finding is clearly different from AQP-
4 associated disorders, and suggests that other therapeutic
strategies might be promising. An integration of the two
diseases would be short-sighted, as there are not only important
implications for further research but also for patient counseling
and treatment considerations.

Various research groups have published diagnostic
recommendations for MOG antibody-associated disorders
and introduced them as a new spectrum disorder. International
cooperation for the development of diagnostic consensus
criteria, either as stand-alone or for inclusion in the MS or
NMOSD criteria, would constitute further important progress.
In addition, serial testing is now upcoming in the generation of
prognostic, and perhaps also therapeutic, biomarkers; its routine
use in clinical practice warrants further prospective trials, in
particular for patients undergoing long-term treatment. Overall,
MOG antibody-associated disorders should, it is suggested,
be classified as distinct spectrum disorders, though research is
still in its early stages in understanding the exact underlying
pathomechanism and its prognostic implications.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and
intellectual contribution to the work, and approved it for
publication.

8. Yahr MD, Goldensohn SS, Kabat EA. Further studies on the gamma
globulin content of cerebrospinal fluid in multiple sclerosis and
other neurological diseases. Ann N Y Acad Sci. (1954) 58:613-24.
doi: 10.1111/j.1749-6632.1954.tb54099.x

9. Weissert R. Adaptive immunity is the key to the understanding of

autoimmune and paraneoplastic inflammatory central nervous system
disorders. Front Immunol. (2017) 8:336. doi: 10.3389/fimmu.2017.00336

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

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

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

doi: 10.1016/50140-6736(04)17551-X

Lennon VA, Kryzer TJ, Pittock SJ, Verkman AS, Hinson SR. IgG marker of

optic-spinal multiple sclerosis binds to the aquaporin-4 water channel. ] Exp
Med. (2005) 202:473-7. doi: 10.1084/jem.20050304
. Peschl P, Bradl M, Hoftberger R, Berger T, Reindl M. Myelin oligodendrocyte
glycoprotein: deciphering a target in inflammatory demyelinating diseases.
Front Immunol. (2017) 8:529. doi: 10.3389/fimmu.2017.00529

. Lebar R, Boutry JM, Vincent C, Robineaux R, Voisin GA. Studies on
autoimmune encephalomyelitis in the guinea pig. IT An in vitro investigation
on the nature, properties, and specificity of the serum-demyelinating factor.
J Immunol. (1976) 116:1439-46.

. Gardinier MV,  Amiguet P,
Myelin/oligodendrocyte  glycoprotein

11.

Linington ~ C,  Matthieu JM.
is a unique member of the

Frontiers in Immunology | www.frontiersin.org

55

November 2018 | Volume 9 | Article 2753


https://doi.org/10.1016/S1474-4422(17)30470-2
https://doi.org/10.1007/s11910-013-0403-y
https://doi.org/10.1016/S0140-6736(16)30959-X
https://doi.org/10.1016/B978-0-12-802395-2.00019-5
https://doi.org/10.1016/j.jaut.2014.01.022
https://doi.org/10.1177/1352458518778007
https://doi.org/10.1016/S0140-6736(18)30481-1
https://doi.org/10.1111/j.1749-6632.1954.tb54099.x
https://doi.org/10.3389/fimmu.2017.00336
https://doi.org/10.1016/S0140-6736(04)17551-X
https://doi.org/10.1084/jem.20050304
https://doi.org/10.3389/fimmu.2017.00529
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Di Pauli and Berger

MOG Antibody-Associated Disorders

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

immunoglobulin  superfamily. ] Neurosci Res. (1992) 33:177-87.
doi: 10.1002/jnr.490330123

Kroepfl JE Viise LR, Charron AJ, Linington C, Gardinier MV. Investigation
of myelin/oligodendrocyte glycoprotein membrane topology. ] Neurochem.
(1996) 67:2219-22.

Lebar R, Lubetzki C, Vincent C, Lombrail P, Boutry JM. The M2 autoantigen
of central nervous system myelin, a glycoprotein present in oligodendrocyte
membrane. Clin Exp Immunol. (1986) 66:423-34.

Linington C, Lassmann H. Antibody responses in chronic relapsing
experimental allergic encephalomyelitis: correlation of serum demyelinating
activity with antibody titre to the myelin/oligodendrocyte glycoprotein
(MOG). ] Neuroimmunol. (1987) 17:61-9.

Linington C, Bradl M, Lassmann H, Brunner C, Vass K. Augmentation
of demyelination in rat acute allergic encephalomyelitis by circulating
mouse monoclonal antibodies directed against a myelin/oligodendrocyte
glycoprotein. Am J Pathol. (1988) 130:443-54.

Lebar R, Baudrimont M, Vincent C. Chronic experimental autoimmune
encephalomyelitis in the guinea pig. Presence of anti-M2 antibodies in
central nervous system tissue and the possible role of M2 autoantigen in the
induction of the disease. ] Autoimmun. (1989) 2:115-32.

Reindl M, Di Pauli F Rostasy K, Berger T. The spectrum of MOG
autoantibody-associated demyelinating diseases. Nat Rev Neurol. (2013)
9:455-61. doi: 10.1038/nrneurol.2013.118

Berger T, Reindl M. Antibody biomarkers in CNS demyelinating
diseases - a long and winding road. Eur ] Neurol. (2015) 22:1162-8.
doi: 10.1111/ene.12759

Ramanathan S, Dale RC, Brilot F. Anti-MOG antibody: the history, clinical
phenotype, and pathogenicity of a serum biomarker for demyelination.
Autoimmun Rev. (2016) 15:307-24. doi: 10.1016/j.autrev.2015.12.004

Dos Passos GR, Oliveira LM, da Costa BK, Apostolos-Pereira SL, Callegaro
D, Fujihara K, et al. MOG-IgG-associated optic neuritis, encephalitis, and
myelitis: lessons learned from neuromyelitis optica spectrum disorder. Front
Neurol. (2018) 9:217. doi: 10.3389/fneur.2018.00217

Weber MS, Derfuss T, Metz I, Bruck W. Defining distinct features of anti-
MOG antibody associated central nervous system demyelination. Ther Adv
Neurol Disord. (2018) 11. doi: 10.1177/1756286418762083

Jarius S, Paul F Aktas O, Asgari N, Dale RC, de Seze J, et al
MOG  encephalomyelitis:  international
diagnosis and antibody testing. ] Neuroinflamm.
doi: 10.1186/s12974-018-1144-2

O’Connor KC, McLaughlin KA, De Jager PL, Chitnis T, Bettelli E, Xu C, et al.
Self-antigen tetramers discriminate between myelin autoantibodies to native
or denatured protein. Nat Med. (2007) 13:211-7. doi: 10.1038/nm1488
Brilot F, Dale RC, Selter RC, Grummel V, Kalluri SR, Aslam M, et al.
Antibodies to native myelin oligodendrocyte glycoprotein in children with
inflammatory demyelinating central nervous system disease. Ann Neurol.
(2009) 66:833-42. doi: 10.1002/ana.21916

Di Pauli F, Mader S, Rostasy K, Schanda K, Bajer-Kornek B, Ehling R, et al.
Temporal dynamics of anti-MOG antibodies in CNS demyelinating diseases.
Clin Immunol. (2011) 138:247-54. doi: 10.1016/j.clim.2010.11.013

Probstel AK, Dornmair K, Bittner R, Sperl P, Jenne D, Magalhaes
S, et al. Antibodies to MOG are transient in childhood acute
disseminated  encephalomyelitis. ~ Neurology ~ (2011)  77:580-8.
doi: 10.1212/WNL.0b013e318228c0bl

Zhou D, Srivastava R, Nessler S, Grummel V, Sommer N, Bruck W,
et al. Identification of a pathogenic antibody response to native myelin
oligodendrocyte glycoprotein in multiple sclerosis. Proc Natl Acad Sci USA.
(2006) 103:19057-62. doi: 10.1073/pnas.0607242103

McLaughlin KA, Chitnis T, Newcombe ], Franz B, Kennedy J, McArdel
S, et al. Age-dependent B cell autoimmunity to a myelin surface
antigen in pediatric multiple sclerosis. J Immunol. (2009) 183:4067-76.
doi: 10.4049/jimmunol.0801888

Selter RC, Brilot F Grummel V, Kraus V, Cepok S, Dale RC,
et al. Antibody responses to EBV and native MOG in pediatric
inflammatory demyelinating CNS diseases. Neurology (2010) 74:1711-5.
doi: 10.1212/WNL.0b013e3181e04096

Lalive PH, Hausler MG, Maurey H, Mikaeloff Y, Tardieu M, Wiendl H,
et al. Highly reactive anti-myelin oligodendrocyte glycoprotein antibodies

recommendations
(2018)

on
15:134.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

differentiate demyelinating diseases from viral encephalitis in children. Mult
Scler. (2011) 17:297-302. doi: 10.1177/1352458510389220

Kitley J, Woodhall M, Waters P, Leite MI, Devenney E, Craig ],
et al. Myelin-oligodendrocyte glycoprotein adults
with a neuromyelitis optica phenotype. Neurology (2012) 79:1273-7.
doi: 10.1212/WNL.0b013e31826aac4e

Rostasy K, Mader S, Schanda K, Huppke P, Gartner J, Kraus
V, et al. Anti-myelin oligodendrocyte glycoprotein antibodies in
pediatric patients with optic neuritis. Arch Neurol (2012) 69:752-6.
doi: 10.1001/archneurol.2011.2956

Rostasy K, Mader S, Hennes EM, Schanda K, Gredler V, Guenther A, et al.
Persisting myelin oligodendrocyte glycoprotein antibodies in aquaporin-4
antibody negative pediatric neuromyelitis optica. Mult Scler. (2013) 19:1052-
9. doi: 10.1177/1352458512470310

Kitley J, Waters P, Woodhall M, Leite MI, Murchison A, George J,
et al. Neuromyelitis optica spectrum disorders with aquaporin-4 and
myelin-oligodendrocyte glycoprotein antibodies: a comparative study. JAMA
Neurol. (2014) 71:276-83. doi: 10.1001/jamaneurol.2013.5857

Ramanathan S, Reddel SW, Henderson A, Parratt JD, Barnett M, Gatt PN,
et al. Antibodies to myelin oligodendrocyte glycoprotein in bilateral and
recurrent optic neuritis. Neurol Neuroimmunol Neuroinflamm. (2014) 1:e40.
doi: 10.1212/NXI1.0000000000000040

Sato DK, Callegaro D, Lana-Peixoto MA, Waters PJ, de Haidar Jorge FM,
Takahashi T, et al. Distinction between MOG antibody-positive and AQP4
antibody-positive NMO spectrum disorders. Neurology (2014) 82:474-81.
doi: 10.1212/WNL.0000000000000101

Titulaer MJ, Hoftberger R, lizuka T, Leypoldt F, McCracken L, Cellucci T,
et al. Overlapping demyelinating syndromes and anti-N-methyl-D-aspartate
receptor encephalitis. Ann Neurol. (2014) 75:411-28. doi: 10.1002/ana.24117
Hacohen Y, Absoud M, Deiva K, Hemingway C, Nytrova P, Woodhall M,
et al. Myelin oligodendrocyte glycoprotein antibodies are associated with a
non-MS course in children. Neurol Neuroimmunol Neuroinflamm. (2015)
2:e81. doi: 10.1212/NXI1.0000000000000081

Ketelslegers IA, Van Pelt DE, Bryde S, Neuteboom RF, Catsman-Berrevoets
CE, Hamann D, et al. Anti-MOG antibodies plead against MS diagnosis in an
Acquired Demyelinating Syndromes cohort. Mult Scler. (2015) 21:1513-20.
doi: 10.1177/1352458514566666

Martinez-Hernandez E, Sepulveda M, Rostasy K, Hoftberger R,
Graus F, Harvey RJ, et al. Antibodies to aquaporin 4, myelin-
oligodendrocyte glycoprotein, and the glycine receptor alphal subunit
in patients with isolated optic neuritis. JAMA Neurol. (2015) 72:187-93.
doi: 10.1001/jamaneurol.2014.3602

Probstel AK, Rudolf G, Dornmair K, Collongues N, Chanson JB, Sanderson
NS, et al. Anti-MOG antibodies are present in a subgroup of patients
with a neuromyelitis optica phenotype. J Neuroinflamm. (2015) 12:46.
doi: 10.1186/512974-015-0256-1

Baumann M, Hennes EM, Schanda K, Karenfort M, Kornek B, Seidl
R, et al. Children with multiphasic disseminated encephalomyelitis and
antibodies to the myelin oligodendrocyte glycoprotein (MOG): Extending
the spectrum of MOG antibody positive diseases. Mult Scler. (2016) 22:1821-
9. doi: 10.1177/1352458516631038

Jarius S, Ruprecht K, Kleiter I, Borisow N, Asgari N, Pitarokoili K, et al.
MOG-IgG in NMO and related disorders: a multicenter study of 50 patients.
Part 1: Frequency, syndrome specificity, influence of disease activity, long-
term course, association with AQP4-IgG, and origin. ] Neuroinflamm. (2016)
13:279. doi: 10.1186/s12974-016-0717-1

antibodies in

Wang JJ, Jaunmuktane Z, Mummery C, Brandner S, Leary §,
Trip SA. Inflammatory demyelination without astrocyte loss in
MOG antibody-positive = NMOSD. Neurology (2016) 87:229-31.

doi: 10.1212/WNL.0000000000002844
Hennes EM, Baumann M, Schanda K, Anlar B, Bajer-Kornek B,
Blaschek A, et al. Prognostic relevance of MOG antibodies in children
with an acquired demyelinating syndrome. Neurology (2017) 89:900-8.
doi: 10.1212/WNL.0000000000004312
Cobo-Calvo A, Ruiz A, Maillart E, Audoin B, Zephir H, Bourre B, et al.
Clinical spectrum and prognostic value of CNS MOG autoimmunity
in adults: the MOGADOR study. Neurology (2018) 90:¢1858-¢1869.
doi: 10.1212/WNL.0000000000005560

Frontiers in Immunology | www.frontiersin.org

56

November 2018 | Volume 9 | Article 2753


https://doi.org/10.1002/jnr.490330123
https://doi.org/10.1038/nrneurol.2013.118
https://doi.org/10.1111/ene.12759
https://doi.org/10.1016/j.autrev.2015.12.004
https://doi.org/10.3389/fneur.2018.00217
https://doi.org/10.1177/1756286418762083
https://doi.org/10.1186/s12974-018-1144-2
https://doi.org/10.1038/nm1488
https://doi.org/10.1002/ana.21916
https://doi.org/10.1016/j.clim.2010.11.013
https://doi.org/10.1212/WNL.0b013e318228c0b1
https://doi.org/10.1073/pnas.0607242103
https://doi.org/10.4049/jimmunol.0801888
https://doi.org/10.1212/WNL.0b013e3181e04096
https://doi.org/10.1177/1352458510389220
https://doi.org/10.1212/WNL.0b013e31826aac4e
https://doi.org/10.1001/archneurol.2011.2956
https://doi.org/10.1177/1352458512470310
https://doi.org/10.1001/jamaneurol.2013.5857
https://doi.org/10.1212/NXI.0000000000000040
https://doi.org/10.1212/WNL.0000000000000101
https://doi.org/10.1002/ana.24117
https://doi.org/10.1212/NXI.0000000000000081
https://doi.org/10.1177/1352458514566666
https://doi.org/10.1001/jamaneurol.2014.3602
https://doi.org/10.1186/s12974-015-0256-1
https://doi.org/10.1177/1352458516631038
https://doi.org/10.1186/s12974-016-0717-1
https://doi.org/10.1212/WNL.0000000000002844
https://doi.org/10.1212/WNL.0000000000004312
https://doi.org/10.1212/WNL.0000000000005560
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Di Pauli and Berger

MOG Antibody-Associated Disorders

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Spadaro M, Gerdes LA, Krumbholz M, Ertl-Wagner B, Thaler FS, Schuh
E, et al. Autoantibodies to MOG in a distinct subgroup of adult
multiple sclerosis. Neurol Neuroimmunol Neuroinflamm. (2016) 3:e257.
doi: 10.1212/NXI1.0000000000000257

Mader S, Gredler V, Schanda K, Rostasy K, Dujmovic I, Pfaller K, et al.
Complement activating antibodies to myelin oligodendrocyte glycoprotein
in neuromyelitis optica and related disorders. ] Neuroinflamm. (2011) 8:184.
doi: 10.1186/1742-2094-8-184

Jurynczyk M, Messina S, Woodhall MR, Raza N, Everett R, Roca-Fernandez
A, et al. Clinical presentation and prognosis in MOG-antibody disease: a UK
study. Brain (2017) 140:3128-38. doi: 10.1093/brain/awx276

Chen L, Chen C, Zhong X, Sun X, Zhu H, Li X, et al. Different features
between pediatric-onset and adult-onset patients who are seropositive for
MOG-IgG: a multicenter study in South China. ] Neuroimmunol. (2018)
321:83-91. doi: 10.1016/j.jneuroim.2018.05.014

Wingerchuk DM, Banwell B, Bennett JL, Cabre P, Carroll W,
Chitnis T, et al diagnostic
neuromyelitis optica spectrum disorders. Neurology (2015) 85:177-89.
doi: 10.1212/WNL.0000000000001729

Hamid SHM, Whittam D, Saviour M, Alorainy A, Mutch K, Linaker S,
et al. Seizures and encephalitis in myelin oligodendrocyte Glycoprotein
IgG disease vs Aquaporin 4 IgG disease. JAMA Neurol. (2018) 75:65-71.
doi: 10.1001/jamaneurol.2017.3196

Fujimori J, Takai Y, Nakashima I, Sato DK, Takahashi T, Kaneko K,
et al. Bilateral frontal cortex encephalitis and paraparesis in a patient
with anti-MOG antibodies. | Neurol Neurosurg Psychiatry (2017) 88:534-6.
doi: 10.1136/jnnp-2016-315094

Ogawa R, Nakashima I, Takahashi T, Kaneko K, Akaishi T, Takai
Y, et al. MOG antibody-positive, benign, unilateral, cerebral cortical
encephalitis with epilepsy. Neurol Neuroimmunol Neuroinflamm. (2017)
4:e322. doi: 10.1212/NXI1.0000000000000322

Ikeda T, Yamada K, Ogawa R, Takai Y, Kaneko K, Misu T, et al. The
pathological features of MOG antibody-positive cerebral cortical encephalitis
as a new spectrum associated with MOG antibodies: a case report. J Neurol
Sci. (2018) 392:113-5. doi: 10.1016/j.jns.2018.06.028

Narayan R, Simpson A, Fritsche K, Salama S, Pardo S, Mealy M, et al. MOG
antibody disease: a review of MOG antibody seropositive neuromyelitis
optica spectrum disorder. Mult Scler Relat Disord. (2018) 25:66-72.
doi: 10.1016/j.msard.2018.07.025

van Pelt ED, Wong YY, Ketelslegers IA, Hamann D, Hintzen RQ.
Neuromyelitis optica spectrum disorders: comparison of clinical and
magnetic resonance imaging characteristics of AQP4-IgG versus MOG-
IgG seropositive cases in the Netherlands. Eur J Neurol. (2016) 23:580-7.
doi: 10.1111/ene.12898

Jarius S, Ruprecht K, Kleiter I, Borisow N, Asgari N, Pitarokoili K, et al.
MOG-IgG in NMO and related disorders: a multicenter study of 50 patients.
Part 2: Epidemiology, clinical presentation, radiological and laboratory
features, treatment responses, and long-term outcome. J Neuroinflamm.
(2016) 13:280. doi: 10.1186/s12974-016-0718-0

Hamid SHM, Whittam D, Mutch K, Linaker S, Solomon T, Das K, et al.
What proportion of AQP4-IgG-negative NMO spectrum disorder patients
are MOG-IgG positive? A cross sectional study of 132 patients. ] Neurol.
(2017) 264:2088-94. doi: 10.1007/s00415-017-8596-7

Sepulveda M, Armangue T, Martinez-Hernandez E, Arrambide G, Sola-Valls
N, Sabater L, et al. Clinical spectrum associated with MOG autoimmunity
in adults: significance of sharing rodent MOG epitopes. ] Neurol. (2016)
263:1349-60. doi: 10.1007/s00415-016-8147-7

Cobo-Calvo A, Sepulveda M, Bernard-Valnet R, Ruiz A, Brassat D, Martinez-
Yelamos S, et al. Antibodies to myelin oligodendrocyte glycoprotein
in aquaporin 4 antibody seronegative longitudinally extensive transverse
myelitis: clinical and prognostic implications. Mult Scler. (2016) 22:312-9.
doi: 10.1177/1352458515591071

Chen JJ, Flanagan EP, Jitprapaikulsan ], Lopez-Chiriboga ASS, Fryer JP,
Leavitt JA, et al. Myelin Oligodendrocyte Glycoprotein Antibody (MOG-
IgG)-positive optic neuritis: clinical characteristics, radiologic clues and
outcome. Am ] Ophthalmol. (2018) 195:8-15. doi: 10.1016/j.2j0.2018.07.020
Stiebel-Kalish H, Lotan I, Brody J, Chodick G, Bialer O, Marignier R,
et al. Retinal nerve fiber layer may be better preserved in MOG-IgG versus

International consensus criteria for

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

AQP4-IgG optic neuritis: a cohort study. PLoS ONE (2017) 12:e0170847.
doi: 10.1371/journal.pone.0170847

Pache F Zimmermann H, Mikolajczak ], Schumacher S, Lacheta A,
Oertel FC, et al. MOG-IgG in NMO and related disorders: a multicenter
study of 50 patients. Part 4: Afferent visual system damage after optic
MOG-IgG-seropositive ~ versus ~ AQP4-IgG-seropositive
patients. ] Neuroinflamm. (2016) 13:282. doi: 10.1186/s12974-016-
0720-6

Lechner C, Baumann M, Hennes EM, Schanda K, Marquard K, Karenfort
M, et al. Antibodies to MOG and AQP4 in children with neuromyelitis
optica and limited forms of the disease. ] Neurol Neurosurg Psychiatry (2016)
87:897-905. doi: 10.1136/jnnp-2015-311743

Lopez-Chiriboga AS, Majed M, Fryer ], Dubey D, McKeon A, Flanagan
EP, et al. Association of MOG-IgG serostatus with relapse after acute
disseminated encephalomyelitis and proposed diagnostic criteria for
MOG-IgG-associated ~ disorders. JAMA Neurol. (2018) 75:1355-63.
doi: 10.1001/jamaneurol.2018.1814

Duignan S, Wright S, Rossor T, Cazabon ], Gilmour K, Ciccarelli O, et al.
Myelin oligodendrocyte glycoprotein and aquaporin-4 antibodies are highly
specific in children with acquired demyelinating syndromes. Dev Med Child
Neurol. (2018) 60:958-62. doi: 10.1111/dmcn.13703

Hyun JW, Woodhall MR, Kim SH, Jeong IH, Kong B, Kim G, et al.
Longitudinal analysis of myelin oligodendrocyte glycoprotein antibodies in
CNS inflammatory diseases. ] Neurol Neurosurg Psychiatry (2017) 88:811-7.
doi: 10.1136/jnnp-2017-315998

Dale RC, Brilot E, Banwell B. Pediatric central nervous system inflammatory
demyelination: acute disseminated encephalomyelitis, clinically isolated
syndromes, neuromyelitis optica, and multiple sclerosis. Curr Opin Neurol.
(2009) 22:233-40. doi: 10.1097/WCO.0b013e32832b4c47

Dale RC, Tantsis EM, Merheb V, Kumaran RY, Sinmaz N, Pathmanandavel
K, et al. Antibodies to MOG have a demyelination phenotype and affect
oligodendrocyte cytoskeleton. Neurol Neuroimmunol Neuroinflamm. (2014)
1:e12. doi: 10.1212/NXI.0000000000000012

Jarius S, Franciotta D, Paul F, Ruprecht K, Bergamaschi R, Rommer
PS, et al. Cerebrospinal fluid antibodies to aquaporin-4 in neuromyelitis
optica and related disorders: frequency, origin, and diagnostic relevance. J
Neuroinflamm. (2010) 7:52. doi: 10.1186/1742-2094-7-52

Kaneko K, Sato DK, Nakashima I, Ogawa R, Akaishi T, Takai Y, et al. CSF
cytokine profile in MOG-IgG+ neurological disease is similar to AQP4-
IgG+ NMOSD but distinct from MS: a cross-sectional study and potential
therapeutic implications. J Neurol Neurosurg Psychiatry (2018) 89:927-36.
doi: 10.1136/jnnp-2018-317969

Kothur K, Wienholt L, Tantsis EM, Earl ], Bandodkar S, Prelog K, et al. B
Cell, Th17, and neutrophil related cerebrospinal fluid cytokine/chemokines
are elevated in MOG antibody associated demyelination. PLoS ONE (2016)
11:¢0149411. doi: 10.1371/journal.pone.0149411

Mariotto S, Ferrari S, Monaco S, Benedetti MD, Schanda K, Alberti D, et al.
Clinical spectrum and IgG subclass analysis of anti-myelin oligodendrocyte
glycoprotein antibody-associated syndromes: a multicenter study. J Neurol.
(2017) 264:2420-30. doi: 10.1007/s00415-017-8635-4

Hacohen Y, Wong YY, Lechner C, Jurynczyk M, Wright S, Konuskan B, et al.
Disease course and treatment responses in children with relapsing myelin
oligodendrocyte glycoprotein antibody-associated disease. JAMA Neurol.
(2018) 75:478-87. doi: 10.1001/jamaneurol.2017.4601

Biotti D, Bonneville F, Tournaire E, Ayrignac X, Dalliere CC, Mahieu L, et al.
Optic neuritis in patients with anti-MOG antibodies spectrum disorder: MRI
and clinical features from a large multicentric cohort in France. J Neurol.
(2017) 264:2173-5. doi: 10.1007/s00415-017-8615-8

Baumann M, Grams A, Djurdjevic T, Wendel EM, Lechner C, Behring B,
et al. MRI of the first event in pediatric acquired demyelinating syndromes
with antibodies to myelin oligodendrocyte glycoprotein. J Neurol. (2018)
265:845-55. doi: 10.1007/s00415-018-8781-3

Jurynczyk M, Tackley G, Kong Y, Geraldes R, Matthews L, Woodhall M,
et al. Brain lesion distribution criteria distinguish MS from AQP4-antibody
NMOSD and MOG-antibody disease. ] Neurol Neurosurg Psychiatry (2017)
88:132-6. doi: 10.1136/jnnp-2016-314005

Jurynczyk M, Geraldes R, Probert F, Woodhall MR, Waters P, Tackley G,
et al. Distinct brain imaging characteristics of autoantibody-mediated

neuritis  in

Frontiers in Immunology | www.frontiersin.org

57

November 2018 | Volume 9 | Article 2753


https://doi.org/10.1212/NXI.0000000000000257
https://doi.org/10.1186/1742-2094-8-184
https://doi.org/10.1093/brain/awx276
https://doi.org/10.1016/j.jneuroim.2018.05.014
https://doi.org/10.1212/WNL.0000000000001729
https://doi.org/10.1001/jamaneurol.2017.3196
https://doi.org/10.1136/jnnp-2016-315094
https://doi.org/10.1212/NXI.0000000000000322
https://doi.org/10.1016/j.jns.2018.06.028
https://doi.org/10.1016/j.msard.2018.07.025
https://doi.org/10.1111/ene.12898
https://doi.org/10.1186/s12974-016-0718-0
https://doi.org/10.1007/s00415-017-8596-7
https://doi.org/10.1007/s00415-016-8147-7
https://doi.org/10.1177/1352458515591071
https://doi.org/10.1016/j.ajo.2018.07.020
https://doi.org/10.1371/journal.pone.0170847
https://doi.org/10.1186/s12974-016-0720-6
https://doi.org/10.1136/jnnp-2015-311743
https://doi.org/10.1001/jamaneurol.2018.1814
https://doi.org/10.1111/dmcn.13703
https://doi.org/10.1136/jnnp-2017-315998
https://doi.org/10.1097/WCO.0b013e32832b4c47
https://doi.org/10.1212/NXI.0000000000000012
https://doi.org/10.1186/1742-2094-7-52
https://doi.org/10.1136/jnnp-2018-317969
https://doi.org/10.1371/journal.pone.0149411
https://doi.org/10.1007/s00415-017-8635-4
https://doi.org/10.1001/jamaneurol.2017.4601
https://doi.org/10.1007/s00415-017-8615-8
https://doi.org/10.1007/s00415-018-8781-3
https://doi.org/10.1136/jnnp-2016-314005
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Di Pauli and Berger

MOG Antibody-Associated Disorders

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

CNS conditions and multiple sclerosis. Brain (2017) 140:617-27.
doi: 10.1093/brain/aww350

Hacohen Y, Mankad K, Chong WK, Barkhof FE Vincent A,
Lim M, et al. Diagnostic algorithm relapsing  acquired
demyelinating syndromes in children. Neurology (2017) 89:269-78.
doi: 10.1212/WNL.0000000000004117

Tan CT, Mao Z, Qiu W, Hu X, Wingerchuk DM, Weinshenker
BG. International diagnostic  criteria for neuromyelitis
optica spectrum disorders. Neurology (2016) 86:491-2.
doi: 10.1212/WNL.0000000000002366

Polman CH, Reingold SC, Banwell B, Clanet M, Cohen JA, Filippi M, et al.
Diagnostic criteria for multiple sclerosis: 2010 revisions to the McDonald
criteria. Ann Neurol. (2011) 69:292-302. doi: 10.1002/ana.22366

Krupp LB, Tardieu M, Amato MP, Banwell B, Chitnis T, Dale RC,
et al. International Pediatric Multiple Sclerosis Study Group criteria for
pediatric multiple sclerosis and immune-mediated central nervous system
demyelinating disorders: revisions to the 2007 definitions. Mult Scler. (2013)
19:1261-7. doi: 10.1177/1352458513484547

Reindl M, Jarius S, Rostasy K, Berger T. Myelin oligodendrocyte glycoprotein
antibodies: how clinically useful are they? Curr Opin Neurol. (2017) 30:295-
301. doi: 10.1097/WC0.0000000000000446

Di Pauli E Reindl M, Berger T. New clinical implications of anti-
myelin oligodendrocyte glycoprotein antibodies in children with
CNS demyelinating diseases. Mult Scler Relat Disord. (2018) 22:35-7.
doi: 10.1016/j.msard.2018.02.023

Waters P, Woodhall M, O’Connor KC, Reindl M, Lang B, Sato DK,
et al. MOG cell-based assay detects non-MS patients with inflammatory
neurologic disease. Neurol Neuroimmunol Neuroinflamm. (2015) 2:e89.
doi: 10.1212/NXI.0000000000000089

Konig FB, Wildemann B, Nessler S, Zhou D, Hemmer B, Metz I, et al.
Persistence of immunopathological and radiological traits in multiple
sclerosis. Arch Neurol. (2008) 65:1527-32. doi: 10.1001/archneur.65.11.1527
Di Pauli E Hoftberger R, Reindl M, Beer R, Rhomberg P, Schanda K, et al.
Fulminant demyelinating encephalomyelitis: insights from antibody studies
and neuropathology. Neurol Neuroimmunol Neuroinflamm. (2015) 2:e175.
doi: 10.1212/NXI1.0000000000000175

Spadaro M, Gerdes LA, Mayer MC, Ertl-Wagner B, Laurent S, Krumbholz
M, et al. Histopathology and clinical course of MOG-antibody-
associated encephalomyelitis. Ann Clin Transl Neurol. (2015) 2:295-301.
doi: 10.1002/acn3.164

Jarius S, Metz I, Konig FB, Ruprecht K, Reindl M, Paul E, et al. Screening
for MOG-IgG and 27 other anti-glial and anti-neuronal autoantibodies in
’pattern II multiple sclerosis’ and brain biopsy findings in a MOG-IgG-
positive case. Mult Scler. (2016) 22:1541-9. doi: 10.1177/1352458515622986
Kortvelyessy P, Breu M, Pawlitzki M, Metz I, Heinze HJ, Matzke M,
et al. ADEM-like presentation, anti-MOG antibodies, and MS pathology:
TWO case reports. Neurol Neuroimmunol Neuroinflamm. (2017) 4:e335.
doi: 10.1212/NXI1.0000000000000335

Lucchinetti CE, Guo Y, Popescu BE, Fujihara K, Itoyama Y, Misu T.
The pathology of an autoimmune astrocytopathy: lessons learned from
neuromyelitis optica. Brain Pathol. (2014) 24:83-97. doi: 10.1111/bpa.
12099

for

consensus

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Mandler RN, Davis LE, Jeffery DR, Kornfeld M. Devic’s neuromyelitis optica:
a clinicopathological study of 8 patients. Ann Neurol. (1993) 34:162-8.
doi: 10.1002/ana.410340211

Young NP, Weinshenker BG, Parisi JE, Scheithauer B, Giannini C,
Roemer SE et al. Perivenous demyelination: association with clinically
defined acute disseminated encephalomyelitis and comparison with
pathologically confirmed multiple sclerosis. Brain (2010) 133(Pt 2):333-48.
doi: 10.1093/brain/awp321

Saadoun S, Waters P, Owens GP, Bennett JL, Vincent A, Papadopoulos MC.
Neuromyelitis optica MOG-IgG causes reversible lesions in mouse brain.
Acta Neuropathol Commun. (2014) 2:35. doi: 10.1186/2051-5960-2-35
Mayer MC, Breithaupt C, Reindl M, Schanda K, Rostasy K, Berger T,
et al. Distinction and temporal stability of conformational epitopes on
myelin oligodendrocyte glycoprotein recognized by patients with different
inflammatory central nervous system diseases. ] Immunol. (2013) 191:3594—
604. doi: 10.4049/jimmunol.1301296

Flach AC, Litke T, Strauss J, Haberl M, Gomez CC, Reindl M, et al.
Autoantibody-boosted T-cell reactivation in the target organ triggers
manifestation of autoimmune CNS disease. Proc Natl Acad Sci USA. (2016)
113:3323-8. doi: 10.1073/pnas.1519608113

Kinzel S, Lehmann-Horn K, Torke S, Hausler D, Winkler A, Stadelmann C,
et al. Myelin-reactive antibodies initiate T cell-mediated CNS autoimmune
disease by opsonization of endogenous antigen. Acta Neuropathol. (2016)
132:43-58. doi: 10.1007/s00401-016-1559-8

Spadaro M, Winklmeier S, Beltran E, Macrini C, Hoftberger R, Schuh E,
et al. Pathogenicity of human antibodies against myelin oligodendrocyte
glycoprotein. Ann Neurol. (2018) 84:315-28. doi: 10.1002/ana.25291
Ramanathan S, Mohammad S, Tantsis E, Nguyen TK, Merheb V, Fung VSC,
et al. Clinical course, therapeutic responses and outcomes in relapsing MOG
antibody-associated demyelination. J Neurol Neurosurg Psychiatry (2017)
89:127-37. doi: 10.1136/jnnp-2017-316880

Hoftberger R, Sepulveda M, Armangue T, Blanco Y, Rostasy K, Calvo AC,
et al. Antibodies to MOG and AQP4 in adults with neuromyelitis optica
and suspected limited forms of the disease. Mult Scler. (2015) 21:866-74.
doi: 10.1177/1352458514555785

Kowarik MC, Hoshi M, Hemmer B, Berthele A. Failure of alemtuzumab as
arescue in a NMOSD patient treated with rituximab. Neurol Neuroimmunol
Neuroinflamm. (2016) 3:208. doi: 10.1212/NXI.0000000000000208
Wildemann B, Jarius S, Schwarz A, Diem R, Viehover A, Hahnel S,
et al. Failure of alemtuzumab therapy to control MOG encephalomyelitis.
Neurology (2017) 89:207-9. doi: 10.1212/WNL.0000000000004087

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Di Pauli and Berger. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

58

November 2018 | Volume 9 | Article 2753


https://doi.org/10.1093/brain/aww350
https://doi.org/10.1212/WNL.0000000000004117
https://doi.org/10.1212/WNL.0000000000002366
https://doi.org/10.1002/ana.22366
https://doi.org/10.1177/1352458513484547
https://doi.org/10.1097/WCO.0000000000000446
https://doi.org/10.1016/j.msard.2018.02.023
https://doi.org/10.1212/NXI.0000000000000089
https://doi.org/10.1001/archneur.65.11.1527
https://doi.org/10.1212/NXI.0000000000000175
https://doi.org/10.1002/acn3.164
https://doi.org/10.1177/1352458515622986
https://doi.org/10.1212/NXI.0000000000000335
https://doi.org/10.1111/bpa.12099
https://doi.org/10.1002/ana.410340211
https://doi.org/10.1093/brain/awp321
https://doi.org/10.1186/2051-5960-2-35
https://doi.org/10.4049/jimmunol.1301296
https://doi.org/10.1073/pnas.1519608113
https://doi.org/10.1007/s00401-016-1559-8
https://doi.org/10.1002/ana.25291
https://doi.org/10.1136/jnnp-2017-316880
https://doi.org/10.1177/1352458514555785
https://doi.org/10.1212/NXI.0000000000000208
https://doi.org/10.1212/WNL.0000000000004087
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

1' frontiers
in Neurology

ORIGINAL RESEARCH
published: 26 April 2019
doi: 10.3389/fneur.2019.00415

OPEN ACCESS

Edited by:

Zsolt llles,

University of Southern Denmark,
Denmark

Reviewed by:

Sonja Hochmeister,

Medical University of Graz, Austria
Friedemann Paul,

Charité Medical University of Berlin,
Germany

*Correspondence:
Wei Qiu
qiuwei120@vip.163.com

*These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Multiple Sclerosis and
Neuroimmunology,

a section of the journal
Frontiers in Neurology

Received: 01 November 2018
Accepted: 04 April 2019
Published: 26 April 2019

Citation:

Zhong X, Zhou Y, Chang Y, Wang J,
Shu 'Y, Sun X, Peng L, Lau AY,
Kermode AG and Qiu W (2019)
Seizure and Myelin Oligodendrocyte
Glycoprotein Antibody-Associated
Encephalomyelitis in a Retrospective
Cohort of Chinese Patients.

Front. Neurol. 10:415.

doi: 10.3389/fneur.2019.00415

Check for
updates

Seizure and Myelin Oligodendrocyte
Glycoprotein Antibody-Associated
Encephalomyelitis in a Retrospective
Cohort of Chinese Patients

Xiaonan Zhong !, Yifan Zhou'', Yanyu Chang’, Jingqi Wang', Yaqing Shu’, Xiaobo Sun’,
Lisheng Peng’, Alexander Y. Lau?, Allan G. Kermode "*** and Wei Qiu™

" Department of Neurology, The Third Affiliated Hospital of Sun Yat-sen University, Guangzhou, China,  Department of
Medicine and Therapeutics, The Chinese University of Hong Kong, Shatin, China, ° Centre for Neuromuscular and
Neurological Disorders, University of Western Australia, Perth, WA, Australia, * Department of Neurology, Sir Charles Gairdner
Hospital, Queen Elizabeth Il Medical Centre, Perth, WA, Australia, ° Institute of Immunology and Infectious Diseases, Murdoch
University, Perth, WA, Australia

Background: Myelin oligodendrocyte glycoprotein (MOG) antibody associated
encephalomyelitis is increasingly being considered a distinct disease entity, with
seizures and encephalopathy commonly reported. We investigated the clinical features
of MOG-IgG positive patients presenting with seizures and/or encephalopathy in a
single cohort.

Methods: Consecutive patients with suspected idiopathic inflammatory demyelinating
diseases were recruited from a tertiary University hospital in Guangdong province,
China. Subjects with MOG-IgG seropositivity were analyzed according to whether they
presented with or without seizure and/or encephalopathy.

Results: Overall, 58 subjects seropositive for MOG-IgG were analyzed, including 23
(40%) subjects presenting with seizures and/or encephalopathy. Meningeal irritation
(P =0.030), fever (P = 0.001), headache (P = 0.001), nausea, and vomiting (P = 0.004)
were more commonly found in subjects who had seizures and/or encephalopathy, either
at presentation or during the disease course. Nonetheless, there was less optic nerve
(4/23, 17.4%, P = 0.003) and spinal cord (6/16, 37.5%, P = 0.037) involvement as
compared to subjects without seizures or encephalopathy. Most MOG encephalomyelitis
subjects had cortical/subcortical lesions: 65.2% (15/23) in the seizures and/or
encephalopathy group and 50.0% (13/26) in the without seizures or encephalopathy
group. Cerebrospinal fluid (CSF) leukocytes were elevated in both groups. Subgroup
analysis showed that 30% (7/23) MOG-IgG positive subjects with seizures and/or
encephalopathy had been misdiagnosed for central nervous system infection on the
basis of meningoencephalitis symptoms and elevated CSF leukocytes (P = 0.002).
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Seizure and MOG Ab-Associated Encephalomyelitis

Conclusions: Seizures and encephalopathy are not rare in MOG encephalomyelitis,

and are commonly associated with cortical

and subcortical brain lesions.

MOG-encephalomyelitis often presents with clinical meningoencephalitis symptoms
and abnormal CSF findings mimicking central nervous system infection in pediatric and

young adult patients.

Keywords: MOG-IgG, MOG antibody-associated encephalomyelitis, seizures, encephalopathy, demyelinating

disease

BACKGROUND

Immunoglobulin-G against myelin oligodendrocyte glycoprotein
(MOG-IgG) is considered a potential demyelinating disease-
associated autoantibody. Previous experimental studies have
established MOG-IgG as a pathogenic antigen rather than an
epiphenomenal bystander or a secondary immune reaction
caused by previous demyelination (1-4). Although some cases
of MOG-IgG positive patients fulfill the diagnostic criteria of
neuromyelitis optica spectrum disorders (NMOSD), multiple
sclerosis (MS), acute disseminated encephalomyelitis (ADEM),
or other idiopathic inflammatory demyelinating diseases
(IIDDs), there are no distinct types of IIDDs that can explain
all presentations of MOG-IgG positive patients. Currently,
most experts consider MOG-IgG-associated demyelination as
an isolated disease entity distinct from both classic MS and
aquaporin-4 (AQP4)-IgG-positive NMOSD (5-7).

MOG encephalomyelitis is associated with a wide spectrum
of symptoms, including seizure and encephalopathy. Of note,
seizure and encephalopathy have been recommended recently as
typical clinical findings of MOG encephalomyelitis (8). In several
case reports, MOG-IgG positive patients, who initially presented
with optic neuritis (ON) (9) or ADEM (10), developed seizures in
subsequent disease course. MOG-IgG positive patients often had
an aggressive disease course with residual cognitive dysfunction
(11). Several observational studies with small sample sizes
reported the presence of seizures ranged from 14.70 to 36.36%
in MOG-IgG positive patients (12, 13), and the main symptoms
were generalized seizure with or without encephalopathy (12, 14).
Nevertheless, studies with detailed description of the clinical,
radiological, laboratory characteristics, and disease course of
MOG-IgG positive patients with seizures and/or encephalopathy
are lacking.

In our registry of patients with IIDDs, MOG-IgG
positive patients with seizures and/or encephalopathy were
also observed. In the present study, we investigated the
clinical profiles of MOG-IgG positive patients with seizures
and/or encephalopathy.

Abbreviations: ADEM, acute disseminated encephalomyelitis AQP4, aquaporin-
4; ATM, acute transverse myelitis; CNS, central nervous system; CSE, cerebrospinal
fluid; EDSS, expanded disability status scale; IIDDs, idiopathic inflammatory
demyelinating diseases; MOG, myelin oligodendrocyte glycoprotein; MOG-
IgG, immunoglobulin G against myelin oligodendrocyte glycoprotein; MRI,
magnetic resonance imaging; MS, multiple sclerosis; NMOSD, neuromyelitis
optica spectrum disorders; OCB, oligoclonal bands; ON, optic neuritis;
LEON, Longitudinally extensive optic neuritis; LETM, Longitudinally extensive
transverse myelitis.

METHODS
Subjects

Consecutive  MOG encephalomyelitis patients who were
seropositive for MOG-IgG and seronegative for AQP4-IgG were
recruited from the Third Affiliated Hospital of Sun Yat-sen
University in Guangzhou, China, between June 2015 and
December 2017. These patients were prospectively enrolled and
followed up for at least 1 year after diagnosis. Our hospital is
a tertiary general hospital with a demyelinating disease center.
Over 2,000 IIDDs patients, such as patients with MS, NMOSD,
and ADEM and so on, are follow-up in outpatient per year, and
about 300 newly diagnosed IIDDs patients attended every year.
This study was approved by the Ethics Committees of the Third
Affiliated Hospital of Sun Yat-sen University. Written informed
consent was obtained from each participant.

We diagnosed MS, NMOSD, and ADEM according to the
2010 McDonald diagnostic criteria for MS (15), the 2015
Wingerchuk criteria for NMOSD (16), and the 2012 criteria for
ADEM (17), respectively. Data of clinical presentation, initial
clinical diagnosis, MOG-IgG serum titer, cerebrospinal fluid
characteristics, MRI characteristics, treatments and prognosis
were collected. A clinical relapse was defined as a sudden
appearance of new symptoms lasting for at least 24 h, with an
increase in the Expanded Disability Status Scale (EDSS) score
over 1.0 and magnetic resonance imaging (MRI) showing the
presence of enhanced lesions or new T2 lesions. The remission
phase was defined as a period when the neurological condition of
the patient had been stable for more than 3 months and the next
relapse did not occur for at least a further 3 months. The EDSS
score was evaluated at the nadir of disease recurrence when the
patient first came to our hospital and at the last follow-up.

Detection of MOG-IgG and AQP4-I1gG

All subjects were tested for serum MOG-IgG and AQP4-IgG.
Serum was collected at the nadir of clinical relapse when the
subjects first came to one of our academic centers. MOG-IgG
in serum was tested by an in-house, cell-based assay using live
cells transfected with full-length human MOG, as we described
in other published articles (18, 19). Full-length human MOG was
subcloned into the pIRES2-EGFP plasmid. The purified plasmids
were DNA sequenced and they were used to transiently transfect
HEK293T cells using Lipofectamine2000 reagent, according
to the manufacturer’s instructions (Thermo Scientific, USA).
Thirty-six hours after transfection, live cells were incubated
at room temperature with centrifuged serum [1:50, diluted in
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Dulbecco’s modified Eagle’s medium (DMEM)] from patients
and the control group for 30 min. After removing the media
and washing with PBS, the HEK293T cells were fixed with
4% paraformaldehyde for 20min and blocked with 5% goat
serum for 30min. Cells were then immunolabeled with an
AlexaFluor 546 secondary antibody against human IgG (1:1,000;
Thermo Scientific) for 1h at room temperature. Images were
acquired using a Zeiss Axiovert Al fluorescence microscope
(Supplement). Indirect immunofluorescence test systems
for detecting human AQP4-IgG (Euroimmun Medizinische
Labordiagnostika, Liibeck, Germany) were used according to the
manufacturer’s instructions.

Study of Cerebrospinal Fluid
(CSF) Samples

Lumbar puncture was performed in the acute phase of
the disease. Cerebrospinal fluid (CSF) leukocyte count, total
protein, and absence/presence of oligoclonal bands (OCB) were
determined by the hospital laboratories.

Magnetic Resonance Imaging Scanning
Brain and spinal cord MRI scans of subjects were performed for
routine clinical diagnostic purposes using a 1.5 or 3.0 T Siemens
system (Siemens). All MRI were performed using T1 with and
without gadolinium enhancement and T2. In brain MRI scans T2
were also performed with T2 fluid-attenuated inversion recovery
sequences. Lesions in the brain and spinal cord were scanned
sagittally and axially, and the results were analyzed anonymously
by two independent radiologists who were blinded to the subjects’
clinical features. Lesions were scored as “large” if their size
exceeded 2 cm in any plane.

Statistical Analysis

For continuous variables, the data were reported as mean £
standard deviation or median with range. The Mann-Whitney
U-test and chi-square test were used to compare clinical,
laboratory and MRI data between subjects in different groups or
subgroups. The Wilcoxon test was used to compare MOG-IgG
titers at relapse and at remission within a group. Correlations
between MOG-IgG titers and clinical data were analyzed using
Spearman’s correlation coefficient. All statistical analyses were
performed using SPSS 23.0 software (SPSS Inc., Chicago, IL,
USA) for Windows. Differences with P < 0.05 were considered
statistically significant.

RESULTS

Clinical Presentation
Overall, we recruited 58 subjects seropositive for MOG-IgG
and seronegative for AQP4-IgG, including 23 (39.7%, 23/58)
subjects with seizures and/or encephalopathy and 35 subjects
without seizures or encephalopathy. The demographic and
clinical features of the subjects were shown in Table 1.

Subjects with seizures and/or encephalopathy had a younger
onset age and a higher EDSS score at the nadir stage of disease

TABLE 1 | Comparison of clinical features between MOG-IgG positive subjects
with or without seizures and/or encephalopathy.

Subjects with

Subjects without

seizures or seizures or
encephalopathy encephalopathy
(n=23) (n = 35)
Sex, male, N(%) 12 (52%) 17 (49%)
Onset age, years (range) 12 (3-56)* 26 (3-63)
Disease duration, months (range) 34 (9-85) 22 (8-120)
Follow-up, months (range) 13 (5-85) 15 (4-50)
Multiphasic disease course, N(%) 18 (78%)* 16 (46%)
Number of attacks, N (range) 3(2-8) 3 (2-5)
Time to second attack, months, 5 (1-48) 3 (1-48)
median (range)
Annualized relapse rate, ARR 1.16 (0.67-2.77) 1.42 (0.38-3.75)
median (range)
With prodromal symptoms, N (%) 7 (30%) 6 (17%)
Manifestations at onset, N(%)
Seizures 11 (48%)* 0 (0%)
Disturbance of consciousness 6 (26%)* 0 (0%)
Psychiatric symptoms 2 (9%) 0 (0%)
Cognitive disorders 3 (13%)* 0 (0%)
Meningeal symptoms 3 (13%)* 0 (0%)
Optic nerve symptoms 4 (17%)* 21 (60%)
Spinal symptoms 5 (22%) 10 (29%)
Brainstem symptoms 2 (9%) 2 (6%)
Diencephalon 2 (9%) 0 (0%)
Cerebrum symptoms 5 (22%) 3 (9%)
Cerebellar symptoms 0 (0%) 0 (0%)
Fever 13 (67%)* 4 (11%)
Headache 13 (67%)* 4 (11%)
Dizziness 4 (17%) 3 (9%)
Nausea and Vomiting 5 (22%)* 0 (0%)
Ever manifestations of full
course, N(%)
Seizures 14 (61%)* 0 (0%)
Disturbance of consciousness 9 (39%)* 0 (0%)
psychiatric symptoms 4 (17%)* 0 (0%)
Cognitive disorders 4 (17%)* 0 (0%)
Meningeal symptoms 4 (17%)* 0 (0%)
Optic nerve symptoms 11 (48%) 24 (69%)
Spinal symptoms 7 (30%) 15 (43%)
Brainstem symptoms 4 (17%) 6 (17%)
Diencephalon 4 (17%)* 0 (0%)
Cerebrum symptoms 9 (39%)* 5 (14%)
Cerebellar symptoms 2 (9%) 0 (0%)
Fever 14 (61%)* 4 (11%)
Headache 14 (61%)* 4 (11%)
Dizziness 6 (26%) 3 (9%)
Nausea and Vomiting 11 (48%)* 1(8%)
EDSS score
EDSS score at peak stage (range) (2-8)* 3(1-8.5)
EDSS score at last follow up -2) * 1(0-5)
(range)
(Continued)
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TABLE 1 | Continued

Subjects with Subjects without
seizures or seizures or
encephalopathy encephalopathy
(n =23) (n = 35)
Autoantibody, N (%)
Concomitant autoantibody 3 (13%) 5 (14%)
Coexisting autoimmune disease’ 1(4%) 1(3%)
MOG-ADb titer, N (%)
1:25-1:100 10 (43%) 16 (46%)
1:320-1:640 9 (39%) 14 (40%)
> 1:1280 4 (17%) 5 (14%)
AQP4-1gG, N (%) 0(0%) 0(0%)

Time to second attack and annualized relapse rate refers to multiphasic patients.
EDSS, expanded disability status scale.

NA, not available.

#Coexisting autoimmune disease refers to autoimmune disease other than IIDDs.
*P <0.05.

compared to those without seizure and/or encephalopathy.
At disease onset, the percentages of meningeal irritation
(including nuchal rigidity, Brudzinski sign, or Kerning sign),
fever, headache, nausea and vomiting were significantly higher
in subjects who experienced seizures and/or encephalopathy.
But there was less optic nerve involvement in the patients had
seizures and/or encephalopathy.

Seizures and Encephalopathy in MOG-IgG

Positive Subjects
During the course of the disease, seizure was observed in
14 subjects among the whole 58 patients recruited in our
study (all in the MOG encephalomyelitis with seizures and/or
encephalopathy group): 11 (79%) subjects had seizure as the first
symptom, and 3 (21%) developed seizure during the subsequent
relapse at 5, 29, and 42 months, respectively after the disease
onset. The types of seizure were generalized tonic-clonic seizure
(n =7, 50%), focal seizure with secondary generalization (n = 5,
36%), complex partial seizure with alternated conscious and facial
twitching (n = 1, 7%), and simple partial seizure with focal left
arm twitching (n = 1, 7%).

Encephalopathy was observed in 13 subjects during the period
of the disease. This symptom was the first symptom in 10
(77%) subjects; subjects had disturbance of consciousness with
varying degrees of somnolence and stupor, psychiatric symptoms
including hallucinations, confused speech and apathy, and,
cognitive disorders including memory impairment and acalculia.

Electroencephalogram (EEG) was abnormal among 15
(25.9%) subjects, including slowed background (theta to delta
rhythm), intermittent low amplitude fast waves, focal sharp-wave
complex and asymmetry focal slow waves.

Initial Clinical Diagnosis

A significantly higher proportion of subjects suffered from
seizures and/or encephalopathy were diagnosed as non-specific
IIDDs, while NMOSD was a common diagnosis in the patients
who did not subject from seizures or encephalopathy (Figure 1).

MOG-IgG Serum Titer
The median serum MOG-IgG titer at the nadir stage of disease
was 1:320 (range 1:25-1:1280). There was no difference in the
MOG-IgG titer between subjects with and without seizure and/or
encephalopathy (Table 1, Figure 2).

In the seizures and/or encephalopathy group, the MOG-IgG
titer at the peak stage was positive related with EDSS score at last
follow-up (Table 2).

Other Autoantibodies and

Autoimmune Disease

Rheumatoid and thyroid autoantibodies were found in a small
number of subjects, including antinuclear antibody (3/58, 5%),
anti-Sjogren syndrome A antibody (SSA) (2/58, 3%), anti-
thyroid peroxidase antibodies (aTPO) and/or antithyroglobulin
antibodies (aTG) (5/58, 9%). Concurrent systemic autoimmune
diseases were found in 2 subjects; one had systemic vasculitis and
the other has autoimmune hyperthyroidism (Table 1).

CSF Investigation

Records of CSF were available for analysis in 45 (78%, 45/58)
subjects, including 18 (78%, 18/23) subjects in the seizures
and/or encephalopathy group and 27 (77%, 27/35) subjects
in the without seizures or encephalopathy group. Some CSF
data in remaining 13 (22%, 13/58) subjects were examined
in the local hospitals which the patients had visited before
they came to our hospital and were not offered to us. CSF
leukocytosis was noted in 61% (11/18) subjects subjected
from seizures and/or encephalopathy and 41% (11/27) subjects
who did not have seizures or encephalopathy, and there was
no statistical significance in the levels of CSF leukocytosis
between these groups. No difference was found in the CSF
protein concentration between the two groups. Oligoclonal
band was present in 7 (12%, 7/58) subjects, and no difference
was noted among those with or without seizure and/or
encephalopathy (Table 3).

MRI Findings

Brain MRI was performed in 46 (79%, 46/58) subjects. In
MOG-IgG positive subjects with seizures and/or encephalopathy,
the lesions in cortical/subcortical (15/23, 65%), white matter
(including periventricular and corpus callosum, 21/23, 91%),
deep gray matter (including thalamus and basal ganglia, 13/23,
57%), and infratentorial (including cerebral peduncle, brain stem
and cerebellum, 14/23, 60.9%) areas were involved (Figure 3).
There was a higher proportion of deep white matter and cerebral
peduncle in the seizures and/or encephalopathy group.

Spinal MRI was performed in 40 (69%, 40/58) subjects,
including 16 subjects with seizures and/or encephalopathy and 24
subjects without seizures or encephalopathy. Less involvement of
the spinal cord was found in the seizures and/or encephalopathy
group (Table 4).

Clinical Course Over Time

After followed up for at least 1 year, subjects suffered
from seizures and/or encephalopathy had more multiphasic
disease course compared to those without seizure and/or
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FIGURE 1 | Initial clinical diagnosis in MOG-IgG positive patients with or without seizures and/or encephalopathy. A significantly higher proportion of subjects with
seizures and/or encephalopathy were diagnosed as non-specific [IDDs (P = 0.030), while NMOSD were commonly diagnosed among subjects without seizures or

encephalopathy (P = 0.035).
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FIGURE 2 | Serum MOG-IgG titers in MOG-IgG positive patients with or without seizures and/or encephalopathy. In the seizure and/or encephalopathy group,
MOG-IgG titers were significantly higher at the nadir stage of relapse when compared with titers at last follow-up (P = 0.021), although there was no difference in
serum MOG-IgG titers between relapses and remission in the without seizures or encephalopathy group (P = 0.080).
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encephalopathy. At the last follow-up, complete recovery (EDSS
0) was noted in over half (n = 14, 61%) of the subjects who
had seizures and/or encephalopathy, and a smaller proportion
of benign prognosis was observed in the counterparts without
seizures and/or encephalopathy (n = 13, 37%). Throughout
the period of the disease, the percentages of meningeal
irritation, fever, headache, nausea and vomiting, diencephalon,
and cerebrum symptoms were significantly higher in subjects
with seizures and/or encephalopathy than those without. The

proportions of number of attacks, time to the second attack and
annual relapse rate were not significantly different between the
two groups.

We evaluated the longitudinal changes in serum MOG-IgG
titres during the remission phase at the last follow-up in 17
(73.9%) subjects who had seizure and/or encephalopathy and 14
(40.0%) subjects not experiencing these symptoms; MOG-IgG
titer decreased 65% and 57% in the two groups, respectively.
In the seizures and/or encephalopathy group, MOG-IgG titers
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TABLE 2 | Correlations between MOG-IgG titers at relapse and clinical features in
MOG-IgG positive patients.

Patients with Patients without

seizures and seizures or
encephalopathy encephalopathy

(n=23) (n =35)

r value r value
MOG-IgG titers at last follow up 0.558* 0.921*
EDSS score at peak stage 0.150 0.415*
EDSS score at last follow up 0.494* —0.188
Annual relapse rate —0.020 —0.024
CSF leukocyte —-0.134 0.368
CSF total protein —-0.188 0.462*

r: correlation coefficient.

CSF: cerebrospinal fluid; EDSS, expanded disability status scale; MOG-IgG,
immunoglobulin G against myelin oligodendrocyte glycoprotein.

NA, not available.

‘P <0.05.

TABLE 3 | Comparison of CSF features between MOG-IgG positive patients with
or without seizures and/or encephalopathy.

Patients with Patients without

seizures or seizures or
encephalopathy encephalopathy
(n = 18) (n = 27)
Presence of oligoclonal bands, N (%) 3 (16.7%) 4 (14.8%)
Leukocyte count, x109/L, median 21 (0-457) 2 (0-314)
(range)
Total protein (mg/L), median (range) 0.25 (0.09-1.06) 0.28 (0.07-0.99)

were significantly higher at the nadir stage compared with last
follow-up (Figure 2).

Treatments

All subjects received treatment for acute attacks. High-dose
intravenous methylprednisolone (10-20 mg/kg/d for 3-5 d) was
used in 22 (96%) subjects with seizures and/or encephalopathy,
and 5 (22%) received intravenous immunoglobulin. For
subjects without seizure and/or encephalopathy, intravenous
methylprednisolone was used in 35 (100%) subjects, and
3 (9%) received intravenous immunoglobulin. Low-dose
oral glucocorticoid (4-8mg qd/qod) for maintenance was
used in 10 (44%) subjects suffered from seizures and/or
encephalopathy and 20 (57%) subjects who did not have
seizure and/or encephalopathy. Long-term immunosuppressive
or immunomodulatory treatments were used in 7 (30%)
of subjects with seizures and/or encephalopathy: rituximab
(n = 3, 13%), azathioprine (n = 2, 9%), mycophenolate mofetil
(n = 1, 4%), and tacrolimus (n = 1, 4%). For subjects without
seizure and/or encephalopathy, 12 (34%) subjects were treated
with immunosuppressive or immunomodulatory treatments:
azathioprine (n = 7, 20%), mycophenolate mofetil (n = 2,

The two subgroups have similar response to the
corticosteroids and immunosuppression. In the seizure and/or
encephalopathy group, 18 subjects had multiphasic disease
course. And 10 of these 18 subjects were treated by low-dose
oral glucocorticoid at the early stage of disease, but 40% (4/10)
of them were suffered from relapse and started the combination
therapy of oral glucocorticoid and immunosuppressive; however,
1 of the patients receive combination therapy still experienced
treatment failure. Another 3 subjects with a high relapse rate did
not recurrence after immunosuppressive treatment. Among the
16 subjects without seizure and/or encephalopathy, low-dose
corticoid was utilized in 9 subjects, and 33.3% (3/9) of them
relapse but refuse to immunosuppression, with 2 of these 3
subjects experienced recurrence after steroid withdrawal. No
relapse was observed after immunosuppression was used in
7 subjects.

In the seizures and/or encephalopathy group, antiviral drugs
were used in 4 (17%) subjects who were initially suspected to
have CNS viral infection, antibiotics were used in 5 (22%) subjects
initially suspected to have a CNS bacterial infection, and 1 (4%)
subject initially diagnosed as tuberculosis meningoencephalitis
was treated with anti-tuberculosis drugs.

Some subjects (10/14, 71%) with seizure were treated with
anti-epileptic drugs, including levetiracetam (n = 4, 29%),
oxcarbazepine (n = 3, 21%), carbamazepine (n = 2, 14%), sodium
valproate (n = 2, 14%), and nitrazepam (n = 1, 7%).

Subgroup Analysis of Subjects

With Seizures

Among the 14 (24%) subjects who developed seizure, 11 (79%)
subjects had seizure as their first symptoms. These subjects
were younger (P < 0.001) and were associated with more
clinical relapses (P = 0.007). In addition to seizure, these
subjects commonly presented with disturbance of consciousness,
meningism, fever, headache, nausea and vomiting, as well as
cognitive and brainstem symptoms (P < 0.05) (Table 1). CSF
leukocytosis and cortical/subcortical brain lesions on MRI were
noted in this subgroup (P < 0.05) (Tables 3, 4).

Subgroup Analysis of Subjects

With Meningoencephalitis

A small subgroup of subjects (n = 7, 12%) presented
with symptoms suggesting CNS infection, including fever,
headache, nausea, meningism, seizures, and encephalopathy.
Antiviral or antibacterial treatments were prescribed. The
CSF showed raised opening pressure (median 205mm) and
marked leukocytosis (median 177 x 10°/L), and raised total
protein (median 0.49 mg/L).

DISCUSSION

We have presented the clinical features of a cohort of
Chinese patients with MOG-associated encephalomyelitis
from Guangdong, China. We found that seizures and/or

6%), rituximab (n = 1, 3%), tacrolimus (n = 1, 3%), and  encephalopathy were commonly seen in pediatric and young
cyclophosphamide (n = 1, 3%). adult patients with MOG-IgG, often complicating with a
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prominent gadolinium enhancement (F,H).

FIGURE 3 | Brain MRI of MOG-IgG positive patients with seizures and/or encephalopathy. (A) Cortical and subcortical lesions; (B) Deep white matter lesions and
periventricular lesions; (C) Thalamus lesions; (D) Cerebral peduncle lesions; (E,G) Large white matter lesions of a patient in temporal lobe and parietal lobe, with

relapsing disease course. Unlike older patients with classical optic
neuritis, myelitis, or brainstem syndromes, these patients were
often diagnosed as CNS infection due to clinical, radiological,
and CSF findings. MOG encephalomyelitis should be considered
to be a differential diagnosis in these patients.

Consistent with previous studies, ON, myelitis, and/or
brainstem symptoms were the predominant clinical features
in most adult MOG-encephalomyelitis patients, whilst in
children and younger adults there was a shift toward
ADEM imitation (8, 18, 20-22), with encephalopathy as a
clinical characteristic.

In our study, the percentage of subjects with seizures and/or
encephalopathy was 40%, which is higher than most of the
previous studies, and is more consistent with a recent study by
Gutman et al. (13). However, our study had a much larger sample
size (n = 58). Therefore, we speculate that the proportion of
seizures and encephalopathy in MOG encephalomyelitis patients
is higher than originally thought, but in the past, these patients
might be diagnosed as CNS infection rather than immune
mediated encephalomyelitis. Moreover, most of these patients
had seizures (79%) and/or encephalopathy (77%) as their first
symptoms. Furthermore, generalized seizure was the main type
of seizure in our study, which is consistent with a study by Ogawa
et al. (14). In our cohort, 42% subjects had focal seizure with
secondary generalization, suggesting that epileptogenic regions,
such as the cortex and temporal lobe, may be affected. This was
supported by the finding of cortical lesions on MRI brain in 40%
of our cohort.

In addition, we added further knowledge to previous
studies by showing that meningoencephalitis symptoms,
including fever, headache, nausea/vomiting, meningeal

irritation, and CSF leukocytosis were common in MOG
encephalomyelitis patients who were suffered from seizures
and/or encephalopathy. Some of these symptoms had been
noticed in various previous studies; however, most of the
studies did not discuss the symptoms with seizures and/or
encephalopathy meanwhile (23). Often, these patients may
have delayed immunosuppressive treatment because of being
misdiagnosed as CNS infection. Therefore, young patients
with fever and meningoencephalitis should also be evaluated
for possible MOG encephalomyelitis. Immunosuppressive
treatment could be commenced if CSF microbiological results
were negative and MOG-IgG was positive, which may improve
clinical prognosis.

Another finding was the multiphasic course of patients who
were subjected to seizures and/or encephalopathy. Similarly,
disease relapse was reported in all 5 MOG-IgG positive
patients with seizures in a study by Hamid et al. (12).
Yet our patients who had not experienced seizures or
encephalopathy had a lower multiphase ratio which were
analogous to the previous researches (23-25). Thus, maintenance
immunomodulation treatment should be used to prevent
relapse in MOG encephalomyelitis patients who had seizures
and/or encephalopathy.

From another perspective, part of the clinical features of
our MOG encephalomyelitis patients with seizures and/or
encephalopathy was close to that of MOG encephalomyelitis
patients without seizures or encephalopathy, suggesting that
these two subgroups were the same disease. For instance,
our MOG encephalomyelitis patients who were suffered
from seizures and/or encephalopathy also had a less female
dominance, a relative lower coexisting autoimmunity rate, a
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TABLE 4 | Comparison of MRI features between MOG-IgG positive patients with
or without seizures and/or encephalopathy.

Patients with Patients without

seizures and seizures or
encephalopathy encephalopathy

BRAIN MRI, N (%)
Total abnormal 21 (91%) 22 (85%)
Frontal lobe 18 (86%) 12 (55%)
Parietal lobe 13 (62%) 12 (55%)
Temporal lobe 11 (52%) 7 (32%)
Hippocampus 3 (14%) 1(6%)
Occipital lobe 7 (33%) 5 (23%)
Insula 7 (33%) 2 (9%)
Meninges 3 (14%) 2 (9%)
Cortical 7 (33%) 4 (18%)
Subcortical 14 (67 %) 12 (55%)
Deep white matter 20 (95%)* 10 (45%)
Periventricular 14 (67%) 9 (41%)
Corpus callosum 7 (33%) 4 (18%)
Thalamus 7 (33%) 5 (23%)
Hypothalamus 0 (0%) 1 (5%)
Basal ganglia 8 (38%) 6 (27%)
Internal capsule 1 (5%) 2 (9%)
cerebral peduncle 7 (33%)* 0 (0%)
Midbrain 4 (19%) 3 (14%)
Pons 6 (29%) 4 (18%)
Medulla 4 (19%) 2 (9%)
Cerebellum 7 (33%) 2 (9%)
Extensive white matter lesions 8 (38%) 3 (14%)
SPINAL MRI, N (%)
Total abnormal 6 (37.5%)* 17 (71%)
LETM 4 (67%) 8 (47%)
Distribution

Cervical 5 (83%) 16 (94%)

Thoracic 4 (67%) 11 (65%)

Lumbar 1(17%) 2 (12%)
OPTIC NERVE MRI, N (%)
Total abnormal 6 (75%) 9 (69%)
Bilateral ON 2 (33%) 7 (78%)
LEON 2 (33%) 4 (44%)

LEON, Longitudinally —extensive optic neuritis;
transverse myeltis.

NA, not available.

‘P <0.05.

LETM, Longitudinally —extensive

better response to steroid and immunosuppression and a more
benign prognosis compared with NMOSD and other IIDDs
(21, 23-26). Moreover, these patients had a correlation between
disease condition and MOG-IgG antibody titer which was the
same as the counterparts who did not experience seizures or
encephalopathy (27).

Seizures and encephalopathy, which suggest neuronal
damage on top of demyelinating disease affecting the

white matter, further support MOG encephalomyelitis
as a broader disease entity. The observations in the
present study suggest that MOG encephalomyelitis

with seizures and/or encephalopathy may be a distinct
clinical disease entity in addition to commonly recognized
demyelinating diseases.

CONCLUSIONS
Seizures and  encephalopathy are common among
subjects with MOG-associated  encephalomyelitis, and

may be associated with cortical and subcortical brain

lesions. Young subjects with high titers of MOG-
IgG may present with meningoencephalitis mimicking
CNS infection.
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Previously, we have established two distinct progressive multiple sclerosis (MS)
models by induction of experimental autoimmune encephalomyelitis (EAE) with myelin
oligodendrocyte glycoprotein (MOG) in two mouse strains. A.SW mice develop ataxia
with antibody deposition, but no T cell infiltration, in the central nervous system
(CNS), while SJL/J mice develop paralysis with CNS T cell infiltration. In this study,
we determined biomarkers contributing to the homogeneity and heterogeneity of two
models. Using the CNS and spleen microarray transcriptome and cytokine data,
we conducted computational analyses. We identified up-regulation of immune-related
genes, including immunoglobulins, in the CNS of both models. Pro-inflammatory
cytokines, interferon (IFN)-y and interleukin (IL)-17, were associated with the disease
progression in SJL/J mice, while the expression of both cytokines was detected
only at the EAE onset in A.SW mice. Principal component analysis (PCA) of CNS
transcriptome data demonstrated that down-regulation of prolactin may reflect disease
progression. Pattern matching analysis of spleen transcriptome with CNS PCA identified
333 splenic surrogate markers, including Stfa2/1, which reflected the changes in the
CNS. Among them, we found that two genes (PER1/MIR6883 and FKBP5) and one gene
(SLC16A1/MCTT) were also significantly up-regulated and down-regulated, respectively,
in human MS peripheral blood, using data mining.

Keywords: multi-variate analysis, primary progressive EAE, principal component analysis (PCA), pattern matching,
data mining
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INTRODUCTION

Multiple sclerosis (MS) is an inflammatory demyelinating disease
of the central nervous system (CNS) (1). World-wide, MS affects
about 2.5 million people (2). Although the precise etiology of MS
remains unclear, MS has been proposed to be a disease caused by
interactions between autoimmunity, microbial infections, and/or
genetic factors (3). The clinical courses of MS are classified into
four types: (1) clinically isolated syndrome (CIS), (2) relapsing-
remitting (RR), (3) primary progressive (PP), (4) secondary
progressive (SP) (4). CIS is a first clinical episode with CNS
inflammation and demyelination (5). RR-MS is defined by
“relapses” (disease attacks) with periods of “remission” (recovery)
and is the most frequent occurring. SP-MS is defined by an initial
RR disease course followed by continuous disease progression.
Approximately 95% of RR-MS patients develop SP-MS (6). PP-
MS progresses continuously from the onset without recovery.
There is no biomarker that can be used to classify or predict
clinical courses of the four subtypes of MS (7).

Neuroimaging studies suggest that MS lesions shifted from
inflammatory demyelination to neurodegeneration during the
disease progression (8, 9). In contrast, neuropathology studies
suggest that the pathogenesis of MS remained the same
throughout the course (10, 11). There was neither a definite
mechanistic explanation of how the pathogenesis shifts from
inflammatory demyelination to neurodegeneration in all MS
cases, nor an explanation of whether the two conflicting views
based on neuroimaging or neuropathology observations can
be reconciled. The different views on disease pathogenesis in
MS could be attributed to the fact that each view is based on
one aspect of the disease: neuroimaging or histological changes.
Alternatively, MS pathogenesis might differ among individual
patients (12). The neuropathological view might be based on
MS patients whose effector mechanism remains the same during
the disease course, while the neuroimaging view could be based
on the patient subgroup whose effector mechanism changes
during the disease course. We hypothesized that inconsistencies
of effectiveness of treatment, neuroimaging and neuropathology
among progressive MS patients could be heterogeneities of the
pathogenesis of MS.

Clinical courses of animal models for MS are also variable.
Experimental autoimmune encephalomyelitis (EAE) can be
induced by sensitization with CNS antigens, including myelin
basic protein (MBP), myelin proteolipid protein (PLP), and
myelin oligodendrocyte glycoprotein (MOG) (3, 13). The
clinical course of EAE can be RR, PP, and SP, which
are similar to the various forms of MS: RR-MS, PP-MS,
and SP-MS, respectively. Several EAE models with different
clinical courses have been established: RR-course in SJL/] mice
with PLP139_151, PLP178_191, or MOGyg,_106, PP-, and SP-
course in A.SW mice with MOGy;_196 and SJL/J mice with
MOGyg;_106 and additional treatment (ultraviolet irradiation,
injection of Bordetella Pertussis, apoptotic cell, or curdlan)
(14-17). Monophasic EAE can also be induced in PL/] mice
with MBP;_;; and C57BL/6 mice with MOG3s5_55 (18, 19).
In this study, we used two PP-EAE models, A.SW mice
sensitized with MOGg,;_196 and SJL/] mice sensitized with

MOGog;—106 and curdlan. Previously, we reported that A.SW
mice sensitized with MOGo;_10s developed PP-EAE with large
areas of demyelination, immunoglobulin deposition, neutrophil
infiltration, and spleen atrophy (14, 16).

Systemic and multivariate analyses of data from animal
models for MS are powerful methods to characterize each
model. In MS, microarray analyses have been performed mainly
using peripheral blood lymphocytes. Several reports showed that
various genes related to the immune response, apoptosis, and
cell cycle progression were up- or down-regulated in disease
(20, 21), while microarray analyses using human CNS tissues
have been limited by its nature (22). In most microarray analyses
in EAE, genes related to the immune response, such as cytokines,
chemokines, and complement components, are known to be
up-regulated in the CNS (23-26).

We aimed to determine CNS biomarkers and peripheral
surrogate markers that could characterize the two PP-EAE
models induced in A.SW and SJL/] mice. We have conducted
microarray and bioinformatics analyses, using the brains and
spleens which reflect the changes in the CNS and peripheral
lymphoid organs, respectively. There were differences in
numbers of genes that were up- and down-regulated in the
brains and spleens between A.SW and SJL/] mice with PP-
EAE, while immune response-related genes were highly up-
regulated in the brains and erythrocyte-related genes highly
down-regulated in the spleens from both mouse strains. Pathway
analysis showed that Fc receptor and complement-related genes
were up-regulated in both mouse strains' brains, but pro-
inflammatory cytokine-related genes were up-regulated only
in SJL/] mouse brains. Genes irrelevant to immune responses
were down-regulated in the spleens of PP-EAE mice, and the
expression of T helper (Th)1/Th2-related genes differed between
A.SW and SJL/] mouse brains. Principal component analysis
(PCA) of transcriptome data of brains and spleens separated
between control and EAE groups. Pattern matching analysis
between brain PCA data and spleen transcriptome data identified
the spleen surrogate marker candidates that reflect the gene
expression patterns in the brain. Translational application of our
bioinformatics approach would be useful to identify the brain
biomarkers and peripheral surrogate markers for MS.

MATERIALS AND METHODS

Animal Experiments

To induce PP-EAE, 5-week-old female nine SJL/] mice and
13 A.SW mice (The Jackson Laboratory, Bar Harbor, ME) were
sensitized in the base of the tail with 100 nmol of MOGo,_106
peptide (DEGGYTCFFRDHSYQ, Core Facility, University of
Utah Huntsman Cancer Institute, Salt Lake City, UT) in complete
Freund’s adjuvant (CFA) (14-16). On day —1 prior to MOG
injection, 5 mg curdlan (a Th17 inducer produced by Alcaligenes
faecalis var. myxogenes, Wako Pure Chemical Industries, Osaka,
Japan) in PBS was injected for SJL/] mice intraperitoneally (27).
To induce RR-EAE, six SJL/] mice were sensitized PLP139_15;
(HSLGKWLGHPDKEF) in CFA (28). Mice were given standard
laboratory rodent chow and water ad libitum. All experimental
procedures were reviewed and approved by the Institutional
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Animal Care and Use Committee of Louisiana State University
Health Sciences Center (LSUHSC)-Shreveport, and performed
according to the criteria outlined by the National Institutes of
Health (NIH) (29).

Clinical signs of EAE and body weights were monitored daily
(14, 30). Mice were euthanized at disease peak and remission
of RR-EAE and at latent period, onset and peak of PP-EAE
(Figure 1). At each time point, brains and spleens were harvested
from three to six mice per group and frozen immediately in
liquid nitrogen.

RNA Preparation

Brains and spleens from three to six mice per group
were homogenized individually in TRI-Reagent® (Molecular
Research Center, Cincinnati, OH), using the Kinematica
Polytron™ homogenizer (Kinematica, Bohemia, NY). Total
RNA was extracted with an RNeasy Mini Kit (Qiagen,
Germantown, MD) according to the manufacturer’s instructions
from brain and spleen homogenate. DNase treatment was
performed during RNA isolation with an RNase-Free DNase
Set (Qiagen). All samples were purified to an absorbance ratio
(A260/A280) between 1.9 and 2.1 (31).

Real-Time PCR

We reverse-transcribed 1 g of total RNA into cDNA,
using ImProm-II"™ Reverse Transcription System (Promega
Corporation, Madison, WI) (n = 3-7). We mixed 50 ng of cDNA
with RT? Fast SYBER® Green qPCR Master Mixes (Qiagen)
and primer set. The mixture was amplified and monitored
using iCycler iQ System (Bio-Rad Laboratories, Hercules, CA).
The following primer sets were purchased from Real Time
Primers (Elkins Park, PA): interferon (IFN)-y, interleukin
(IL)-17A, chemokine (C-X-C motif) ligand 13 (CXCLI13),
lipocalin 2 (LCN2), CD3 antigen y subunit (CD3G), Kell blood
group (KEL), and stefin A2 like 1 (STFA2L1). The results
were normalized using housekeeping genes, glyceraldehyde-3-
phosphate dehydrogenase (Gapd) or phosphoglycerate kinase
1(PgkI) (32, 33).

Microarray Analysis

We used total RNA samples of brains and spleens from
three mice with PP-EAE at the disease peak and three age-
matched control mice for each mouse strain. We conducted
microarray analyses, using Affymetrix GeneChip® Mouse
Gene 1.0 ST Array (Affymetrix, Santa Clara, CA), according
to the manufacturers instruction. The data were visualized
and quantified by Affymetrix GeneChip Command Console
(AGCC), and normalized by Robust Multi-array Average
(RMA) using Expression Console. Data were analyzed using
the Ingenuity Pathway Analysis® (Qiagen), NetAffx database
(Affymetrix; http://www.affymetrix.com/index.affx), and Mouse
Genome Informatics (The Jackson Laboratory, Bar Harbor, ME;
http://www.informatics.jax.org/). The datasets generated and/or
analyzed during the current study are available in the Gene
Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/)
repository in National Center for Biotechnology Information
(NCBI) (Accession number: GSE99300).

Bioinformatics and Statistics Analyses
Volcano Plot

We drew a volcano plot, using the OriginPro 8.1 (OriginLab
Corporation, Northampton, MA), to visualize significance and
fold changes of transcriptome data (34-36). In the volcano
plot, log ratios (logarithms of fold changes to base 2) of gene
expression in the brains and spleens from EAE mice compared
with age-matched control mice were used as an x-axis and the
logarithms of P values to base 10 were used as a y-axis.

Heat Map

We drew heat maps to determine the expression patterns of top
20 up- or down-regulated genes of brain and spleen samples from
EAE mice, and compared the expression levels between EAE vs.
control groups, using R version 3.2.2 and the programs “gplots”
and “genefilter” (37). A list of abbreviations of genes is shown in
Supplemental Table 1.

K-means Clustering

To find the differences of gene expression patterns between
organs or mouse strains, we conducted k-means clustering using
an R package “cclust” (37). We used Davies-Bouldin index (38)
to determine the optimum number of clusters and obtained the
lowest score (0.78), when microarray data were separated into 35
clusters (Supplemental Figure 2). Graphs were drawn using 240
genes (top 80, middle 80, and bottom 80 genes) in each cluster.
A radar chart was drawn using the expression patterns of cluster
center genes.

Ingenuity Pathway Analysis (IPA)

To classify the genes functionally, we used IPA (Qiagen) where we
entered the genes whose genes were over- or under-transcribed
more than 2-fold compared with control samples (P values
<0.05). IPA shows possible networks involved in microarray
profiles by the IPA Network Generation Algorithm (39). The
algorithm clustered and classified the entered genes, which
generated the networks, each of which was composed of three
canonical pathways. The networks were ranked by the network
score. The network score was calculated based on the right-tailed
Fisher’s Exact Test that uses several parameters, including the
numbers of network eligible molecules in the network, the given
dataset, and the IPA database. We focused the networks whose
network score was higher than 35, since the only networks with
high network scores have interpretable connections.

Principal Component Analysis (PCA)

Using PCA, we reduced the dimensionality of a microarray
data set consisting of 28,853 mRNA expression signals into two
components, principal component (PC) 1 and PC2 (37, 40, 41).
PCA was conducted as an “unsupervised” analysis to clarify the
variance among microarray data from brain and spleen samples
using an R program “prcomp,” as we described previously (37,
42). The proportion of variance was also calculated to determine
the percentage of variance explained by each PC, while factor
loading for PC1 or PC2 was used to rank a set of genes
contributing to PC1 or PC2 values.
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FIGURE 1 | Kinetics of interferon (IFN)-y and interleukin (IL)-17 expression of relapsing-remitting (RR)-experimental autoimmune encephalomyelitis (EAE) and primary
progressive (PP)-EAE in SJL/J mice (blue column) and A.SW mice (red column). Expression of IFN-y and IL-17 in brains were determined by real-time PCR.
Expression levels were shown as fold changes compared with three control mice of each strain. In SJL/J mice with RR-EAE, both IFN-y and IL-17 levels were high at
the disease peak and low during remission (n = 3, at each time point). On the other hand, in PP-EAE, expression levels of both IFN-y and IL-17 were associated with
disease activity in SJL/J mice with EAE (n = 3, at each time point), while they increased at the onset (no increase at latent period) but decreased at the disease peak in
A.SW mice with EAE (n = 3-6, at each time point). Data are presented as means =+ standard error of the mean (SEM). *P < 0.05, **P < 0.001, ANOVA.

5

Disability

Pattern Matching Analysis

To find the splenic genes whose expression patterns correlated
with PC1 values in PCA of the brains, we conducted a pattern
matching analysis based on correlation (43), using the R. We
focused the genes whose expression levels, compared with
control samples, were up- or down-regulated more than 2-
fold, and whose correlation coeflicients (r) were more than 0.8
or <—0.8.

Data Mining on Human MS Transcriptome Database
We obtained the gene expression profile datasets relevant to MS
patients from GEO profile database (https://www.ncbi.nlm.nih.
gov/geoprofiles/), using search keywords with the gene symbols
identified in the current study as follows:

“multiple sclerosis”[All Fields] AND “Homo
sapiens”’[Organism] AND “peripheral blood”[All Fields]
AND “disease state”[Flag Information] AND (gene symbols
connected by OR). The data were processed according to the
instructions of GEO profile database (44), and the differentially
expressed genes (P < 0.05) between MS patients and controls
were extracted.

Statistics

The data were shown as mean =+ standard error of the mean
(SEM). Statistical comparisons were conducted using the Student
t test or analysis of variance (ANOVA), using the OriginPro 8.1.
P < 0.05 was considered as significant difference.

RESULTS

Levels of IFN-y and IL-17 Were Associated
With Disease Activity of PP-EAE in SJL/J
Mice, but Not in A.SW Mice

The precise effector mechanism of PP-MS is currently unknown.
Since the pro-inflammatory cytokines, IFN-y, and IL-17 have

been shown to be key effector molecules in many, but not all
EAE models (15, 16, 45-48), we first examined the kinetics of
IFN-y and IL-17 in animal models for PP-MS, using two mouse
strains. We induced PP-EAE with MOGg,_ 196 in A.SW mice as
we described previously (14-16). We also induced PP-EAE in
SJL/J mice with MOGog,_106 sensitization, 1 day after injection
of curdlan. In SJL/] mice, disease continuously progressed
until mice became moribund without remission within 20 days
after initial clinical signs (Supplemental Figure 1). A.SW mice
developed ataxic EAE and weight loss 1 month post induction
(pi.) of EAE (14, 16), while SJL/] mice developed classical
EAE with tail and limb paralysis and weight loss in both PP-
and RR-EAE.

Using real-time PCR, we conducted a time course analysis
of IFN-y and IL-17 mRNA levels in the brains of A.SW and
SJL/] mice with PP-EAE (Figure 1). For comparison, we also
used brain samples from SJL/] mice with RR-EAE. In both RR-
EAE and PP-EAE in SJL/] mice, clinical signs were associated
with increased levels of both IFN-y and IL-17 in the brain.
However, in PP-EAE in A.SW mice, the levels of IFN-y and IL-
17 increased at the disease onset, but declined during the disease
progression. These results suggested that the effector mechanisms
in disease progression of SJL/] mice and A.SW mice differed
at the disease peak. Thus, we decided to analyze potentially
distinct pathomechanisms of disease progression between A.SW
and SJL/] mice with PP-EAE.

Volcano Plots of Brain and Spleen
Transcriptome Data Showed Overall
Greater Changes in SJL/J Mice, While
A.SW Mice Had More Down-Regulated

Spleen Genes
To compare the potentially distinct effector mechanisms
during the disease progression between A.SW and SJL/] mice,
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we conducted conventional “supervised” two-way comparison
analyses of the brain and spleen transcriptome data at the
disease peak from the two mouse strains with PP-EAE. First,
using volcano plots, we visualized the numbers of genes whose
expression levels were significantly (P < 0.05) up- or down-
regulated more than 2-fold compared with control samples
(Figures 2A,B). In the brain, higher numbers of genes were
up- or down-regulated in SJL/] mice than in A.SW mice,
suggesting that molecular changes in SJL/J] mice could be
more complex than in A.SW mice (Figure 2A). On the other
hand, in the spleen, the numbers of down-regulated genes
were higher in A.SW mice, while those of up-regulated genes
were higher in SJL/] mice (Figure 2B). An increased number
of down-regulated genes in A.SW mouse spleen seemed to be
associated with spleen weight changes at disease peak in PP-
EAE, where the spleen of A.SW mice, but not SJL/] mice, showed
significant atrophy (16).

Heat Maps Revealed the Up-Regulation of
Immune Response-Related Genes in the
Brains and Down-Regulation of
Erythrocyte-Related Genes in the Spleens

From Both Mouse Strains

Next, to visualize the differences in most highly up- or down-
regulated genes in the brains and spleens, we drew heat maps,
using microarray data at the disease peak (Figures2C-F).
Overall, heat maps of each organ (brain or spleen) were similar
among samples from A.SW and SJL/] mice. Most of the highly
up- or down-regulated genes in each organ in A.SW mice were
also up- or down-regulated in SJL/] mice. On the other hand,
heat maps between brains and spleens were different regardless of
the mouse strains. Only serine (or cysteine) peptidase inhibitor,
clade A, member 3N (Serpina3n) was highly up-regulated in
both brains and spleens in both mouse strains. In the heat maps
based on brain gene expression levels from A.SW (Figure 2C)
and SJL/] mice (Figure2D), commonly up-regulated genes
included: lipocalin 2 (Lcn2); chemokines, such as chemokine
(C-X-C motif) ligand 13 (Cxcl13); and chemokine (C-C motif)
ligand 3 (Ccl3); complement-related genes, C3 and complement
component 3a receptor (C3arl); immunoglobulin (IgkvI-110);
MHC class II-related genes, H2-Aa and Cd74 (CLIP). Serine (or
cysteine) peptidase inhibitor, clade B, member 1la (Serpinbla),
and UDP galactosyltransferase 8A (Ugt8a) were down-regulated
in common.

In the spleen heat maps based on gene expression levels
from A.SW (Figure 2E) and SJL/] mice (Figure 2F), several
genes, including pyruvate dehydrogenase kinase, isoenzyme
4 (Pdk4), testis specific gene Al13 (Tsgal3), and Serpina3n,
were up-regulated in common, while erythrocyte-related genes,
such as glycophorin A (Gypa), Kell blood group (Kel), Rh
blood group, D antigen (Rhd), and claudin 13 (Cldnl3)
(49), were down-regulated significantly. On the other hand,
lactotransferrin (Ltf) and lymphocyte antigen 6 complex, locus
G (Ly6g/Grl, a granulocyte marker) (50) showed different
expression patterns between the spleens of two mouse strains
with PP-EAE, down-regulation in A.SW mice and up-regulation

in SJL/] mice. In addition, tryptase a/p 1 (Tpsabl) and y-
aminobutyric acid (GABA) A receptor, subunit 6 (Gabrq)
were up-regulated only in the spleen of A.SW mice, while
immune response-related genes, such as chitinase-like 3 (Chil3),
interferon induced transmembrane protein 6 (Ifitm6), and
haptoglobin (Hp), were up-regulated only in the spleen of
SJL/] mice.

K-means Clustering Revealed the Different
Expression Patterns of Genes Between the
Brains and Spleens of A.SW and SJL/J
Mice With PP-EAE

To further identify the genes that had distinct expression patterns
among the transcriptome data from brains and spleens of A.SW
and SJL/] mice with PP-EAE at the disease peak, we divided
all genes into 35 clusters, using k-means clustering, based on
Davies-Bouldin Index (Supplemental Figures 2, 3). The centroid
genes of the 14 of 35 clusters showed substantial changes (>2-
or <1/2-fold compared with controls), at least, in one organ or
in one mouse strain (Supplemental Figures 3, 4, lists of genes in
each cluster were shown in Supplemental Tables 2-15). A radar
chart for centroid genes of each cluster showed that, in most
clusters, gene expression levels in one organ between the two
mouse strains were similar, while those between brains vs. spleens
were different (a radar chart using the 14 clusters in Figure 3A;
radar chart using all the 35 clusters in Supplemental Figure 4).
The radar chart showed that, in most clusters, the gene
expression patterns in one organ between the two mouse
strains were similar, while those between brain and spleen
were different.

The genes in the spleen were up-regulated in cluster 3
and down-regulated in cluster 22 in both mouse strains,
while there were no substantial changes (log ratios =0,
compared with controls) in cluster 3 or 22 in the two
mouse brain samples (Figure 3B). Cluster 3 included stefins
(Stfal and Stfa2ll) (Supplemental Table 4), while cluster 22
included erythrocyte-related genes, such as Kel, Rhd, and Gypa
(Supplemental Table 10). On the other hand, the genes in
clusters 8 and 25 were up-regulated only in the brains, but
not in the spleens, in both mouse strains. Immune response-
related genes were included in clusters 8 and 25: Cxcl9, CxclI0,
and Cd3g in cluster 8; Lcn2, Cd74, and H2-Aa in cluster 25
(Supplemental Tables 6, 12). Some genes in cluster 8 were up-
regulated only in the brains of SJL/] mice (e.g., Cd3g: 1.3-fold in
A.SW mice, 4.9-fold in SJL/J mice), while several genes in cluster
25 were only down-regulated in A.SW mouse spleens (e.g., Lcn2:
0.3-fold). Up-regulation of Cd3g in SJL/] mouse brain, but not
A.SW mouse brain, was consistent with our previous histological
finding that CNS CD3" T cell infiltration was seen only in
SJL/J mice (14, 16). Thus, k-means clustering clearly showed that
groups of immune response-related genes were induced in each
organ commonly in two mouse strains, but differentially between
brains vs. spleens at the peak of disease progression. However,
k-means clustering alone was insufficient to identify individual
genes that were expressed differentially between the two strains,
requiring further analyses.
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FIGURE 2 | (A,B) Volcano plots of up- or down-regulated genes in the brains (A) and spleens (B) of PP-EAE mice. Gene expression profiles in the brains and spleens
of three mice with PP-EAE at the disease peak and three age-matched control mice for each mouse strain were determined by microarray. Fold changes were
calculated by division of signal values of EAE samples by those of controls. P values were calculated using the Student t test. Dots in the white areas were genes
whose expressions were up- or down-regulated more than 2-fold (logo ratio = 1, compared with controls), significantly (P < 0.05). In the brain, SJL/J mice had
substantially higher numbers of both up- and down-regulated genes, compared with A.SW mice. On the other hand, in the spleen, SJL/J mice had a higher number
of up-regulated genes, but a lower number of down-regulated genes, compared with A.SW mice. (C-F) Heat maps of identified genes among most highly up- or
down-regulated 20 genes in the brains and spleens at disease peak of PP-EAE. Red, blue, and white indicate up-regulation, down-regulation, and no change,
respectively. (C) In the brains of A.SW mice with PP-EAE, significantly up-regulated genes included: lipocalin 2 (Lcn2), complement-related genes, and chemokines.
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(D) In the brains of SJL/J mice with PP-EAE, Lcn2, chemokine-, MHC molecule-, and immunoglobulin-related genes were highly up-regulated. (E,F) In the spleens of
both A.SW (E) and SJL/J (F) mice with PP-EAE, erythrocyte-related genes were down-regulated significantly. Overall, heat maps between A.SW and SJL/J mice were
similar in the brains or spleens. A list of abbreviations of genes is shown in Supplemental Table 1.

Brain Pathway Analysis Revealed That Fc
Receptor and Complement-Related Genes
Were Up-Regulated in Both Mouse Strains
Brains, but Pro-inflammatory
Cytokine-Related Genes Were
Up-Regulated Only in SJL/J Mice

Using the IPA, we clustered and categorized the genes up- or
down-regulated in the brains and spleens of mouse models
for PP-EAE (Figures 3C-F). The IPA identified one network

in A.SW mice and five networks in SJL/] mice with a high
network score (>35). The network identified in the brains
of A.SW mice was categorized as “Cell-To-Cell Signaling
and Interaction,” “Hematological System Development and
Function” and “Immune Cell Trafficking” (Figure 3C). This
network contained up-regulation of immune response-related
genes: particularly MHC molecules [H2-Aa (MHC class II), H2-
Q2 (MHC class I), and Cd74 (invariant polypeptide of MHC
class II molecule)]; immunoglobulin-related genes, including
immunoglobulin ] chain (Igj) (51) and Fc receptors (Fcgr2a,
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categorized as “Cell-To-Cell Signaling and Interaction,” “Hematological System Development and Function,” and “Immune Cell Trafficking,” which were composed of
Fc receptor and complement-related genes. (D) The top network in SJL/J mouse brain was categorized as “Immunological Disease,” “Endocrine System Disorders,”
and “Gastrointestinal Disease,” which were composed of IFN-a/B-induced genes and nitric oxide synthase 2 (Nos2). (E) The top network in A.SW mouse spleen was
categorized as “Cell Cycle,” “Reproductive System Development and Function,” and “Cancer” which were composed of cell cycle-related genes. (F) The top network
in SJL/J mouse spleen was categorized as “Small Molecule Biochemistry,” “Hematological Disease,” and “Metabolic Disease” which were composed of GATA1- and
transporter-related genes. (G,H) Up- or down-regulated genes associated with MOG in the brains of A.SW mice (G) and SJL/J mice (H). Pro-inflammatory genes
were down-regulated in A.SW mice and up-regulated in SJL/J mice, while Th2-associated genes were up-regulated in A.SW mice and down-regulated in SJL/J mice.
Red and blue nodes indicate up- and down-regulated genes, respectively. Solid and dashed lines indicated direct and indirect connections, respectively. Score =

Cluster 8 (231 genes)

Log ratio (logy)
(=] o
\>

ﬁ

.
o

AB SB AS SS
Cluster 25 (104 genes)

5

0

Log ratio (log,)

-5

AB SB AS SS

E Asw spleen top network

Fe ga;ﬁ‘m‘é receptor

Score =40

H SJL/MJ brain MOG-related
network
MHC Class N (complex)

] L2383
TLRS (includes EG;TH 1) Ry
Ig‘

o

Frontiers in Immunology | www.frontiersin.org 74

March 2019 | Volume 10 | Article 516


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

Omura et al.

Computational Analyses for PP-MS Models

Fcgr2b, Fcerla, and Fcerlg); and complement-related genes,
including complement component 3 (C3), C3a receptor 1
(C3arl), C5a receptor 1 (C5arl), complement component factor
h (Cfh), and C1q a chain (Clga) (52, 53).

In the brains of SJL/] mice, all five networks with a
high network score were associated with immune responses
(Figure 3D and Supplemental Figure 5). The top 1 network
was categorized as “Immunological Disease,” “Endocrine System
Disorders;,” and “Gastrointestinal Disease” (Figure 3D). The
network was composed of up-regulated genes related to IFN-o/p
and nitric oxide synthase 2 (Nos2). The top 2 network contained
similar genes to the top 1 network of A.SW mouse brain, such
as Fc receptor and complement-related genes, while substantial
up-regulation of the genes related to IL-6-related genes and
costimulatory molecules Cd80/Cd86 (B7-1/B7-2) was seen only
in SJL/] mice (Supplemental Figure 5). All the top 3, 4, and
5 networks were associated with pro-inflammatory cytokines,
IL-1B, tumor necrosis factor (TNF)-a, and IFN-y, respectively.

Spleen Pathway Analysis Revealed That
Genes Irrelevant to Immune Responses
Down-Regulated in the Spleens of PP-EAE
Mice

In the spleen of A.SW mice, we identified three networks,
which were composed of mainly down-regulated genes
that are irrelevant to immune responses (Figure3E and
Supplemental Figure 6). The top 1 network in the spleens
of A.SW mice was categorized as “Cell Cycle,” “Reproductive
System Development and Function,” and “Cancer;” including
down-regulated genes: cyclin family (Ccnel, Ccnbl, and
Ccnb2) and cell division cycle family (Cdc20, Cdc25b, and
Cdc25¢) (Figure 3E). The top 2 and 3 networks were mainly
composed of down-regulated GATA binding protein 1 (Gatal)-
related genes and transporter genes (Abcb6, Slc25a39, and
Slc25a37), respectively (Supplemental Figure 6). On the
other hand, in the spleens of SJL/] mice, we identified only
one network with a high network score (Figure3F). The
network was categorized as “Small Molecule Biochemistry,”
“Hematological Disease,” and “Metabolic Disease,” which were
composed of down-regulated genes that were listed in the
top 2 and 3 networks of A.SW mouse spleen: Gatal-related
genes and transporter genes (Abcb6, Slc25a39, and Slc25a37).
Gatal-related genes are essential for normal hematopoiesis,
particularly erythropoiesis (54), while transporter genes
are cell membrane proteins that control the uptake and
efflux of various compounds (55, 56). The network also
included up-regulated genes, such as Toll-like receptor 13
(Tlr13) and transforming growth factor (TGF) P receptor
III (Tgfbr3).

MOG-related Pathway Analysis Revealed
That Expression of Th1/Th2-Related Genes

Differed Between Two Mouse Brains

In both mouse strains, we also determined the gene expression
changes in a MOG-related network in the brains, using
IPA (Figures 3G,H). Mog itself was down-regulated in both

mouse strains (A.SW, 0.81-fold, P < 0.05; SJL/], 0.85-
fold, P < 0.05). The gene expression of several cytokines
and chemokines was up-regulated similarly in both mouse
strains, including Cxcl10, Ccrl, and Il6. However, some pro-
inflammatory genes, such as Ifng, Cxclll, Mmp9, and Nos2,
were down-regulated in A.SW mice (Figure 3G), while they
were up-regulated in SJL/J] mice (Figure3H). On the other
hand, Th2-related genes (Gata3 and II5, but not Il4) were up-
regulated in A.SW mice, while they were down-regulated in
SJL/] mice.

PCA of Transcriptome Data of Brains and
Spleens Separated Two EAE Groups

To identify the molecules (biomarkers) that distinguish the
samples between PP-EAE and control mice, we analyzed
microarray data, using an unsupervised approach, PCA
(Figure 4). PCA clearly separated brain samples into four
groups, each of which was composed of samples from A.SW and
SJL/] mice with PP-EAE, and their control mice (Figure 4A),
showing that distinct gene expression patterns were present
between the four groups. PCA showed that PC1 likely reflected
the presence or absence of EAE, while PC2 reflected strain
differences. Proportion of variance indicated that PC1 explained
33% of variance among samples, while PC2 explained 20% of
variance (Figure 4B). By using factor loading for PC1, we ranked
the genes that contributed to the PC1 values (Figure 4C and
Supplemental Table 16). Up-regulation of immune response-
related genes, including Lcn2, Cxcll3, Chil3, immunoglobulins
(Igkv8-28 and Ighv1-55), and MHC class II molecule (H2-Aa),
as well as down-regulation of prolactin (Prl), contributed to
the PC1 values. Among factor loadings for PC2, although most
genes were unidentified, cytochrome P450, family two, subfamily
g, polypeptide 1 (Cyp2gI), and BPI fold containing family B,
member 9B (Bpifb9b) were listed (Supplemental Figure 7 and
Supplemental Table 17).

PCA of spleen microarray data also separated samples
clearly into four groups (Figure4D). PC1 explained 40% of
variance among samples, while PC2 explained 23% of variance
(Figure 4E). PC1 reflected the presence or absence of EAE, while
PC2 reflected the strain difference. Factor loading showed that
stefin A2 like 1 (Stfa2ll), deleted in malignant brain tumors
1 (Dmbtl), and trypsin genes (Try5 and Tryl0) contributed
to the PC1 values positively, while erythrocyte-related genes
(Gypa, Kel, Rhd, and Cldn13) contributed to the PC1 value
negatively (Figure 4F and Supplemental Tables 18, 19). Among
top or bottom 100 genes that were listed in factor loading for
PCI1 values, only three genes, Chil3, Serpina3n, and leucine-rich
a-2-glycoprotein 1 (Lrgl), were in common in the brains and
spleens: Chil3, which is also known as Yml, is rodent-specific
chitinase-like protein and associated with Th2 inflammation
(57), Serpina3n is an inhibitor of granzyme b (58), and Lrgl is
related to TGF-p signaling pathway (59). Thus, most CNS gene
expression changes seemed to occur independently from those in
the peripheral lymphoid organs, during the disease progression
of EAE.
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prolactin (Prf) contributed to PC1 values. In the factor loading for PC1 of spleen PCA (F), stefin A2 like 1 (Stfa2/7) and erythrocyte-related genes (Gypa, Kel, and Rhd)
contributed to PC1 distribution positively and negatively, respectively. Transcriptome data from three PP-EAE and three naive mice of each strain were used. (G) A flow
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FIGURE 4 | chart of pattern matching analysis using brain PC1 values and spleen microarray data from A.SW and SJL/J mice. To find peripheral surrogate
biomarkers that reflect the changes in the brain, we conducted pattern matching analysis. Genes whose fold changes were >2 or <0.5 with correlation coefficients of
>0.8 or <-0.8 were identified as surrogate marker candidates (Supplemental Table 15). Stfa2/7 and Kel genes, which were up- and down-regulated significantly in
the spleens of PP-EAE mice, respectively, were strongly correlated with brain PC1 values (Stfa2/1: r = 0.89, P < 0.01; Kel: r = —0.86, P < 0.01). We used microarray
data of brains and spleens of three mice with PP-EAE and three age-matched control mice for each mouse strain (the total number of mice = 12).

Pattern Matching Analysis Showed Spleen
Surrogate Marker Candidates That Reflect

the Gene Expression Patterns in the Brain
In the above PCA, we attempted to find peripheral surrogate
markers that reflect the changes in the brain. However, we were
not able to identify the common genes using factor loading
for PC1 among the brain and spleen transcriptome data. Thus,
we conducted a pattern matching analysis using brain PCl
values and spleen microarray data from two PP-EAE models
and controls; pattern matching analysis allowed us to find
splenic genes whose expression patterns matched the PC1 values
of brain samples (Figure 4G). When the results were sorted
by correlation coefficients (r >0.8 or <-0.8) and expression
ratios (>2- or <1/2-fold, compared with controls), 333 genes
showed strong correlation (Supplemental Table 20). Among the
333 genes, we found 29 splenic genes positively correlated
with the brain PCl values, including adhesion G protein-
coupled receptor G2 (Adgrg2), Lrgl, and phosphoinositide-3-
kinase interacting protein 1 (Pik3ipl). On the other hand, we
found 304 splenic genes negatively correlated with the brain
PC1 values, including progestin and adipoQ receptor family
member IX (Paqr9), RAB3A interacting protein (rabin3)-like 1
(Rab3ill), and Josephin domain containing 2 (Josd2). Among
the positively and negatively correlated genes, Stfa2l1 (r = 0.89)
and erythrocyte-related genes, including Kel (r = —0.86), were
listed in the top 10 of factor loading for PC1 in spleen PCA
(Figure 4F). Thus, using pattern matching analysis, we were able
to find the peripheral surrogate marker candidates among non-
immune-related molecules that could reflect the gene expression
changes in the brain.

Next, determined whether the genes listed as
peripheral surrogate marker candidates in the mouse spleens
(Supplemental Table 20) were also up- or down-regulated in
blood transcriptome of human MS patients obtained from
the GEO profile database, using a data mining approach
with following search keywords: “multiple sclerosis,” “Homo
sapiens,” “peripheral blood,” “disease state,” and the 29 up-
regulated gene symbols or the 304 downregulated gene symbols
(Supplemental Table 21). Among the 29 positively correlated
genes listed in Supplemental Table 20, we found that two genes,
period circadian clock 1 [PERI, also known as microRNA
6883 (MIR6883)] and FK506 binding protein 5 (FKBP5) were
up-regulated in MS peripheral blood, significantly (P < 0.01,
Supplemental Table 21). Among the 304 negatively correlated
genes, we found that only one gene, solute carrier family
16 member 1 [SLCI6AI, also known as monocarboxylate
transporter (MCT) 1] was down-regulated in MS peripheral
blood, significantly (P < 0.05, Supplemental Table 21). Up-
regulation of Perl and down-regulation SLC16A1 were found

we

in the data set (60) from 12MS patients compared with 15
unaffected controls, whose other clinical data were not available.
Upregulation of FKBP5 was found in the data set of peripheral
blood cells from three MS patients with high serum levels of
transmembrane-type semaphorin (Sema4A) (but not from MS
patients with low Sema4A levels), compared with four healthy
controls with low serum levels of Sema4A (61).

Validation of Transcriptome Data of
Biomarker Candidates in the Brains and

Spleens

To validate transcriptome data of brain and spleen samples, we
conducted real-time PCR for the representative genes listed in
the clustering, PCA factor loading and pattern matching data
(Supplemental Figure 8). The expression patterns of Cxcll3,
Lcn2, and Cd3g in the brain samples and those of Kel and Stfa2l1
in the spleen samples between microarray and real-time PCR
data were consistent. The levels of Cxcl13, Lcn2, and Cd3g in
the brains with PP-EAE were higher in SJL/J] mice than in A.SW
mice. Similarly, in the spleen, the expression of Stfa2lI was also
up-regulated. On the other hand, Kel was down-regulated in the
spleens of both PP-EAE mice. Expression of Lcn2 in the spleens
was significantly down-regulated in A.SW mice and up-regulated
in SJL/J mice.

DISCUSSION

There have been controversies on whether MS is a heterogeneous
or homogenous disease (12, 47, 62). The heterogeneity of
MS can be further discussed in three aspects; whether MS is
heterogeneous or homogenous (1) “in time (during the time
course),” (2) “in space” in individual patients with MS, and (3)
in the pathology type among MS patients. These theories are
based on mainly clinical neuroimaging and neuropathological
studies of human MS cases, which have limitations; for example,
longitudinal biopsies of CNS tissues are not possible in one
individual. While such human studies have often supported one
theory, and tended to deny the other theories, this can be due to
the limitation of the methodology employed in each study. Our
current computational studies of two EAE models for progressive
MS can be a proof of concept that autoimmune demyelinating
diseases can be either homogenous or heterogeneous in all three
aspects, to some extent.

First, “Is MS a heterogeneous in time?” in other word, “Is MS
a 1-stage or 2-stage disease (47)?” The “1-stage” disease theory
is that the pathophysiology (effector mechanism) of MS is the
same during the entire course of MS in individual patients. The
“2-stage” disease theory is that CNS tissue damage is caused by
inflammation in Stage 1, while neurodegeneration in Stage 2
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is independent of inflammation, leading to disease progression.
While some neuropathology studies in MS supported the 1-
stage disease theory, neuroimaging and clinical studies, such as
drug responses and epidemiological data, supported the 2-stage
disease theory (63, 64).

In our current study, when we assessed kinetics of IFN-y and
IL-17 levels, these pro-inflammatory cytokines were associated
with disease activities in RR-EAE and PP-EAE in SJL/] mice
(common effector mechanism in initiation, acute attack, and
disease progression), while IFN-y and IL-17 levels in PP-EAE
in A.SW mice were up-regulated only in disease initiation,
but declined at disease peak. Since these results suggested
that another effector mechanism independent of the pro-
inflammatory responses could contribute to disease progression
in A.SW mice, we further conducted transcriptome analyses
of the CNS at disease peak of PP-EAE in both mouse strains.
Volcano plots of transcriptome data showed the different number
of up- or down-regulated genes between brains and spleens
or between A.SW and SJL/] mice. While many genes were
up-regulated in the brains and down-regulated in the spleens,
down-regulation of genes in the spleen may be associated with
splenic atrophy (16). Heat maps showed highly up-regulated
genes in each brain and spleen of two mouse strains as a
result of “supervised” two-way comparison. In the brains of
both models, several genes were up-regulated in common.
Among the genes, Lcn2 was the most highly up-regulated
gene, which has been reported as an immune mediator of
EAE and MS (65, 66). Glycoprotein nonmetastatic melanoma
B (Gpnmb) is a type I transmembrane protein which works
in various biological processes, such as inflammation (67, 68).
Activation of complement components, including C3, plays a
pivotal role by recruiting inflammatory cells, increasing myelin
phagocytosis by macrophages, and exerting direct cytotoxic
effects on oligodendrocytes (69). Cxcl13 attracts B lymphocytes
and Th cells via chemokine receptor CXCR5 (70) and can be used
as a biomarker of inflammation in MS (71). Since Cybb/Nox2 was
also up-regulated, oxidative stress may be related to damage in
the brain (72).

In the spleens of both models, we found significant down-
regulation of Kel, Rhd, Gypa, and Cldnl3, which have been
reported as erythrocyte-related genes (Figures 2E,F) (49). This
is consistent with splenic pathway analysis data (Figure 3F and
Supplemental Figure 6A), in which we found down-regulation
of Gatal-related genes that are essential for erythropoiesis (54).
Stfa2ll, which acts as a cathepsin inhibitor, was up-regulated
in common and could regulate antigen presentation processes
involved in immune response and autoimmune diseases (73).
Interestingly, two neutrophil-associated proteins, Ltf, and Ly6g
were down-regulated in A.SW spleens, but up-regulated in SJL/J
spleens. Ltf is a protein contained in secondary granules of
neutrophils and can ameliorate the signs of EAE (74), while Ly6g
is expressed in neutrophils and can regulate leukocyte activation
and adhesion (75). Distinct expression of these genes suggested
the different role of neutrophils in two PP-EAE models.

Interestingly, our bioinformatics analyses, including
pathway analyses and PCA, demonstrated that antibody-
mediated pathophysiology (composed of immunoglobulin-,

complement-, and FcR-related molecules) seemed to be
active in both mouse strains. We confirmed the presence of
immunoglobulin deposition and complement receptor positive
cells by immunohistochemistry (data not shown). In PP-EAE
in SJL/] mice, bioinformatics analyses also showed that the
top network present in the CNS was associated with pro-
inflammatory responses composed of most major inflammatory
pathways, including those of IFN-a/B, IFN-y, IL-17, IL-6, TNF-
o, and IL-1B. Thus, in SJL/J mice, the pro-inflammatory effector
mechanism could play a pathogenic role during the entire
course (here, the disease might look a homogeneous disease, if
one focuses only on these pro-inflammatory responses), while
the antibody-mediated effector mechanism also seemed to be
active at disease peak in both mouse strains (Figure 5). On the
other hand, downregulation of prolactin also contributed to the
separation between EAE and control groups in PCA. Prolactin is
secreted not only by the anterior pituitary but also extra-pituitary
tissues including immune cells, while prolactin receptor is found
on lymphocytes and other immune cells (76). Prolactin has
several roles including immunomodulation and remyelination.
Although our current PCA demonstrated downregulation of
prolactin could be associated with EAE progression, prolactin
has been suggested to exacerbate other EAE models (77).
Similarly, in human MS, an association between prolactin levels
and disease activities remains controversial (76). Ysrraelit and
Correale proposed that prolactin may exert dual and opposing
effects in MS and that caution must be taken when prolactin
levels are manipulated in MS.

However, these results do not deny the possibility of
disease progression based on the 1-stage disease theory,
since uncontrolled pro-inflammatory cellular responses alone
can lead to disease progression regardless of the presence
of involvement of antibody and complement, in theory.
Indeed, many experimentally proven encephalitogenic antigens,
including MBP, PLP, and neurofilament light chain (NF-L), can
induce only pathogenic T cell responses that cause neurological
deficits (antibodies to MBP, PLP, and NF-L do not cause tissue
or cell injury because their epitopes are not expressed on cell
surface) (78).

Our bioinformatics transcriptome analyses also addressed
the second question, “Is MS pathology homogeneous or
heterogeneous in space, in one patient, and at one time point?”
or “Is there only one pathology (one effector mechanism) present
in the CNS or are multiple different pathologies simultaneously
present in the CNS in one patient?” At the disease peak
of A.SW mice with PP-EAE, we identified only one major
effector mechanism (= antibody and complement-mediated
tissue damage), while two effector mechanisms may be involved
in SJL/] mice: (1) antibody and complement-mediated tissue
damage and (2) pro-inflammatory CD3" T cell-mediated tissue
damage. Histologically, in SJL/] mice, we found that some areas
showed antibody deposition without T cell infiltration and other
areas contained T cell infiltration with or without antibody
deposition (data not shown). These results suggested that CNS
demyelinating pathology can be homogenous (contain one
pathology type) or can be heterogeneous (contain more than two
pathologies) in a single individual. In most CNS peptide-induced
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FIGURE 5 | The disease theories in A.SW and SJL/J mice with PP-EAE.
(A) When Th1/Th17 cells vs. Th2 cells is well-balanced, no disease is induced.
(B) In A.SW mice, increased Th1/Th17 immune responses initiate disease.
Later, the Th1/Th17 responses decline, and increased Th2 immune responses
help auto-antibody production. Here, effector mechanism switches from
proinflammatory Th1/Th17 responses (first stage) to antibody-mediated
pathology (second stage). (C) In SJL/J mice, while Th1/Th17 cells play an
effector role during the entire disease course, anti-myelin antibody also
contributes to disease progression at the “second” stage.

EAE models, pathology has been shown to be homogeneous since
most peptides are either major T cell epitopes or B cell epitopes,
but not both. In contrast, multiple effector mechanisms as well
as heterogeneous neuropathology can be present in one single
EAE model, when EAE is induced with encephalitogens that have
both T-cell and B-cell epitopes [for example, MOGg,_106 (current
experiment) and brain homogenates].

Our results also addressed the third question, “Is MS
pathophysiology homogeneous (common) in all MS patients,
or are there heterogeneities in pathophysiology among

MS patients?” Our current experiments showed that a
single encephalitogen (MOGo,_j106) can cause two different
pathophysiologies (pro-inflammatory and antibody-mediated).
This supports a concept and clinical pathology findings that
MS neuropathology is heterogeneous. However, this does
not deny the presence of possible common (homogeneous)
pathologic component of demyelinating diseases. For example,
in our current studies, the antibody-mediated tissue damage
seemed to be a common effector mechanism in two PP-
EAE models; we also found that some genes, such as Lcn2
and Chil3, were commonly up-regulated in two models. In
addition, common neuropathology and effector components
have been demonstrated among several different EAE models
that were induced with different encephalitogenic antigens.
For example, EAE can be induced in SJL/] mice or C57BL/6
mice, using different encephalitogens, such as PLPi39_151,
PLP173_192, MOG92_105, and MOG35_55 (13, 79). Here,
neuropathology and pro-inflammatory immune responses
in EAE induced with these different peptides were overall
indistinguishable (14, 28, 80). In this context, it should also
be noted that virus-induced demyelinating models share a
common pathology and effector mechanism (3). Therefore,
in theory, the cause of MS (several different autoantigens or
even viruses) can be homogeneous or heterogeneous. Here,
one autoantigen can cause different (heterogeneous) pathology
depending on the genetic background or the presence of
adjuvant (which mimics polymicrobial infection). On the
other hand, several different autoantigens (different causes)
can induce the same (homogeneous) pathology in the CNS of
MS patients.

In this study, we have also conducted splenic transcriptome
analyses to find peripheral surrogate markers that reflect the
change in the CNS. In clinical studies in MS, while some
reports showed that immune profiles in the blood reflected
disease activity, others showed that peripheral profiles did not
reflect the change in the CNS (81, 82). Using heat map and
network/pathway analyses, we found that highly up-regulated
and down-regulated genes and pathways were different between
the spleens and brains in both mouse strains. Interestingly,
in splenic pathway analysis, both mouse strains had down-
regulation of GATAl-related genes and transporter genes
(Figure 3F and Supplemental Figures 6A,B), while only A.SW
mice had down-regulation of a network related to the cell cycle
(Figure 3E). Cell cycle arrest could occur in the atrophic spleen
with apoptosis in A.SW mice with progressive EAE, as we
reported previously (16). Thus, A.SW mice had an additional
major change in the network, comparing with SJL/] mice;
this is in contrast to the CNS network profiles where SJL/J
mice had an additional effector mechanism, comparing with
A.SW mice.

We also conducted PCA using splenic transcriptome data
from A.SW and SJL/] mice. Although PC1 values reflected the
presence or absence of EAE in both the CNS and spleens,
we did not find commonly up- or down-regulated genes
contributing to PCl between the brain and spleen factor
loading for PC1. Thus, both supervised two-way comparison
and unsupervised PCA showed that there were only three
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genes in common between the brains and spleens: Chil3,
Serpina3n, and Lrgl. This could be consistent with a hypothesis
that immune responses in progressive MS are sequestered
from the systemic immune responses; the pathophysiology
in the CNS at this stage may occur within the intact
blood-brain barrier, and be independent of systemic immune
responses (83).

On the other hand, our pattern matching analyses between
the brain PC1 (that may reflect brain disease) and spleen
transcriptome data showed that the pattern changes in a set of
peripheral genes were significantly correlated with the brain PC1
values. Interestingly, the splenic genes showed the significant
correlation with brain PC1 values were not immune-mediated
genes. Although the causal relationship between the brain
pathophysiology and splenic transcriptome changes is unclear,
these set of splenic genes could be used as surrogate markers,
or may be the contributing factor and/or outcomes of the
pathology in the CNS. Among the genes listed as peripheral
surrogate marker candidates (Supplemental Table 20), three
genes, PERI, FKBP5, and SLCI6A1 were up- or down-
regulated significantly in the peripheral blood data sets
from MS patients, although these data sets were from
small numbers of patients with unknown clinical histories
(Supplemental Table 21). PERI encodes microRNA6883, which
is associated with circadian rhythm (84). FKBP5 is a member of
immunophilin protein family which works in immunoregulation
and interacts with the progesterone receptor and GATA-
2 (85). SLC16A1 encodes the MCTI1, whose inhibition has
been found to modulate T cell responses (86, 87). This
is the first report showing the association between these
three genes and MS. Peripheral surrogate marker candidates
identified in this study might be worth monitoring in MS
blood samples.
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The Selective HDACG6 Inhibitor
ACY-738 Impacts Memory and
Disease Regulation in an Animal
Model of Multiple Sclerosis

Patrizia LoPresti*

Department of Psychology, University of lllinois at Chicago, Chicago, IL, United States

Multiple sclerosis (MS) is a complex disease characterized by autoimmune demyelination
and progressive neurodegeneration. Pathogenetic mechanisms of the disease remain
largely unknown. Changes in synaptic functions have been reported; however, the
significance of such alterations in the disease course remains unclear. Furthermore,
the therapeutic potential of targeting synapses is not well-established. Synapses have
key signaling elements that regulate intracellular transport and overall neuronal health.
Histone deacetylase (HDAC)6 is a microtubule-associated deacetylase. The interaction
between HDAC6 and microtubules is augmented by HDACG inhibitors. In this study,
experimental autoimmune encephalomyelitis (EAE) mice, an animal model of MS, were
treated with the HDACG6 inhibitor drug ACY-738 (20 mg/kg) on day 9 and day 10
post-immunization. Mice were assessed for working memory using the cross-maze
test at 10 days post-immunization (d.p.i.), whereas disease scores were recorded over
approximately 4 weeks post-immunization. We observed that ACY-738 delayed disease
onset and reduced disease severity. Most importantly, ACY-738 increased short-term
memory in a manner sensitive to disease severity. We induced EAE disease with various
amounts of myelin oligodendrocyte glycoprotein (MOG35-55). EAE mice receiving 100
ng of MOG35-55 and treated with ACY-738 had a statistically significant increase
in short term-memory compared to naive mice. Additionally, EAE mice receiving 50
pg MOG35-55 and treated with ACY-738 had a statistically significant increase in
short term-memory when compared to EAE mice without drug treatment. In contrast,
ACY-738 did not change short-term memory in EAE mice immunized with 200
g of MOG35-55. Because ACY-738 increases short-term memory only with lower
amounts of EAE-inducing reagents, we hypothesize that the inflammatory-demyelinating
environment induced by higher amount of EAE-inducing reagents overpowers (at day 10
post-immunization) the synaptic molecules targeted by ACY-738. These studies pave
the way for developing ACY-738-like compounds for MS patients and for using ACY-738
as a probe to elucidate disease-sensitive changes at the synapses occurring early in the
disease course.
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Frontiers in Neurology | www.frontiersin.org

83 June 2019 | Volume 10 | Article 519


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2019.00519
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2019.00519&domain=pdf&date_stamp=2019-06-28
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:lopresti@uic.edu
https://doi.org/10.3389/fneur.2019.00519
https://www.frontiersin.org/articles/10.3389/fneur.2019.00519/full
http://loop.frontiersin.org/people/543173/overview
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ACY-738 Impacts Memory and Disease Regulation

INTRODUCTION

Multiple sclerosis (MS) is a central nervous system (CNS)
neurodegenerative disease. The causes of this devastating disease
are largely unknown, although autoimmune demyelination and
brain inflammation are considered pivotal in the CNS damage
that occurs throughout the disease course. In both MS and
experimental autoimmune encephalomyelitis (EAE) (an animal
model of MS), there are changes in synaptic transmission
and function (1, 2) linked to the neurodegeneration, which
eventually emerges during the disease with devastating clinical
outcomes. Ziehn et al. (3) described deficits in memory function
at 40 days post-immunization (d.p.i.) in EAE mice during
the chronic form of the disease. Acharjee et al. (4) described
emotional and cognitive deficits in chronic EAE during the
presymptomatic stage, between 6 and 8 d.p.i. Further, LoPresti
(5) identified subclinical, progressive memory decline in the
relapsing-remitting (RR) EAE. Indeed, in this model, memory
function was not significantly different among groups; however,
memory decline occurred over time, with an initial apparent
improvement in memory function as early as 10 d.p.i. Although
memory function progressively declined, mobility impairment
recovered, suggesting that the disease has both progressive and
remitting components. Overall, such studies have elucidated that
changes in synaptic transmission occur at a relatively early stage
during the disease, often subclinically; such early changes may
eventually be responsible for late neurodegeneration (6).

The cytoskeleton at the synapse has received attention for its
role in synaptic plasticity regulation and various neuropsychiatric
diseases (7). At the synapse, key functional interactions involve
tubulin, end-binding proteins (EBs), Ankyrin, and actin (8).
Such protein-protein interactions at the synapse regulate synaptic
function and plasticity. Histone deacetylase (HDAC)6 is a
microtubule-associated deacetylase (9), and such protein-protein
interaction increases with administration of HDAC6 inhibitors.
HDACE6 inhibitors also promote the interaction of HDAC6 with
EBs (10).

HDAG s are a class of enzymes targeting both histone and non-
histone substrates. Non-histone substrates include transcription
factors, cytoskeletal proteins, metabolic enzymes, and chaperones
(11). HDAC classes consist of 18 types. HDAC6 is localized
predominantly in the cytoplasm and does not deacetylate
histones in vivo (11). The main substrate for HDAC6 is «-
tubulin, although additional substrates have been identified. Such
substrates include Hsp90 (heat shock protein 90) (12), cortactin
(cortical actin binding protein) (13), and beta-catenin (14). Beta-
catenin regulates cell-cell adhesion and gene transcription.

In vivo treatment with HDAC6 inhibitors increases brain
a-tubulin acetylation, with no changes in acetylation levels of
histones (15). Although the loss of HDAC6 does not cause
toxicity, apoptosis, or major neurodevelopmental defects in
rodents, it causes an antidepressant-like phenotype and memory
deficits (16-19).

In this study, we analyzed EAE mice after treatment for only
2 days with the HDAC6 inhibitor ACY-738 and observed that
ACY-738 delayed disease onset and attenuated disease severity.
In addition, we observed that short-term memory in the cross-
maze test was improved in EAE mice treated with the drug at 9

and 10 d.p.i. and tested at 10 d.p.i. Such effect was sensitive to the
amount of reagent used to induce the disease.

MATERIALS AND METHODS
EAE Induction

To induce EAE, we used an emulsion obtained from Hooke
Lab (EK-0111, Hooke Kit™) and Pertussis toxin (#10033-540,
Enzo Life Sciences; VWR). The emulsion from Hooke lab
(see Supplementary Table 1A) contained ~1 mg/mL of myelin
oligodendrocyte glycoprotein (MOG35-55) and ~5 mg/mL of
killed Mycobacterium tuberculosis H37/Ra (MT). We injected
the emulsion at volumes of 200, 100, and 50 L. Thus,
200 pL contained 200 pg of MOG35-55 and 1mg of MT,
100 pL contained 100 pg of MOG35-55 and 0.5mg of MT,
and 50 pL contained 50 pg MOG35-55 and 0.250 mg MT.
Pertussis toxin (200 ng/100 pL/mouse) remained constant for
all experiments and was injected intraperitoneally (ip) on the
day of immunization and 2 days later. With higher amounts
of reagents, we observed a more severe form of the disease,
with a persistent severe disease score above two at 3 weeks
post-immunization. With lower amounts of reagents, most of
the mice recovered from a severe disease score above two. The
mice were examined for ~4 weeks post-immunization. The
amounts used in this study to induce chronic (CH) vs. relapsing-
remitting (RR)-EAE are included in Supplementary Table 1A,
together with a summary of previous work showing various
concentrations of the reagents used to induce either CH- or
RR-EAE (Supplementary Table 1B).

C57BL/6 female mice between 7 and 8 weeks of age were
ordered from Jackson Laboratory and housed for 1 week before
EAE induction. Mice were immunized subcutaneously (sc)
(200 pL/mouse) with 200 pg/mouse of MOG35-55 peptide
emulsion in complete Freund’s adjuvant (CFA) (EK-0111, Hooke
Kit™). Experiments were also performed with volumes of 100
pwL/mouse and 50 wL/mouse (from kit EK-0111, Hooke Kit™).
Pertussis toxin (200 ng/100 pL/mouse) remained constant for all
experiments and was injected ip on the day of immunization and
2 days later. EAE mice were graded on a scale of 0-5: 0, no disease;
1, limp tail; 2, hind limb weakness; 3, one or two hind limb
paralysis; 4, hind and fore limb paralysis; and 5, moribund and
death (5). Disease scores were the averages obtained at each time
point from five mice/group/experiment. Mean disease scores
(££SEM) were calculated from these disease scores. We collected
44 disease scores per group from seven experiments.

Drug Treatment

ACY-738  powder  (Celgene  Corporation,  Acetylon
Pharmaceuticals) was dissolved in dimethyl sulfoxide (DMSO)
and diluted in phosphate-buffered saline (PBS) for ip injection
of 200 kL (20 mg/kg) on days 9 and 10 post-immunization. The
drug was injected on day 9 (~1:00 p.m.) and day 10 (~12:00
p-m.) post-immunization; mice were tested in the cross-maze
test on day 10 post-immunization. The EAE mice treated with
the drug (EAE+ D) were tested starting 1 hour and 30 min after
the last drug injection.
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Cross-Maze Exploration Test

The Cross-maze exploration test was performed to evaluate
spatial working memory using a protocol described previously
(5). Briefly, each mouse was placed in the center of a four-arm
cross-maze apparatus and was permitted to enter each arm
freely (each arm was marked A, B, C, or D). Each mouse was
evaluated for up to 31 entries. An entry occurred when all four
paws entered the arm. An alternation occurred when an entry
occurred into each of the four distinct arms (e.g., A, D, C, B,
or C, D, A, B; but not D, A, C, A). Percentage of alternation
was used as an indicator of memory strength, when successive
entries took place into the four arms in overlapping quadruple
sets. Data are indicated as percent alternation, an indicator of
short-term memory. Percent alternation value is equal to the
ratio of actual/possible alternations x 100 (5). Data are presented
as mean £ SEM in the Table 2, and are presented as mean & SE
in the corresponding histogram.

Statistical Analysis

Each experiment comprised five mice/group. Disease scores
were the averages calculated from five mice per group at distinct
times. Forty-four disease scores were collected per group and
from seven independent experiments. Mean disease scores
(£SEM) were calculated from the disease scores. Mean disease
scores (=SEM) were compared with independent samples
t-test. We measured mean disease scores between 11 and 14,
15 and 18, and 19 and 32 d.p.i. In Table 1, “n” represents the
number of disease scores obtained over time and from distinct
experiments. In addition to independent samples ¢-test, statistical
analysis was performed using mixed effects linear regression
model. Clustering of observations within experiments (ICC =
0.46, z = 2.01, p = 0.0224) was accounted for with a random
intercept term.

For the cross-maze test, we applied independent samples
t-test and one-way ANOVA. At each dosage level, one-way
ANOVA with two degrees of freedom was used to test the null
hypothesis of equal means across all the three groups (naive,
EAE, and EAE + D). Pairwise comparisons were made using
independent samples t-test and the more conservative Tukey’s
test. One-way ANOVA was used to compare the overall mean
response across the three dosage levels. For the independent
samples t-test, we used GraphPad QuickCalcs online program.
For one-way ANOVA and mixed effects linear regression model,
we used the PROC ANOVA in SAS version 9.4.

For disease scores, p < 0.05 was considered statistically
significant using the independent samples t-test. For behavioral
test, p < 0.05 was considered statistically significant using the
independent samples t-test and one-way ANOVA (** p < 0.05).
One asterisk (*p < 0.05, independent samples t-test) denotes p <
0.1 with one-way ANOVA.

RESULTS

The Selective HDACG6 Inhibitor ACY-738
Regulates Experimental Autoimmune

Encephalomyelitis Disease
Drug administration on days 9 and 10 post-immunization
(20 mg/kg) reduced disease severity in both RR and CH

EAE. Representative examples are provided in Figure 1A
for RR-EAE and in Figurel1B for CH-EAE. Disease
score was the average calculated from five mice/group,
indicated in blue for EAE mice and in red for EAE + D
mice (Figures 1A,B).

Disease scores collected at distinct times over ~4 weeks
post-immunization were obtained from seven independent
experiments. Disease score was the average calculated from five
mice/group at a specific time and from distinct experiments. The
experiments included both RR- and CH-EAE disease. Table 1A
shows that of the 44 disease scores, twenty-five disease scores
were higher than 1.5 in EAE mice; whereas only seven disease
scores were higher than 1.5 in EAE + D mice. In addition,
we calculated mean disease scores (=SEM) from disease scores
taken at various times during the disease and from independent
experiments. Early in the disease (11-14 d.p.i.), mean disease
score was 1.160 £ 0.248 in EAE mice vs. 0.360 &+ 0.160 in
EAE + D mice, with a statistically significant difference of p
= 0.0267 (n = 5, where n indicates the number of disease
scores). During the mid phase of the disease (15-18 d.p.i.), mean
disease score was 1.989 =+ 0.205 in EAE mice vs. 0.989 4 0.114
in EAE + D mice, with a statistically significant difference of
p = 0.0001 (n = 18). At the end of disease course (19-32
d.p.i.), mean disease score was 1.657 £ 0.220 in EAE mice vs.
0.857 £ 0.175 in EAE + D mice, with a statistically significant
difference of p = 0.0069 (n = 21). Thus, the difference between
untreated and treated groups reached statistical significance
(independent samples t-test) over the entire course of the
disease. In addition, by combining all the disease scores collected
from the various experiments at various times, the cumulative
disease score was 76.4 in EAE mice vs. 37.6 in EAE + D
mice, which showed an overall reduction in disease severity of
about 50%.

In addition, mixed effects linear regression model revealed
that the effects of treated vs. untreated was —0.67 (p = 0.0188),
indicating that the disease score was 0.67 less in the treated
animals than in the untreated animals at any time point.
Estimated means from the linear regression model and results
of the independent samples ¢-test of the main effects indicate a
statistically significant reduction in disease score with treatment
(p = 0.0188). The estimates from the model accounted for
the clustering of repeated measures, whereas the independent
samples t-test assumed each of the two compared groups were a
set of independent observations. In contrast, the estimated slope
in EAE mice was —0.003 (p = 0.8471), whereas in EAE + D
mice, it was 0.00 (p = 1.000). The two parallel lines across time
for EAE and EAE + D mice had a common slope of —0.0015 (p
= 0.8907), indicating a slight decrease that was not statistically
significant. Thus, the slope was the same in both groups,
suggesting that the disease, although diminished in its severity
secondary to drug treatment, was not altered in its dynamics;
i.e., the disease displayed similar trends in EAE vs. EAE + D
mice, although EAE + D had significantly lower disease scores
(Figure 1C, Table 1B).

Notably, drug treatment delayed disease onset. Disease onset
occurred between 11 and 14 d.p.i. Figure 1A shows that in
RR-EAE +D mice, the disease had not yet started at 14
d.p.i., whereas EAE mice with no drug treatment already
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FIGURE 1 | The selective HDACS inhibitor ACY-738 regulates experimental autoimmune encephalomyelitis in both Relapsing-Remitting (A) and Chronic (B) EAE
mice. (C) Shows all disease scores and an estimated line for the disease scores.

TABLE 1 | (A) Disease score analysis with t-test and (B) Disease score analysis with mixed effects linear regression model.

(A)
Treatment Disease score Mean disease score Mean disease score Mean disease score Cumulative disease score
>1.5 + SEM at 11-14 d.p.i. + SEM at 15-18 d.p.i. + SEM at 19-32 d.p.i.
EAE 25/44 1.160 + 0.248 1.989 + 0.205 1.657 + 0.220 76.4
EAE + D 7/44 0.36 + 0.160 0.989 £ 0.114 0.857 £ 0.175 37.6
n=5; p =0.0267** n=18; p = 0.0001** n=21; p=0.0069"* n=44
(B)
Disease score t-test for EAE vs. EAE + D
Mean SE 95% C.l. t=2.40,do =74,p =0.0188
EAE 1.670 0.197 1.241 2.100
EAE + D 1.000 0.197 0.570 1.430

The drug administered on days 9 and 10 post-immunization (20 mg/kg) reduced disease severity in both Relapsing-Remitting (RR) (A) and Chronic (CH) (B) EAE mice. Figures 1A,B
have the disease scores. Each disease score is the average obtained from five mice/group, in blue for EAE mice and in red for EAE + D mice. Figure 1C shows all disease scores
collected from seven experiments at distinct times, together with an estimated line for the disease scores of EAE (blue) and EAE + D (red) mice.

In (A), n represents the number of disease scores. Among the 44 disease scores per group, EAE mice had twenty-five over 1.5, whereas EAE + D mice had only seven over 1.5. (A)
has mean disease scores (= SEM) during early (11-14 d.p.i.), mid phase (15-18 d.p.i.), and at the end of disease course (19-32 d.p.i.) with statistically significant differences in EAE
vs. EAE + D mice over the course of the entire disease. The cumulative disease score (from all the disease scores) shows also an overall decrease in disease severity of about 50%
in EAE4-D mice. (B) displays the statistical analysis with a linear regression model and statistically significant differences between EAE and EAE + D mice (Mean = 1,670 and 1,000,
respectively; p = 0.0188). n indicates the number of disease scores. Disease score is the average obtained from five mice/group. **p < 0.05.

exhibited mobility defects revealed by disease scores above zero. ~ The Selective HDACG6 Inhibitor ACY-738

Such delay in disease onset was striking when a high dose Regulates Short-Term Memory in a Manner
(50 mg/kg) of a single dr'ug injection was afimlmstered at 10 d.P.l. Sensitive to Disease Severity

(Supplementary Material). In this experiment conducted with i

five mice per group, differences were evident at 11 d.p.i. (24 hours We measur e<'fl shortjterfn memory Wth the cross-maze test at
post-treatment), suggesting that the drug abruptly halted day 10 post-immunization. We combined the data from three
the disease. independent experiments performed with mice receiving 200
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FIGURE 2 | The selective HDAC6 inhibitor ACY-738 regulates short-term memory in a manner sensitive to disease severity. *p < 0.05 independent samples t-test
and one-way ANOVA. *p < 0.05 independent samples t-test.

TABLE 2 | The selective HDACS inhibitor ACY-738 regulates short-term memory in a manner sensitive to disease severity.

MOG35-55 NAIVE (N) EAE (E) EAE + D (ED) p-values
t test t test t test
ng n mean + SEM n mean + SEM n mean + SEM Nvs.E N vs. ED E vs. ED One-way ANOVA
200 15 543+ 2.2 15 524 +15 15 51.4+1.8 0.4854 0.3335 0.6950 0.5569
100 20 493 +14 20 53.6 £1.7 19 553+ 15 0.0613 0.0058** 0.4562 0.0234**
50 15 502 £1.7 15 495 +1.6 15 543+15 0.7633 0.0828 0.0396* 0.0890

Naive mice were not administered any drug. EAE was induced with various amounts of EAE-inducing reagents (200, 100, and 50 ug MOG35-55). Data are presented as mean + SEM
in the Table, and as mean + SE in the corresponding histogram. Comparison with independent samples t-test revealed that in EAE mice administered 100 ug MOG35-55, the difference
between Naive and EAE + D mice was statistically significant (o = 0.0058). This difference was also statistically significant at « = 0.05 using Tukey's studentized range test. Comparison
with independent samples t-test revealed that in mice receiving 50 g MOG35-55, the difference between EAE and EAE + D mice was also statistically significant (p = 0.0396). One-way
ANOVA revealed a statistically significant difference in the group administered 100 ug MOG35-55 (F = 4.02, p = 0.0234) and in the group administered 50 ug MOG35-55 (F = 2.56,
p = 0.0890). One-way ANOVA data are displayed as boxplots. In boxplots, the central black line represents the median, the bottom and top boundaries represent quartiles. n indicates
the number of mice. **p < 0.05 independent samples t-test and one-way ANOVA. *p < 0.05 independent samples t-test.

pg MOG35-55. No significant differences among the groups  (mean £+ SEM, 54.3 £ 2.2 vs. 52.4 £ 1.5, respectively; p =
were observed. We combined the data from four independent  0.4854). The difference between Naive and EAE + D mice was
experiments performed with 100 g MOG35-55. A statistically  not statistically significant (mean & SEM, 54.3 £ 2.2 vs. 51.4 &+
significant difference between Naive and EAE + D groups 1.8, respectively; p = 0.3335). In addition, the difference between
was observed. We combined the data from three independent = EAE and EAE + D mice was not statistically significant (mean +
experiments performed with 50 pg MOG35-55. A statistically ~ SEM, 52.4 & 1.5 vs. 51.4 & 1.8, respectively; p = 0.6950). There
significant difference between EAE and EAE + D groups was  were also no statistically significant differences across the means
noted (Figure 2 and Table 2). of the three groups as determined by one-way ANOVA (F = 0.59,

p =0.5569).
Experiments With 200 g MOG35-55

Fifteen mice (n = 5 each for Naive, EAE, and EAE + D) wereused ~ Experiments With 100 ng MOG35-55

for each experiment. Each experiment was repeated three times,  Fifteen mice (n = 5 each for Naive, EAE, and EAE + D) were
and the data obtained with the cross-maze test on day 10 post-  used for each experiment. Each experiment was repeated four
immunization were combined. We observed that the difference  times, and the data were combined. In one of the experiments,
between Naive and EAE mice was not statistically significant  only fourteen mice were analyzed (n = 5 each for Naive and EAE,
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and n =4 for EAE + D). We observed that the difference between
Naive and EAE mice was not statistically significant (mean =+
SEM, 49.3 £ 1.4 vs. 53.6 £ 1.7, respectively; p = 0.0613); whereas
the difference between Naive and EAE + D mice was statistically
significant (mean & SEM, 49.3 £ 1.4 vs. 55.3 & 1.5, respectively;
p = 0.0058). Such difference was significant at & = 0.05 using
Tukey’s studentized range test. In contrast, the difference between
EAE and EAE + D mice was not statistically significant (mean +
SEM, 53.6 & 1.7 vs. 55.3 & 1.5, respectively; p = 0.4562). One-way
ANOVA, revealed a statistically significant difference between the
three group means (F = 4.02, df = 2, p = 0.0234).

Experiments With 50 n.g MOG35-55

Fifteen mice (n = 5 each for Naive, EAE, and EAE + D) were
used for each experiment. Each experiment was repeated three
times, and the data were combined. We found that the difference
between Naive and EAE mice was not statistically significant
(mean £+ SEM, 50.2 £ 1.7 vs. 49.5 + 1.6, respectively; p =
0.7633). The difference between Naive and EAE + D mice was
not statistically significant (mean £ SEM, 50.2 & 1.7 vs. 54.3 £
1.5, respectively; p = 0.0828). In contrast, the difference between
EAE and EAE + D mice was statistically significant (mean =+
SEM, 49.5 & 1.6 vs. 54.3 & 1.5, respectively; p = 0.0396). There
was a statistically significant difference between group means as
determined by one-way ANOVA (F = 2.56, df = 2, p = 0.0890).
The contrast between EAE vs. EAE+ D was significant using a
independent samples t-test but not under the more conservative
Tukey’s test. Comparison of all the data in the group with 200,
100, and 50 g MOG35-55 revealed no statistically significant
differences across the group means as determined by one-way
ANOVA (F =0.57, df =2, p = 0.5665) (data not shown).

DISCUSSION

The positive effects of ACY-738 on disease course occurred
after one or two injections, and protection occurred within 24
hours post-treatment. Work by Ren et al. (20) showed that
ACY-738 decreased innate and adaptive immune responses in
a model of systemic lupus erythematosus; ACY-738 reduced
disease pathogenesis by altering differentiation of T and B cells
(21). However, these positive effects were observed after long-
term treatment lasting several weeks. We did not assess the
mechanisms by which ACY-738 protects from EAE disease;
however, the beneficial outcomes within 24 hours post-treatment
may be related to an effect of ACY-738 on the neuronal
cytoskeleton and/or secondary to a lethal, acute, effect of ACY-
738 against cells attacking myelin. Indeed, it was previously
shown that ACY-738 induces cell death in vitro when used at high
concentrations (22). In addition, Guo et al. (23) reported that
HDACES inhibition reverses axonal transport defects in motor
neurons derived from FUS-ALS patients. Mutations in FUS
(fused in sarcoma) cause amyotrophic lateral sclerosis (ALS). It
is known that early in EAE, axonal transport deficits are present,
and reduced levels of KIF5A (kinesin heavy chain isoform
5A) were reported in MS patients (6, 24, 25). Thus, part of
the beneficial effects observed for the disease course could be
secondary to positive regulation of axonal transport exerted by

ACY-738. Indeed, the inhibition of HDAC6 may regulate both
anterograde and retrograde transport due to the regulation of
kinesin and dynein motors (26).

Acetylation of a-tubulin occurs at lysine 40 at the inner
surface. Additional sites of acetylation have been identified in
both a- and B- tubulin (27). Further studies are required to
determine the functional consequences of HDAC6 inhibitors on
post-translational modification of these various sites of tubulin.
This information could facilitate effective pharmacological
targeting of cytoskeleton dynamics at the synapse, with beneficial
impacts on axonal transport regulation.

Drugs such as TSA (Trichostatin A) or SAHA (suberoyl
+ anilide + hydroxamic acid) inhibit both HDAC6 and class
I isoforms, whereas drugs such as tubacin and tubastatin A
selectively inhibit HDACS6 (11, 28, 29). Interestingly, ACY-738 is
a selective inhibitor of HDAC6 and has the unique property of
rapid distribution in the brain, with a short plasma half-life of
12 min (11).

Pathways that regulate synaptic plasticity are critical for brain
health and prevention of neuropsychiatric and degenerative
diseases (7). In this study, we developed an experimental
model that can establish pharmacological targets at the synaptic
cytoskeleton upon which ACY-738 acts. Further, ACY-738 will
allow us to investigate how short-term memory is regulated.
While the role of HDACS in synaptic plasticity and memory is
established (30), the dynamics of cytoskeletal interactions at the
synapse require additional investigation. Our model may reveal
dynamic regulation at synapses that requires pharmacologic
rescue to treat selective memory deficits during various diseases
of the CNS.

Jochems et al. (11) reported that upon acute treatment,
ACY-738 improved ambulation levels and decreased anxiety.
Majid et al. (31) showed that ACY-738 improved Alzheimer’s
disease phenotype in amyloid precursor protein/presenilin 1
mice. In particular, this study indicated that drug administration
increased cognition; however, the drug was administered for
21 and 90 days. In addition, Selenica et al. (32) showed that
tubastatin A, a selective HDAC6 inhibitor, improved memory
and reduced total tau levels in a mouse model of tau deposition.
However, the mice were treated for 2 months. Zhang et al. (33)
used tubastatin A and ACY-1215 to rescue cognitive deficits
in a mouse model of Alzheimer’s disease and found that both
tubastatin A and ACY-1215 reduced behavioral deficits, amyloid-
B load, and tau hyperphosphorylation. However, the mice were
treated for 20 consecutive days; ACY-1215 is a selective HDAC6
inhibitor. In contrast, in this study, we analyzed mice after
treatment with ACY-738 for only two days and observed an
increase of short-term memory.

The cross-maze test relies on working memory, which
depends on selected CNS areas including the hippocampus,
septum, basal forebrain, and prefrontal cortex. The cytoskeleton
at the synapse has a role in synaptic plasticity regulation
and various neuropsychiatric diseases (7). Protein-protein
interactions at the synapse regulate synaptic function and
plasticity. At the synapse, key functional interactions involve
tubulin, EBs, ankyrins, and actin (8). HDACS6 inhibitors increase
the interaction of HDAC6 with microtubules and EBs (10).
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HDACES also regulates growth factor-induced actin remodeling
and endocytosis (34); thus, HDAC6 inhibitors may also alter
functional regulation of actin. Anxiety- and depression-like
behaviors were described in EAE mice before any motor defect
became apparent (2, 4), so our experimental conditions may have
brought the antidepressive properties of ACY-738 to light (11).
Finally, the positive effects on memory may be partly explained
by enhancement of stress resilience through HDAC6-mediated
regulation of glucocorticoid receptor chaperone dynamics (11).
In this respect, additional studies are necessary to elucidate the
mechanisms by which ACY-738 acts on memory regulation.
Nicotine, previously shown to inhibit HDAC6 and chaperone-
dependent activation of glucocorticoid receptors in cultured cells,
had a neuroprotective effect in an experimental model of MS
(35, 36). In summary, with the aim of developing the most
effective treatments for MS patients, future studies should aim to
understand similarities and differences among various inhibitors
directed at HDACS, so selective drugs of such class with the
highest safety and efficacy could provide breakthrough therapy
for the neurodegeneration in patients affected by MS.
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Medicinal plants as a rich pool for developing novel small molecule therapeutic medicine
have been used for thousands of years. Carnosol as a bioactive diterpene compound
originated from Rosmarinus officinalis (Rosemary) and Salvia officinalis, herbs extensively
applied in traditional medicine for the treatment of multiple autoimmune diseases (1). In
this study, we investigated the therapeutic effects and molecule mechanism of carno-
sol in experimental autoimmune encephalomyelitis (EAE), an animal model of multiple
sclerosis (MS). Carnosol treatment significantly alleviated clinical development in the
myelin oligodendrocyte glycoprotein (MOGas-ss) peptide-induced EAE model, markedly
decreased inflammatory cell infiltration into the central nervous system and reduced
demyelination. Further, carnosol inhibited Th17 cell differentiation and signal transducer
and activator of transcription 3 phosphorylation, and blocked transcription factor NF-xB
nuclear translocation. In the passive-EAE model, carnosol treatment also significantly
prevented Th17 cell pathogenicity. Moreover, carnosol exerted its therapeutic effects
in the chronic stage of EAE, and, remarkably, switched the phenotypes of infiltrated
macrophage/microglia. Taken together, our results show that carnosol has enormous
potential for development as a therapeutic agent for autoimmune diseases such as MS.

Keywords: Carnosol, multiple sclerosis, experimental autoimmune encephalomyelitis, Th17 cell, macrophage/
microglia

INTRODUCTION

Multiple sclerosis (MS) and its animal model, experimental autoimmune encephalomyelitis (EAE),
are chronic immune-mediated demyelinating diseases of the central nervous system (CNS), char-
acterized by infiltrated inflammatory cells, demyelination, and damage to neurons (2). Although
the underlying mechanism of MS has not been well defined, a growing body of evidence supports
its being an autoimmune disease (3). While Th1 cells have been considered pathogenic for MS/
EAE, Th17 cells, a subpopulation of pro-inflammatory T helper cells defined by their secretion of
IL-17 (4), have recently emerged as an important player in inflammatory and autoimmune dis-
eases via the secretion of pro-inflammatory cytokines, such as IL-17A, IL-17F, GM-CSE, and IL-22
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(5, 6). Polarization of Th17 populations and the related cytokine
production are directly regulated by RORyt (7), and the signals
that cause Th17 cells to differentiate actually inhibit regulatory
T cell (Treg) differentiation (8). Therefore, targeted inhibition of
RORyt transcription or a Th17 differentiation-related signaling
pathway such as NF-kB and signal transducer and activator of
transcription 3 (STAT3) represents an encouraging therapeutic
strategy in treatment of Th17-related diseases (4, 9, 10).

Current MS therapies either have limited efficacy or impor-
tant safety issues (11, 12). A great deal of research effort has
gone into developing novel therapies that specifically target
Th17 cells, while sparing other immune cells. Recently, several
new anti-inflammatory or immunomodulatory drugs derived
from medicinal plants have been explored and are considered
to have great potential for treatment of autoimmune diseases
(4, 13-15). These natural compounds represent a rich source for
the identification of effective and safe candidate medicines with
innovative targets and/or mechanisms of action in the therapy of
MS and other autoimmune diseases.

Rosmarinus officinalis (rosemary) and Salvia officinalis are
common household plants that grow all over the world and have
been used as medicinal herbs due to their powerful antioxidant
and anti-inflammatory effects (16, 17). Carnosol, a major diter-
pene present in R. officinalis (rosemary) and S. officinalis, has been
reported to possess strong antioxidant, anti-tumor, anti-viral,
and especially anti-inflammatory properties (18-20). Carnosol
treatment also induced T-cell leukemia/lymphoma apoptosis
and decreased IL-6 and TNF-a levels in serum (21, 22). These
studies indicate that carnosol may be effective in the treatment
of autoimmune diseases; however, this possibility has not been
tested. To elucidate this question, in the present work, we studied
the potential therapeutic anti-inflammatory abilities of carnosol
on actively induced and adoptively transferred EAE models and
the mechanism of its action.

MATERIALS AND METHODS

EAE Induction and Treatment

Female C57BL/6 mice (purchased from the Fourth Military
University (Xian, China)) were used at the age of 8 weeks.
All animal experiments were performed with the approval of
the Institutional Animal Care and Use Committee of Shaanxi
Normal University and according to the approved institutional
guidelines and regulations. For acute and chronic EAE, a previ-
ously described method was followed (23). Briefly, mice were
subcutaneously injected with 200 pg of myelin oligodendrocyte
glycoprotein (MOG) peptide 35-55 (Genescript, Piscataway, NJ,
USA) in 200 pl of emulsified complete Freund’s adjuvant with
5 mg/ml Mycobacterium tuberculosis H37Ra (Difco, Lawrence,
KS, USA). For adoptive transfer EAE, mice were sacrificed
10 days after MOGssss immunization, and splenocytes and
draining lymph nodes were provided as previously described
(4). Cells were cultured for 3 days in the presence of 25 ug/ml
MOGss 55, 10 ng/ml rmIL-23, and 2 ng/ml rmIL-2 (R&D Systems,
Minneapolis, MN, USA) at 1 X 107 cell/ml. CD4* T cells were
purified by CD4* T cell isolation kit and 4 X 10° cells per mouse
were transferred via intravenous (i.v.) injection. Pertussis toxin

(200 ng/mouse) was injected intraperitoneally (i.p.) on days 0
and 2. Clinical EAE was assessed by daily scoring using a 0-5
scale as described previously (24). Carnosol was obtained from
Sigma-Aldrich (St. Louis, MO, USA) and was injected (50 mg/kg/
day) i.p. daily starting at day 0 p.i.

Histological and Immunofluorescence
Staining

Mice were euthanized at different time points after drug adminis-
tration, and transcardially perfused with PBS. Tissues (brains and
spinal cords) were collected for pathological assessment. Spinal
cords were fixed with 4% paraformaldehyde overnight, cut into
5 pum sections and stained with H&E (hematoxylin and eosin) for
inflammation and Luxol fast blue (LFB) for demyelination. Slides
were examined and assessed following a previously described
method (23).

For immunofluorescence, brain and spinal cord were
cryopreserved in OCT compound (Tissue-Tek, Sakura Finetek,
Japan) for frozen sections and cut into 12 pm sections (25).
Immunofluorescence staining was performed using general
methods and the appropriate dilutions of primary antibodies
were applied. Immunofluorescence controls were routinely
performed with incubations in which primary antibodies were
omitted. Images were acquired by Nikon Eclipse E600 fluorescent
microscopy (Nikon, Melville, NY, USA). For quantification of
CD45%, MOG*, MBP*, iNOS*, Argl*, and CD68*, 10 areas of the
sections were selected and analyzed as previously described (23).

Cytokine Measurement by ELISA

Splenocytes from EAE mice were prepared and cultured in
triplicates in RPMI 1640 supplemented with 10% fetal bovine
serum (Thermo Fisher Scientific) and stimulated with 25 pg/ml
MOG:s.s5 for 3 days. Cell-free supernatants were harvested and
analyzed for IFN-y, IL-17, GM-CSE, IL-5, and IL-10 by ELISA
Kits (R&D Systems).

Mononuclear Cell (MNC) Preparation
Splenocytes of EAE mice were mechanically pushing spleen
tissue through a 70 um strainer (Falcon, Tewksbury, MA, USA)
and treated with red blood cell (RBC) lysis buffer (Biolegend, San
Diego, CA, USA) for 60 s. Collected cells were flushed with pre-
cold PBS before stimulation. To collect MNC from CNS tissue,
brain and spinal cords were administered with Liberase (Roche,
Nutley, NJ, USA) for half hour and dissociated through a 70 pm
strainer and flushed with pre-cold PBS. Cells were then separated
by 70/30% percoll (Sigma-Aldrich) gradient method following
previously described (26).

In Vitro T Cell Polarization

Polarization of Thl, Th17, and Treg cells was induced in vitro
following a previously described method (4). Naive 8-week-old
female C57BL/6 mice were sacrificed and spleen tissue was dis-
sociated to single cell. Mouse CD4 microbeads (Miltenyi Biotech
Inc.) were used to purify the CD4* T cells. Then, cells were
cultured for 3 days under their respective polarizing conditions
(27). Cells were stimulated for 3 days and examined on FACSAria
(BD Biosciences).
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Flow Cytometry Analysis

For cell surface staining, fluorochrome-conjugated Abs to CD4
(BD Biosciences, San Jose, CA, USA) or isotype control Abs were
added to cells for 30 min. For all intracellular staining, CNS-
infiltrating MNCs or splenocytes were stimulated for 5 h with
phorbol 12-myristate 13 acetate (50 ng/ml), ionomycin (500 ng/
ml) (Sigma-Aldrich), and GolgiPlug (BD Biosciences). The stain-
ing procedure was performed following a previously described
protocol (4). Data were analyzed with Flow]Jo software (Treestar,
Ashland, OR, USA).

Quantitative PCR

Total RNA from T cells or microglia cells was extracted by
RNeasy Plus Mini Kit (QIAGEN, Valencia, CA, USA). cDNA
was synthesized with QuantiTect Reverse Transcription Kit
(QIAGEN). Quantitative PCR was performed in ABI Prism 7500
Sequence Detection System (Applied Biosystems, Foster City,
CA, USA) using QuantiFast SYBR Green PCR Kit (QIAGEN).
All experiments involving mRNA levels were normalized to
glyceraldehyde 3-phosphate dehydrogenase and primers that
were based on published cDNA sequences are listed in Table S2
in Supplementary Material.

Western Blot

T cells were activated on 24-well plate under Th17 differentiation
condition w/o carnosol 10 ug/ml for 18 h and were then collected.
Cells were lysed by cell lysis buffer (Cell Signaling Technology,
Danvers, MA, USA) supplemented with 1 mM phenylmethyl-
sulfonyl fluoride (Cell Signaling Technology). All samples con-
taining 15 pg total proteins were separated by 10% SDS-PAGE
and transferred to polyvinylidene difluoride membrane (Pierce
Chemical, Rockford, IL, USA). Membranes were blocked with
5% (w/v) nonfat dry milk powder in Tris-buffered saline (TBS)
for 2 h at room temperature. This was followed by incubation
at 4°C overnight with primary antibodies. Afterward, the mem-
brane was washed three times in TBS plus Tween and incubated
with the corresponding secondary antibodies (Cell Signaling
Technology). The protein band was detected using Pierce ECL
Western Blotting Substrate (Thermo Fisher Scientific, Waltham,
MA, USA).

Statistical Analysis

Data were analyzed using GraphPad Prism 6 software (GraphPad,
La Jolla, CA, USA), and are presented as the mean + SD.
Significant differences in comparing multiple groups, data were
analyzed by Tukey’s multiple comparisons test. All other sta-
tistical comparisons were done using nonparametric statistical
tests. Differences with p values of less than 0.05 were considered

significant.

RESULTS

Carnosol Treatment Remarkably Alleviated
Acute Clinical EAE

We first tested whether carnosol was effective in ameliorating
the clinical severity of MOG-induced EAE by scoring disease

signs daily on a 0-5 scale. The PBS-treated group of mice showed
the first signs of EAE on day 10 p.i., while the carnosol-treated
mice did so on day 12 p.i. Further, daily carnosol administration
apparently led to decreased disease severity compared to the PBS-
treated control group (p < 0.01; Figure 1A).

We then evaluated pathological changes by histologic analyses
in lumbar spinal cords to examine CNS inflammatory infiltration
and demyelination at day 30 p.i. As shown in Figure 1B, massive
inflammatory infiltration and demyelination was observed in the
spinal cord of PBS-treated EAE mice; by contrast, the carnosol-
treated group displayed mild to moderate signs (p < 0.0001;
Figures 1B-D). These results indicated that carnosol had a
significantly suppressive effect in acute EAE.
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FIGURE 1 | Carnosol ameliorated clinical severity of experimental
autoimmune encephalomyelitis (EAE). C57BL/6 mice were injected i.p.
with PBS or carnosol (50 mg/kg) daily starting on the day of EAE
induction, and scored daily following a 0-5 scale (A). (B) Mice were
sacrificed at day 30 p.i. and spinal cords were harvested. Sections at
lumbar level (L3) were analyzed by H&E and Luxol fast blue (LFB) (scale
bar = 1 mm), and pathology scores of inflammation (C) and percentage of
demyelination area (D) were evaluated. Data are mean + SD (n = 5 each
group). **p < 0.01 and ****p < 0.0001, determined by two-way ANOVA
(A), or nonparametric test (C,D). One representative of three independent

experiments is shown.
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numbers of infiltrated CD4+ T were calculated by multiplying the percentages of these cells with total numbers of MNCs in each spinal cord and brain tissue. (G-J)
Frequencies of IFN-y*, IL-17+, GM-CSF*, and Foxp3* cells among CD4+ cells were assessed by flow cytometry, and (K) the percentages of these cells in total CD4*

cell numbers in each CNS are shown. Symbols represent mean + SD (n = 5 each group). **p < 0.01 and ***p < 0.001. Student’s t-test. One representative of three
independent experiments is shown.

Carnosol
6.56

1L-17

CD4

o]
&
»

Carnosol J PBS Carnosol

4
=
wn
Q
—
-
c
CD4
K
Il Carnosol

cells among CD4" cells

IFN-y IL-17 GM-CSF Foxp3

Percentage of cytokine-producing

Frontiers in Immunology | www.frontiersin.org 94

August 2018 | Volume 9 | Article 1807


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

Lietal

Carnosol Effectively Suppresses EAE

Carnosol Suppressed CNS Inflammation
and Modulated Peripheral Immune
Response in Acute EAE

To evaluate the therapeutic effects of carnosol on CNS pathology,
spinal cords were obtained from carnosol- and PBS-treated EAE
mice. Analysis of spinal cord tissue sections showed abundant
CD45" inflammatory cells in the lesion area in the PBS-treated
group, while these cells could barely be detected in the spinal cord
tissue sections of carnosol-treated mice (p < 0.01; Figures 2A,B).
Correspondingly, there was significantly reduced demyelination
(MOG-™ area) in carnosol-treated mice compared with the PBS-
treated group (p < 0.01; Figures 2A,C). These results were consist-
ent with the HE and LFB staining, indicating that carnosol inhibited
inflammatory cell infiltration and demyelination in the CNS.

To further evaluate the effects of carnosol on the infiltrated
inflammatory T cells into the CNS, MNCs were separated from
the CNS and analyzed by flow cytometry. The total number of
MNCs was 703.8 + 119.0 X 10* per mouse in the PBS-treated
group vs. 382.6 + 93.59 X 10* in the carnosol-treated group
(p<0.01;Figure 2D). Inaddition, carnosol treatment significantly
decreased the percentage and absolute numbers of CD4" cells in
the CNS compared to the PBS-treated control (Figures 2E,F).
Furthermore, while the percentages of CD4*IFN-y* (Thl) and
CD4*Foxp3* (Treg) cells remained unchanged, percentages of
CD47IL17*, CD4*GM-CSF*, and IFEN-y*IL-17* cells decreased
dramatically after carnosol treatment (p < 0.001; Figures 2G-K;
Figure S1 in Supplementary Material). These results indicate
that carnosol may play a significant role in the inhibition of CNS
inflammatory infiltration, especially in the pathogenic Th17 cell
population.

To study the autoantigen-induced cytokine production in the
peripheral immune system of carnosol-treated mice, spleen cells
were collected at day 30 p.i. and pulsed with MOGss_ss. As shown
in Figure 3, the protein levels of IL-17 and GM-CSF in cell culture
supernatants were significantly decreased in the carnosol-treated
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FIGURE 3 | Carnosol treatment decreased inflammation and cytokine
production. Mice were treated with PBS or carnosol at the day of
experimental autoimmune encephalomyelitis induction and sacrificed at day
30 p.i. as described in Figure 1A. Splenocytes were harvested and
stimulated with 25 pg/ml MOGis ss for 3 days. Cytokine concentrations in
culture supernatants were measured by ELISA. n = 5. Symbols represent
mean + SD (n = 5 each group). “p < 0.05 and **p < 0.01. Nonparametric
test. One representative of three independent experiments is shown.

group, which was consistent with the findings in the CNS infil-
trated cells, as shown in Figures 2G-K. Overall, our data show
that carnosol specifically inhibited the cytokine production of
pathogenic Th17 cells.

Carnosol Mediated Its Immunomodulation
Function by Inhibiting Th17 Cell
Differentiation

To clarify the mechanism underlying the effects of carnosol on
CD4* T cell subsets, we defined its function in Thl, Th17, and
Treg cell polarization in vitro. Under Th17-differentiation con-
dition, about 25% of CD4" cells were IL-17* in the PBS group,
while carnosol treatment at a dose of 10 uM significantly reduced
Th17-polarized (IL-17-producing) CD4* T cells (25.06 + 2.13 vs.
447 + 0.52%, p < 0.01) (Figures 4A,D). In addition, carnosol
treatment suppressed Th17 differentiation in a dose-dependent
manner. We then investigated the effects of carnosol on Th1 and
Treg cell differentiation. In contrast to the findings for Th17 cells,
IFN-y or Foxp3 expression under Thl or Treg polarizing condi-
tion was not significantly affected under carnosol treatment
(Figures 4B-D). Taken together, these data suggest that carnosol
selectively inhibits Th17 polarization.

Carnosol Suppressed STAT3 and NF-xB
Phosphorylation, Which Is Required for
Th17 Differentiation

Inflammatory cytokine production depends on early events in the
NF-kBsignaling pathway (28). In order to study the mode of action
of carnosol in T cell differentiation, the phosphorylation status
of NF-kB was determined by Western blot. p65 phosphorylation
at Ser536 regulates its activation and nuclear translocation (29).
Results showed that carnosol suppressed cell response by a shift
of NF-kBp65 to the cell nucleus, which was demonstrated by the
proper shift in the ratio of phosphorylation NF-kB/total NF-xB
(Figures 4E,F). Further, the pro-inflammatory cytokines in the
downstream of NF-kB signal pathway, including IL-2 and TNF-a,
were also significantly decreased (Figure 4H).

Signal transducer and activator of transcription 3 activities
play an important role in the differentiation of Th17 cells. We
determined that the basal STAT3 phosphorylation level was
significantly decreased. The phosphorylation status at Tyr705
induced nuclear translocation and DNA binding, which
promotes IL-17 production (30). Our results showed that
carnosol treatment significantly suppressed STAT3 activation
(Figures 4E,G) and IL-17A and IL-17F production of Th17 cells
(Figure 4I) compared with the PBS-treated cells. In contrast,
similar expression levels were observed for NF-kB and STAT4
phosphorylation in carnosol- and PBS-treated Th1 cells (Figure
S2 in Supplementary Material). Together, these results indicate
that carnosol may specifically inhibit differentiation of Th17 cells
but not Th1 cells.

Carnosol Suppressed Pathogenicity
of Th17 Cells in Passive EAE

To assess the effect of carnosol on the encephalitogenicity of
Th17 cells, at day 10 p.i., MNCs were collected from lymph
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nodes and spleen of IL-17A-IRES-GFP mice (C57BL/6 back-
ground), of which IL-17A-producing cells are GFP* (The
Jackson Laboratory, Stock # 018472). Cells were cultured
under Th17-polarizing conditions with PBS or carnosol, and
stimulated by MOGssss (20 pg/ml). After 3 days of culture,

CD4" T cells were separated and i.v. injected into naive C57BL/6
recipient mice. As shown in Figure 5A, carnosol-treated T cells
transferred significantly reduced clinical disease compared to
the PBS-treated group (p < 0.01). Mice were sacrificed after
20 days, and brain tissues from different groups were collected
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FIGURE 5 | Carnosol decreased clinical severity in an adoptive transfer
model of experimental autoimmune encephalomyelitis (EAE). For adoptive
transfer EAE, single-cell suspensions were derived from spleen and lymph
nodes of IL-17A-IRES-GFP EAE mice at day 10 p.i. MOG (25 pg/ml) plus
IL-23 (10 ng/ml) and IL-2 (2 ng/ml) were added to cultures in the presence or
absence of carnosol (10 uM) for 3 days. 1 x 10° CD4 T cells were i.v. injected
to the recipient mice. (A) Mean clinical score of adoptive transfer EAE

(mean + SD; n = 5 each group). **p < 0.01, Two-way ANOVA with Sidak
test. (B) Mice were sacrificed at day 20 after cell transfer, and brains were
subjected to immunostaining analysis of CD45* and GFP+ cells (marker for
Th17 cells). Statistical analyses of total CD45* cell numbers (C) and the
percentage of GFP+*CD45* cell (D) for staining in (B) are shown. Scale

bar = 100 um. Symbols represent mean + SD (n = 5 each group) **p < 0.01,
determined by two-way ANOVA (A), or nonparametric test (C,D). One
representative of two independent experiments is shown.

for immunohistochemistry. Results showed similar CD45% cell
numbers in the tissue; however, in the CNS, the percentages of
GFP*/CD45* cells in the carnosol-treated group were mark-
edly reduced compared with the PBS-treated group (p < 0.01;
Figures 5B-D). These in vivo results further demonstrated a
suppression function of carnosol on the encephalitogenicity of
MOG-reactive Th17 cells.

Carnosol Alleviated Clinical Disease When
Treatment Started at Chronic Stage of EAE

To further explore the therapeutic effects of carnosol, the chronic
EAE model was used in this study. Mice were treated starting
from day 25 p.i., when CNS demyelination and chronic tissue
damage were already established. While clinical scores in the
PBS-injected mice remained at 2.5-3.0, the disease was signifi-
cantly alleviated in the carnosol-treated group after 10 days of
treatment (p < 0.01-0.001; Figure 6A). The results indicate that,
compared to the PBS-treated mice, carnosol showed potential
for blockade of demyelination and recovery from neurological
damage in the CNS, even when treatment was started after the
peak of disease.

Compared to acute EAE (e.g., day 25 p.i.), in chronic EAE (e.g.,
day 60 p.i; Figures 6B,C), rare infiltration inflammation cells
were observed in the white matter of both PBS- and carnosol-
treated mice, suggesting that neuroinflammation is no longer the
major pathogenesis in the chronic stage (23). On the other hand,
while PBS-treated EAE mice tended to have more severe demy-
elination, as shown by LFB and MBP staining, the demyelination
area was obviously decreased in carnosol-treated mice compared
to PBS-treated control mice. Increased MBP expression after car-
nosol treatment compared to that before treatment (day 25 p.i.)
suggests that carnosol might induce myelin protein regeneration
(Figures 6D-G).

Carnosol Promoted an M1/M2 Phenotype
Shift of Macrophage/Microglia

Given that microglia/infiltrating macrophages with the activated
type 1 phenotype (M1) have a significant role in CNS inflamma-
tion during EAE chronicity, whereas type 2 phenotype (M2) cells
are immunomodulatory and promyelinating (31, 32), we deter-
mined the effects of carnosol on these cells in the CNS tissues
of EAE mice that were euthanized after 60 days p.i. The number
of M1 microglia/infiltrating macrophages (iNOS*CD68*) was
decreased and an increase in M2 (Argl*CD68*) phenotype was
observed in carnosol-treated mice compared to PBS-treated
control (Figures 7A-D). These results indicated that, at least
partially, carnosol inhibited demyelination and promoted myelin
recovery through inhibiting M1 microglia and switching them to
M2. To further confirm this hypothesis, primary microglia were
cultured with or without carnosol. Carnosol effectively inhibited
production of important mediators of microglia activation, e.g.,
TNF-o (Figure 7E), and expression levels of IL-1f, NOSII, and
TNF-a were also significantly decreased (Figure 7F). These
results indicated that carnosol inhibits the infiltration of M1
phenotype microglia and switches it to a promyelinating and
immunoregulatory M2 phenotype that promotes the process of
myelin regeneration (32).

DISCUSSION

This work for the first time shows the beneficial effect of carnosol
on both acute and chronic stages of EAE. Carnosol significantly
decreased inflammatory infiltration into the CNS and the demy-
elination process, thus halting disease development. The role of
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FIGURE 6 | Carnosol treatment alleviated the clinical severity of chronic experimental autoimmune encephalomyelitis (EAE) mice. (A) Clinical scores of carnosol- and
PBS-treated mice at the chronic stage (treatment starting from day 25 p.i.) of EAE. Mice were sacrificed at day 60 p.i. (n = 5 each group), and spinal cords were
harvested and evaluated for cell infiltration by H&E staining (B), which was scored on a 0-3 scale (C), and for demyelination by Luxol fast blue (D). (E) Demyelination
area was measured using Image-Pro Plus software. (F) Sections of lumbar spinal cord from (A) were assayed for demyelination by MBP staining. (G) Quantitative
analysis of MBP expression. MBP intensity was measured in the lesion areas in the lumbar spinal cord using Image-Pro. Data represent mean + SD (n = 10 each
group). Scale bar = 1 mm (B,D) or 100 um (F). *o < 0.05, **p < 0.01, and ****p < 0.0001. Student’s t-test. One representative of three independent experiments is
shown.

carnosol in acute EAE is primarily due to its inhibitory effect Carnosol, an ortho-diphenolic of abietane-type diterpene-
on Th17 cell differentiation, CNS infiltration, and encephalito-  lactone, consists of an abietane carbon skeleton with hydroxyl
genicity, in which the STAT3 signaling pathway plays an impor- ~ groups at positions C-11 and C-12 and a lactone moiety across
tant role. Further, the shift of microglia/infiltrated macrophage  the B ring (18). Carnosol showed a broad range of physiological

phenotype from a pro-inflammatory (M1) to an immunoregula-  benefits and bio-pharmacological effects, as well as exerted strong
tory one (M2) may be an important mechanism underlying the  anti-oxidant, anti-cancer, and neuroprotection effects (17, 20).
therapeutic effect of carnosol on the chronic stage of EAE. Furthermore, carnosol was reported to exert anti-inflammatory
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FIGURE 7 | Carnosol promoted an M2 phenotype in macrophages/microglia.
Spinal cords of mice described in Figure 6 were stained for markers for M1
[INOS; (A)] and M2 [Arg-1; (B)] on microglia/infiltrating macrophages (CD68*
cells). (C,D) Quantitative analysis of the percentages of double positive cells.
(E,F) Primary microglia were prepared from newborn B6 mice, stimulated
with LPS (100 ng/ml), and treated with carnosol at different concentrations
for 2 days and (E) supernatants were harvested for TNF-a production and

(F) cells were collected for expression levels of IL-1p, NOSII, and TNF-a by
real-time PCR. Glyceraldehyde 3-phosphate dehydrogenase was used as an
internal control. Scale bar = 100 pm. Data are shown as mean values + SD
(n = 5 each group). ANOVA with Tukey’s multiple comparisons test was used.
*p < 0.05 and *p < 0.01. One representative of three independent
experiments is shown.

effects by reducing cytokine release (e.g., IL-1, IL-6) and iNOS
formation (18). Also, carnosol, as an anti-inflammatory
and anti-oxidant agent, has been considered as a potentially

promising therapeutic drug for many incurable diseases, such
as neurodegeneration, cancer, and cardiovascular disorders (33,
34). However, the mechanism underlying these functions has not
been completely elucidated. Although it has already been shown
that carnosol stimulates the MAPKs signaling pathway and
down-regulates multiple transcription factors, including NF-«xB
as well as pro-inflammation protein such as COX-2 level (35-37),
to our knowledge, this is the first study to show that carnosol
treatment leads to an inhibition in Th17 differentiation and that
it modulates microglial switch.

The major challenge for the clinical application of natural
compounds is determining their detailed molecular mechanism
(4). Indeed, the mechanism of carnosol’s action on T helper cell
differentiation in autoimmune disease remains largely unknown.
It has been suggested that carnosol suppresses inflammation by
targeting NF-«B signaling (37, 38), whose activation has been
found in MS brain lesions (39, 40) and peripheral blood (41), as
well as in the development of EAE (42, 43). Further, IL-17 plays a
key role in the pathogenesis of MS and EAE (9, 44). Specifically,
activated STAT3 is considered to be necessary for IL-17 produc-
tion in mouse and human Th17 cells (45, 46). STAT3 controls
various genes that contribute to the Th17 population cells includ-
ing the IL-17 locus itself (47), and binds to genes encoding tran-
scription factors that are critical for Th17 polarization, including
Rore, Irf4, and Batf (48). In our study, carnosol altered the level
of Th17 lineage-associated cytokine IL-17. This finding suggests
that carnosol inhibits polarization of T cells into Th17 cells, which
may be due to carnosols ability to diminish Th17-associated
cytokines by targeting the NF-«B signaling pathway. In response
to cytokines, STAT3 is phosphorylated by receptor-associated
Janus kinases and forms homo- or heterodimers that translocate
to the cell nucleus, where they act as transcription activators.
Here, we show that carnosol suppressed STAT3 phosphorylation
at the site of tyrosine 705, in response to the ligand IL-6. These
findings further identified the mechanism of carnosol through
suppressed NF-kB and STAT3 phosphorylation to block Th17
differentiation.

We have further identified the therapeutic effects of carnosol
on chronic stage of EAE, and investigated the involvement of
M1/M2 microglia shift as a potential mechanism of its action.
Persistent CNS inflammation, particularly the activation of
infiltrated macrophage/microglia, is recognized to be a crucial
mechanism underlying EAE chronicity (49). Pro-inflammatory
cytokines, including IL-1p, IL-6, and TNF-a, were secreted by
these inflammatory cells, which, together with the accumulation
of neurodegeneration inhibitors, form a hostile microenviron-
ment against remyelination and neural repair (24). Therefore,
diminishing the inflammatory cytokines of the CNS niche and
promoting its change to a supportive environment for neural
repair and remyelination will be helpful for treatment. Here,
we showed that carnosol suppressed infiltrated macrophage/
microglia activation both in EAE mice in vivo and microglia
culture in vitro. A shift from M1 to M2 phenotype was observed
following carnosol treatment. Previous studies indicated that
carnosol reduced LPS-induced iNOS mRNA and protein
expression. Administration of carnosol resulted in a reduction
of nuclear factor-kappa B (NF-kB) subunit translocation and

Frontiers in Immunology | www.frontiersin.org

August 2018 | Volume 9 | Article 1807


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

Lietal

Carnosol Effectively Suppresses EAE

NF-kB DNA binding activity in activated macrophages (50).
Further experimental data added proof that carnosol blockades
the IL-1p induced nuclear translocation of NF-kBp65, indicat-
ing that it mainly regulates through the NF-«B signaling (38).
These findings were consistent with our results and indicated that
carnosol could switch infiltrated macrophages/microglia from
M1 to M2 phenotype and may play an essential role in myelin
protein recovery.

One of the major mechanisms contributing to the chronic
progression in MS is loss of neurotrophic factor support for both
oligodendrocytes and neurons, resulting in persistent damage to
CNS tissue damage, i.e., demyelination, axonal degeneration, and
neuronal dysfunction (23). Exploring a novel medicine that both
targets neuroinflammation and promotes neuroregeneration
will, therefore, be of great value. Recently, Wang et al. showed the
protective role of carnosol against spinal cord injury (37). This
study led us to determine whether carnosol has a neuroprotec-
tive function in demyelinating disease. In the present study, we
observed that carnosol blocks demyelination by means of the M1/
M2 switch. However, no significant differences were observed in
OPC differentiation in vitro or in the cuprizone-induced demy-
elination model (data not shown). This finding may illustrate
that the underlying mechanism of carnosol-induced recovery
in EAE mice is not due to its direct effect on oligodendrocyte
differentiation/maturation, but rather an indirect effect through
immunomodulation and reduced CNS inflammation and the
M1/M2 switch, thus providing a supportive microenvironment
for neural cells.

Although we demonstrated the efficacy of carnosol treat-
ment of EAE, the immunomodulatory mechanism is not clear.
We showed that carnosol could suppress IL-17 and GM-CSF
production of splenocytes, but we also found that carnosol exerts
its anti-inflammatory effect on microglia. Increasing evidence
shows that carnosol can cross the blood-brain barrier (BBB)
as a neuroprotective agent. We, therefore, provide compelling
evidence supporting an effective role of carnosol in inhibiting
Th17 cell differentiation in the periphery and modulating micro-
glia phenotype by penetrating the BBB in the CNS.

In addition, a previous study showed that carnosol has anti-
tumor capacity through prevention of Treg cell differentiation,
decreasing IL-4 and IL-10 production, and enhancing IFN-y
secretion in tumor-associated lymphocyte populations (51).
Tumor Tregs are a highly heterogeneous population that arises
through disparate pathways and mediates immunologic effects
by various means including soluble cytokines (52). An explana-
tion of the principal mechanism of their increase would include
a reaction to autoimmunity, tumor-specific factors, and control
of inflammation. Although autoimmune disease and cancer both
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Connexin 30 Deficiency Attenuates
Chronic but Not Acute Phases of
Experimental Autoimmune
Encephalomyelitis Through Induction
of Neuroprotective Microglia

Mei Fang', Ryo Yamasaki', Guangrui Li', Katsuhisa Masaki', Hiroo Yamaguchi’,
Atsushi Fujita’, Noriko Isobe 2 and Jun-ichi Kira ™

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

Glial connexins (Cxs) form gap junction channels through which a pan-glial network plays
key roles in maintaining homeostasis of the central nervous system (CNS). In multiple
sclerosis (MS) and its animal model, experimental autoimmune encephalomyelitis (EAE),
expression of astrocytic Cx43 is lost in acute lesions but upregulated in chronic plaques,
while astrocytic Cx30 is very low in normal white matter and changes in its expression
have not been convincingly shown. In Cx30 or Cx43 single knockout (KO) mice and
even in Cx30/Cx43 double KO mice, acute EAE is unaltered. However, the effects of
Cx30/Cx43 deficiency on chronic EAE remains to be elucidated. We aimed to clarify
the roles of Cx30 in chronic neuroinflammation by studying EAE induced by myelin
oligodendrocyte glycoprotein peptide 35-55 in Cx30 KO mice. We found that Cx30
deficiency improved the clinical symptoms and demyelination of chronic but not acute
EAE without influencing CD3* T cell infiltration. Furthermore, increased ramified microglia
in the naive state and induced earlier and stronger microglial activation in the acute and
chronic phases of EAE was observed. These activated microglia had an anti-inflammatory
phenotype, as shown by the upregulation of arginase-1 and brain-derived neurotrophic
factor and the downregulation of nitric oxide synthase 2. In the naive state, Cx30
deficiency induced modest enlargement of astrocytic processes in the spinal cord gray
matter and a partial reduction of Cx43 expression in the spinal cord white matter. These
astrocytes in Cx30 KO mice showed earlier and stronger activation during the acute
phase of EAE, with upregulated A2 astrocyte markers and a significant decrease in
Cx43 in the chronic phases. Spinal cord neurons and axons were more preserved
in Cx30 KO mice than in littermates in the chronic phase of EAE. These findings

Fang M, Yamasaki R, Li G, Masaki K,
Yamaguchi H, Fujita A, Isobe N and
Kira J (2018) Connexin 30 Deficiency
Attenuates Chronic but Not Acute
Phases of Experimental Autoimmune
Encephalomyelitis Through Induction
of Neuroprotective Microglia.

Front. Immunol. 9:2588.

doi: 10.3389/fimmu.2018.02588

suggest that Cx30 deficiency increased ramified microglia in the CNS in the naive state
and improved chronic EAE through redirecting microglia toward an anti-inflammatory
phenotype, suggesting a hitherto unknown critical role of astrocytic Cx30 in regulating
microglial number and functional state.

Keywords: astrocyte, chronic neuroinflammation, connexin, experimental autoimmune encephalomyelitis,
microglia, multiple sclerosis
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INTRODUCTION

Multiple sclerosis (MS) is an inflammatory demyelinating disease
of the central nervous system (CNS) (1). It initially presents
as relapsing remitting MS (RRMS) but later evolves into
secondary progressive MS (SPMS) in ~20% of patients, even
after disease-modifying therapies (DMTs) are introduced (2, 3).
Most DMTs, mainly targeting the peripheral immune system,
can effectively reduce relapses in RRMS; however, they are
of little benefit for chronic progression in SPMS (4-6). Thus,
chronic progression in MS is currently a matter of concern
for research and drug development. Recently, siponimod (7)
and ozanimod (8), new functional antagonists of sphingosine-
1-phosphate receptor 1 (S1P1), were reported to be effective
for preventing disability progression in SPMS. These drugs may
directly act on glial cells harboring S1P1 such as microglia and
astroglia, in addition to their inhibitory effects on lymphocyte
egress from the secondary lymphoid organs (9-11). In chronic
MS lesions, persistent demyelination with varying degrees of
remyelination and neuroaxonal degeneration are accompanied
by the presence of activated microglia but few T cells (12,
13), suggesting a key role of microglia, which are not targeted
by the peripherally acting DMTs, in chronic inflammation in
SPMS.

Connexins (Cxs) form gap junction (GJ) channels, which
allow the intercellular exchange of ions and secondary
messengers (14). In the CNS, astrocytes express Cx43, Cx30, and
Cx26, while oligodendrocytes express Cx47, Cx32, and Cx29
(15-17). These Cxs constitute a pan-glial network through GJ
channels and play key roles in maintaining CNS homeostasis
(18-20). We and others have reported dynamic changes of
glial Cxs in MS and Bald’s concentric sclerosis lesions (21-23).
Oligodendrocytic Cx47 and Cx32 are persistently lost in acute
and chronic MS plaques, while astrocytic Cx43 is lost in acute
lesions and then upregulated in chronic astrogliotic plaques
(22-24). Similar changes in Cx47, Cx32, and Cx43 were also
observed in acute and chronic experimental autoimmune
encephalomyelitis (EAE), an animal model of MS (25-28). These
findings suggest the involvement of glial Cxs in inflammatory
demyelination.

Consistent with this notion, oligodendrocytic Cx32 knockout
(KO) mice developed aggravated acute and chronic EAE, with
increased demyelination despite a similar degree of inflammation
upon immunization with myelin oligodendrocyte glycoprotein
(MOG), compared with wild type (WT) mice (25). By contrast, in
astrocytic Cx30 or Cx43 single KO mice and even in Cx30/Cx43
double KO mice, acute EAE was unaltered (29). However, it
remains to be elucidated whether a deficiency in Cx30 or Cx43
influences chronic EAE.

Because the expression level of astrocytic Cx30 is very low
in normal white matter, changes of Cx30 in MS or EAE
lesions have not been well demonstrated (22, 23, 30). Cx43
exists in both mature and immature astrocytes, while Cx30 is
expressed only in mature astrocytes (31-33), thus gliotic scar
astrocytes show an upregulation of Cx43 but no detectable
changes of Cx30 (23). Similarly, cultured astrocytes express
detectable levels of Cx43 but not Cx30, although they can

express Cx30 after very long term culture (33, 34). These
features of Cx30 make it difficult to study its dynamics and
roles in inflammatory demyelination, and therefore there have
been few studies of Cx30 in EAE. However, the non-channel
functions of Cxs have recently gained increasing attention: Cx30
can change astrocyte morphology, thereby modulating astrocyte
functions such as synaptic transmission (35). Cxs also inhibits
DNA synthesis, which affects the gene expression network
(36, 37).

In the present study, we aimed to clarify the roles of Cx30
in chronic neuroinflammation by studying chronic EAE in
Cx30 KO mice. Here, we report Cx30 deficiency induces anti-
inflammatory microglia and improves clinical symptoms and
demyelination of chronic but not acute EAE.

MATERIALS AND METHODS

Ethics Statement

The experimental procedures were designed to minimize the
number of animals used as well as animal suffering. All animal
experiments were carried out according to the guidelines for
proper conduct of animal experiments published by the Science
Council of Japan and the ARRIVE (Animal Research: Reporting
of in vivo Experiments) guidelines for animal research. Ethical
approval for the study was granted by the Animal Care and Use
Committee of Kyushu University (#A29-146-3).

Animals and Genotyping
Twelve-to-sixteen-week-old female Cx30 KO mice were used
in this study. Cx30 KO mice (38) that had been backcrossed
to C57BL/6] at the archiving center were purchased from the
European Mouse Mutant Archive. C57BL/6 mice were purchased
from KBT Oriental (Tosu, Japan). All mice were bred and
maintained under specific pathogen free conditions in the Center
of Biological Research, Graduate School of Medical Sciences,
Kyushu University. The Cx30 KO mice were genotyped by PCR
of DNA obtained from tail biopsies. Primer pairs for detecting
Cx30 KO were Cx30 KO-1 (LACZ e Neo): 5-GGT ACC TTC
TAC TAA TTA GCTTGG-3'; Cx30 KO2 (LACZ e Neo): 5'-AGG
TGG TAC CCA TTG TAG AGG AAG-3; and Cx30 KO-3 (LACZ
e Neo): 5-AGC GAG TAA CAA CCC GTC GGA TTC-3'. The
Cx30 KO and WT littermate DNA products were 460 and 544
bps in size, respectively. Cx30 KO mice and their littermates were
principally used for the animal experiments, unless otherwise
specified.

Induction and Clinical Evaluation of EAE

EAE was induced by immunization of mice with 200 pg of
MOGs3s5-55 peptide (TS-M704-P; MBL, Nagoya, Japan) in 50
il phosphate buffered saline (PBS) emulsified in an equal
volume of complete Freunds adjuvant (CFA) containing 1
mg/ml Mycobacterium tuberculosis H37RA (#231131; BD Difco,
Lawrence, KS, USA), followed by intraperitoneal injections of 500
ng pertussis toxin (# 180-Al; List Biological Laboratories Inc.,
Campbell, CA, USA) on days 0 and 2. Mice were examined daily
for signs of EAE and scored as follows: 0, no disease; 1, limp tail;
2, abnormal gait and hind limb weakness (shaking); 2.5, paralysis
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of one hind limb; 3, paralysis of two hind limbs; 3.5, ascending
paralysis (able to move around); 4, tetraplegia; 5, moribund.

Tissue Preparation

Animals were deeply anesthetized by isoflurane (Pfizer Japan Inc.,
Tokyo, Japan), and perfused transcardially with PBS and then
with 4% paraformaldehyde (PFA) in 0.1 M PBS. Spinal cords,
brains and optic nerves were carefully dissected. The tissues
were fixed overnight in cold 4% PFA at 4°C, then processed
into paraffin sections (5 pm). For frozen sections (20 pm), spinal
cords were harvested and fixed overnight in 4% PFA using the
same protocol as above and sequentially displaced with 15 and
30% sucrose in PBS for 24 h each at 4°C. The resulting tissues
were embedded in Tissue-Tek O.C.T. Compound (4583, Sakura
Finetek, Torrance, CA, USA) and stored at —80°C.

Histopathological and

Immunohistochemical Analyses
Paraffin-embedded sections of spinal cord were stained with
hematoxylin and eosin (HE). Paraffin-embedded sections of
optic nerves were subjected to immunohistochemistry using an
indirect immunoperoxidase method. After deparaffinization,
endogenous peroxidase was quenched with 0.3% hydrogen
peroxide in absolute methanol for 30min. The sections
were permeabilized with 0.1% Triton in PBS (PBS-T) for
10 min, washed using Tris-HCI for 5min, dipped in 10 mM
citrate buffer, and then autoclaved (120°C, 10min). All
sections were cooled to room temperature and incubated with
anti-brain-derived neurotrophic factor (BDNF) antibodies
overnight at 4°C (Supplementary Table 1). The next day,
after rinsing, sections were labeled with either a streptavidin-
biotin complex or an enhanced indirect immunoperoxidase
method using Envision (K4003, Dako, Glostrup, Denmark);
3,3-diaminobenzidine  tetrahydrochloride =~ (DAB; D5637,
Sigma-Aldrich, Tokyo, Japan) was used for the DAB
color reaction. Finally, sections were counterstained with
hematoxylin.

Confocal Microscope

Immunofluorescence Analysis

Paraffin sections of brain and optic nerves were deparaffinized
in xylene and rehydrated through ethanol. After washing
and autoclaving, sections were incubated with anti-arginasel,
anti-nitric oxide synthase 2 (NOS2), anti-Iba-1, anti-glial
fibrillary acidic protein (GFAP), anti-Cx43, anti-Cx30,
anti-myelin basic protein (MBP), anti-NeuN, purified anti-
neurofilament H (NF-H) (SMI-31), and anti-IL-34 antibodies
(Supplementary Table 1) overnight at 4°C. The following day,
the sections were washed, incubated with Alexa Fluor 488- or
546-conjugated secondary antibodies (1:1,000; Thermo Fisher,
Rockford, IL, USA) and 4',6-diamidino-2-phenylindole (DAPI;
Sigma-Aldrich, Tokyo, Japan) overnight at 4°C, then dehydrated
and sealed with Permafluor (#TA-030-FM; Thermo Scientific,
Fremont, CA, USA). The frozen sections of spinal cords were
cut at 20pum with a cryostat microtome (Leica CM 1850,
Leica Microsystems GmbH, Wetzlar, Germany) and floated in
PBS-T. The sections were washed 3 times in PBS-T, blocked

with 10% normal goat serum in PBS for 2h, then incubated
overnight at 4°C with anti-arginasel, anti-NOS2, anti-Cx30,
anti-Cx43, anti-Iba-1, anti-GFAP, anti-CD45, anti-CD3, anti-
C3, and anti-CD169 antibodies (Supplementary Table 1).
The sections were also treated with anti-S100al0 antibody
in the same way but without blocking by normal goat serum
(Supplementary Table 1). After rinsing the next day, the
sections were incubated with Alexa Fluor 488- or 546-conjugated
secondary antibodies (1:1,000; Thermo Fisher) or FluoroMyelin
Red Fluorescent Myelin Stain (1:1,000; #F34652; Thermo Fisher)
and DAPI overnight at 4°C, then washed in PBS-T and sealed
with Permafluor. Immunofluorescence was captured by a
confocal laser microscope (Nikon Al; Nikon, Tokyo, Japan),
equipped with 405, 488, and 561 nm laser lines, at the same
magnification, laser intensity, gain, offset values, and pinhole
settings. Quantification of immunofluorescence was performed
using Image] version 1.6.0_24 (Windows version of NIH Image;
downloaded from https://imagej.nih.gov/ij/download.html) on
three-to-five lumbar spinal cord sections for each animal in each

group.

Quantification of Myelin Density and Cell
Infiltration in the Spinal Cord, Brain, and

Optic Nerve

For the quantification of GFAP, Iba-1, Cx30, Cx43, CD3, CD169,
CD45, S100A10, C3, BDNE NOS2, and IL-34, fluorescent
images from the anterior part of the lumbar spinal cord,
cerebellum, cerebrum, and optic nerve were analyzed (Image]
version 1.6.0_24) using the area fraction technique as previously
described (39, 40). Briefly, identical microscope settings were
applied to all photographs from each experiment and images
from the same areas were acquired. Images were de-noised
and set to the same threshold baseline across experimental
groups for each antibody to measure the area of cellular
staining, instead of cell density measurement or cell number
counting, because most infiltrating cells were focally clustered.
For the quantification of myelin and MBP immunostaining
results, whole spinal cord images were captured under the
microscope and separated into anterior or posterior parts for
analysis. SMI-31 immunostaining images were captured under
the microscope and spinal cord anterior white matter areas
were used for analysis. Image analysis was performed using
Image] software. Mean pixel intensity values were compared
between genotypes (41). For the quantitative analyses of NeuN-
positive cells, transverse sections of the spinal cord were divided
into the left and right regions by a vertical line through the
central canal. The size of each microscopic field was 1.6384
mm?. The left or right positive cell region areas (0.33-0.44
mm?) were calculated automatically by Image]. NeuN-positive
cells were counted manually and used to calculate the cell
density (neurons/mm?) (42). The investigator performing the
analysis was blinded to the genotypes. All assessments were
made from three-to-five sections per mouse (n = 3 to 8 mice
in each group). In the quantification graph, the mean value
of three-to-five sections was used as scatter dots to represent
each mouse.
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Immunocolocalization Analysis

We delineated the same areas of focus in the spinal cord
white matter, optic nerve, and arbor vitae of the cerebellum
in all samples to be analyzed. Colocalization of arginase-1
and Iba-1 was expressed as a Pearson’s correlation coefficient
and the intensity correlation analysis plugin of Image] was
used (43). Pearson’s correlation values range from 1 to —1,
with 1 representing complete positive correlation and —1la
negative correlation, with zero representing no correlation. All
quantifications were obtained from a minimum of three sections
from the spinal cord, optic nerve, cerebellum, and cerebrum per
mouse.

Microglial Circularity Analysis

Image] was used to automatically calculate the circularity of
microglial cells (circularity = 47S/L2). Cells with circularity close
to 1 were regarded as having a morphology close to round,
indicating an activated state (44, 45).

Microglial Cell Isolation and Flow
Cytometry

Brains and spinal cords were harvested and homogenized.
Mononuclear cells were separated with a 30 and 70% Percoll
(GE Healthcare, Tokyo, Japan) gradient as previously described
(46). Cells were stained with anti-CD45-PerCP and anti-CD11b-
PE/Cy7 antibodies, sorted and analyzed on a SH800 Cell Sorter
(Sony Corporation, Tokyo, Japan).

Gene Expression Microarray

Total RNA was isolated from cells using an RNeasy Mini Kit
(Qiagen) according to the manufacturer’s instructions. RNA
samples were quantified by an ND-1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA) and the
quality was confirmed with a 2200 TapeStation (Agilent
technologies, Santa Clara, CA, USA). Total RNA (2 ng) was
amplified, labeled using a GeneChip® WT Pico Kit, and
hybridized to an Affymetrix GeneChip® Mouse Transcriptome
Array 1.0 according to the manufacturer’s instructions
(Affymetrix, Santa Clara, CA, USA). All hybridized microarrays
were scanned by an Affymetrix scanner. Relative hybridization
intensities and background hybridization values were calculated
using the Affymetrix Expression Console®. These gene array
assay results were uploaded to the gene expression omnibus
repository (accession number is GSE68202) in the National
Center for Biotechnology Information homepage (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgitacc=GSE112621).

Data Analysis and Filter Criteria

The raw signal intensities of all samples were normalized by
a quantile algorithm with Affymetrix® Power Tool version
1.15.0 software. To identify upregulated or downregulated genes,
we calculated Z-scores [Z] and ratios (non-log scaled fold-
change) from the normalized signal intensities of each probe for
comparison between control and experiment samples. Then, we
established criteria for regulated genes: upregulated genes had a
Z-score >2.0 and ratio >1.5-fold, and downregulated genes had
a Z-score < —2.0 and ratio <0.66. Gene set enrichment analysis

(47, 48) (GSEA; www.broadinstitute.org/gsea) was performed
to investigate deviations of particular gene sets (e.g., Anti-
inflammatory set, Pro-inflammatory set; set S) according to a
previous report (48, 49). Briefly, after we obtained expression
data sets for each study group, we calculated an enrichment
score (ES) that reflected the degree to which a set “S” was over-
represented at the extremes (top or bottom) of the entire ranked
list “L.” The score was calculated by walking down the list L and
increasing a running-sum statistic when we encountered a gene
in S. The ES is the maximum deviation from zero encountered in
the random walk. After the estimation of statistical significance of
ES, we controlled the proportion of false positives by calculating
the false discovery rate (FDR). When the normalized p-value was
<0.05 and the FDR was <0.25, the ES was considered significant.

Statistical Analysis

Data are expressed as the mean =+ standard error of mean
(S.E.M.). The area under curve (AUC) of the overall disease
severity was calculated for each mouse to compare the disease
course of WT and KO mice using the non-parametric Mann-
Whitney U-test (50) Here, acute (onset to day 24) and chronic
phases (day 25 and thereafter) were separately analyzed. The
postimmunization date when WT groups reached a peak score
of 2 or higher was identified as the “peak” (51). The incidence,
day of onset, and peak clinical score of EAE were compared using
the unpaired t-test with Welch’s correction. In EAE experiments,
mice that died before the intended day of sacrifice were excluded
from statistical analyses. Cell percentages and histological data
were assessed by the unpaired t-test with Welch’s correction,
two-way ANOVA, or one-way ANOVA. A p-value < 0.05 was
considered statistically significant. Analyses were performed
using Graph Pad Prism 7.0 software (Graph Pad, La Jolla, CA,
USA).

RESULTS

Cx30 Deficiency Induces Modest
Morphological Changes and Cx43
Reduction in Spinal Cord Astrocytes but
No Changes in Myelin Density

In WT littermate mice in the naive state, Cx30 was expressed
predominantly on astrocytes in the gray matter of the spinal cord,
cerebellum and cerebrum, while Cx30 expression was very low
in white matter astrocytes, including the optic nerve (Figure 1A;
Supplementary Figure 1), which is consistent with our previous
study in humans (22). By contrast, Cx30 was completely absent in
Cx30 KO mice (Figures 1A-C; Supplementary Figure 1). GFAP
immunostaining revealed neither morphological nor quantitative
changes in GFAP™ astrocytes in the white matter between WT
and Cx30 KO mice, whereas GFAP™ astrocytes in the gray matter
had thicker processes and showed a tendency to be increased in
Cx30 KO mice than in WT mice (p = 0.0575, Figures 1A,D,E).
Because astrocytic Cx30 and Cx43 have similar functions
and partly overlapping permeation profiles (15), we examined
whether Cx43 was upregulated to compensate for the lack of
Cx30 in Cx30 KO mice. GFAP and Cx43 double immunostaining
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FIGURE 1 | Morphology and number of astrocytes, and expressions of Cx30 and Cx43 in WT and Cx30 KO mice. (A) Confocal images showing immunostaining

for Cx30 and GFAP in the anterior part of spinal cord sections from naive WT (littermate) and Cx30 KO mice. Higher magnification images show co-labeling of GFAP
and Cx30 in single astrocytes, which are highlighted by a yellow circle in the gray matter or a white square in the white matter of each figure. Scale bars, 200 um.
(B,C) Quantification of Cx30T area percentages in the white (B) and gray (C) matter. (D,E) Quantification of GFAP* area percentages in the white (D) and gray (E)
matter. (F) Confocal images showing immunostaining for GFAP and Cx43 in spinal cords from naive WT (littermate) and Cx30 KO mice. Higher magnification images
show co-labeling of GFAP and Cx43 in single astrocytes, which are highlighted by a yellow circle in the gray matter or a white square in the white matter of the figure.
Scale bars, 200 um. (G,H) Quantification of Cx43* area percentages in the white matter (G) and gray matter (H). Means + S.E.M. are shown. Statistical differences
were determined by unpaired t-test with Welch'’s correction. N.S. = not significant, n indicates number of mice and each scatter dot represents individual mice in each

group.
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revealed that Cx43 was more abundant in the gray matter than
in the white matter of the spinal cord in both WT and Cx30 KO
mice (Figures 1F-H). There was no significant difference in Cx43
immunoreactivity in the spinal cord gray matter between WT and
Cx30 KO mice, but Cx43 levels were significantly reduced in the
spinal cord white matter of Cx30 KO mice compared with WT
mice (p = 0.0005; Figures 1F-H). These findings are consistent
with the observation that Cx30 but not Cx43 can compensate for
other Cxs in CNS tissues (52). This suggests that Cx30 deficiency
causes modest enlargement of astrocytic processes in the spinal
gray matter and a partial reduction of Cx43 expression in spinal
white matter astrocytes. However, myelin density did not differ
significantly between Cx30 KO mice and WT littermates in the
naive state by Fluoromyelin staining or MBP immunostaining
(Supplementary Figures 2A-D).

Cx30 Deficiency Increases the Numbers of
Ramified Microglia
Unexpectedly, Cx30 KO mice showed an apparent increase
in the numbers of Iba-1" microglia in the spinal cord gray
matter, optic nerve, cerebellum, and cerebrum compared with
WT littermate mice (p = 0.0055, p = 0.0274, p = 0.0015,
and p = 0.0012, respectively), but not in the spinal cord
white matter (Figures 2A-E). Morphologically, microglia in
Cx30 KO mice had thin soma and delicate radially-projecting
processes (Figure 2A inset), indicating that these microglia
were in a resting state (ramified phenotype). There were
no significant differences in the microglia circularity index
between Cx30 KO and WT mice in the spinal cord gray
and white matter, optic nerve, cerebrum, and cerebellum
(Figures 2B-E). Flow cytometric analyses demonstrated that
numbers of CD45%™CD11b* microglia in isolated viable cells
from the brain were significantly increased in Cx30 KO mice
compared with WT littermate mice (p = 0.0025; Figures 2E,G).
To further characterize the microglial phenotype in Cx30
KO mice, gene expression profiles were analyzed by RNA
microarray using microglia isolated from the spinal cords
and brains of naive WT and Cx30 KO mice. Microglia from
Cx30 KO mice showed similar expression levels of anti-
inflammatory and pro-inflammatory genes to WT microglia
in both the spinal cord and brain (Table1 and Figure 3A).
GSEA analysis revealed similar gene enrichments in the spinal
cord and brain between naive WT and KO mice (Table 1 and
Figures 3B-E). We also performed GSEA analysis to characterize
the expression profiles of cytokines/chemokines, complement,
alarmin, reactive oxygen species (ROS), MHC, and tumor genes.
Among them, Cx30 KO microglia from the naive spinal cord
but not brain demonstrated significantly lower expression levels
of cytokines/chemokines, alarmin, MHC, and tumor genes,
indicating a less reactive state to inflammatory insults (Table 1
and Supplementary Figures 3A,C). These findings indicate that
the increase in microglia was widespread in the CNS of naive
Cx30 KO mice compared with WT mice; these microglial were
not activated but rather in a resting state, with a ramified
morphology and low cytokine/chemokine, alarmin, MHC, and
tumor gene production.

Cx30 Deficiency Attenuates the Clinical
Severity and Demyelination of Chronic but
Not Acute EAE Without Influencing T Cell

Infiltration

Cx30 KO mice did not show any significant differences in
the incidence, onset day, and clinical severity (peak score
and acute phase AUC from Day 9 to 24) of acute EAE
compared with WT mice, in agreement with a previous study
(29) (Figure4A). By contrast, clinical severity in the chronic
EAE phase (chronic phase AUC from Day 25 to 59) was
significantly attenuated in Cx30 KO mice compared with WT
mice. HE staining showed that the infiltration of inflammatory
cells into the spinal cord was markedly reduced in Cx30
KO mice compared with WT mice in the chronic EAE
phase (Figure 4B). Moreover, the extent of demyelination was
significantly decreased in the chronic but not acute phase of EAE
in Cx30 KO mice compared with WT mice, in both the anterior
and posterior parts of the spinal cord (p = 0.0031 and p = 0.002,
respectively, by Fluoromyelin staining; and p = 0.0328 and p
= 0.0167, respectively, by MBP immunostaining; Figures 4C-E,
Supplementary Figures 2E,F). CD45" immunocytes and CD3"
T cells were not significantly different between Cx30 KO and WT
mice in either acute or chronic phases, although CD45% cells
tended to be increased in Cx30 KO mice compared with WT
mice at acute phase (p = 0.0622; Figures 4C,D,F). We performed
CD169 immunostaining to discriminate peripheral blood-borne
macrophages from microglia and other immune cells, and found
that CD169" macrophages were significantly lower in Cx30 KO
mice compared with WT mice in the chronic phase (p = 0.0336),
but not the acute phase (Figures 5A-C).

Microglia in Cx30 KO Mice Are Widespread
and Highly Activated in the Chronic Phase
of EAE

Intriguingly, Tba-17 microglial cell numbers were consistently
greater in both the white and gray matter of the spinal cord
in Cx30 KO mice compared with WT mice in the acute and
chronic phases (white matter, p = 0.0106 on Day 13 and p =
0.0274 on Day 59; gray matter, p = 0.0483 on Day 13 and p
= 0.0111 on Day 59; Figures 5D,E,G). The above-mentioned
increased tendency of CD45" cells in the acute phase in Cx30
KO mice might be explained by the earlier and stronger increase
of Tba-17 cells compared with WT mice. In the spinal cord
white matter, microglial circularity was significantly greater in
Cx30 KO mice than in WT mice in both the acute (p = 0.045)
and chronic phases (p = 0.0418; Figure 5H). This increase in
Iba-1T cells in the chronic phase of EAE was also observed
in the optic nerve (p = 0.0067) and cerebellum (p = 0.0312)
of Cx30 KO mice (Supplementary Figures 4A,B,D,E). In the
cerebellum, microglial circularity was significantly greater (p =
0.0121) in Cx30 KO mice than in WT mice but there was
no significant increase of microglial circularity in the optic
nerve (Supplementary Figures 4C,F). These findings suggest
that a widespread increase and activation of Iba-1" microglia in
inflamed CNS tissues, especially the spinal cord white matter, is a
characteristic feature of Cx30 KO mice.
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TABLE 1 | Summary of GSEA resullts.

Gene category

Naive spinal cord

EAE spinal cord

Naive brain

EAE brain

WT vs. Cx30 KO

WT vs. Cx30 KO

WT vs. Cx30 KO

WT vs. Cx30 KO

Pro-inflammatory 0.392 (WT) 0.007 (WT) 0.571 (Cx30 KO) 0.016 (WT)
Anti-inflammatory 0.083 (WT) 0.092 (WT) 0.234 (WT) 0.450 (WT)
Cytokines/Chemokines <0.001 (WT) <0.001 (WT) 0.773 (WT) 0.252 (Cx30 KO)
Complement 0.997 (Cx30 KO) 0.001 (WT) 0.576 (WT) 0.348 (Cx30 KO)
Alarmin <0.001 (WT) 0.005 (WT) 0.898 (Cx30 KO) 0.061 (WT)
ROS 0.524 (WT) 0.005 (WT) 0.093 (Cx30 KO) 0.363 (Cx30 KO)
MHC <0.001 (WT) 0.008 (WT) 0.173 (WT) <0.001 (Cx30 KO)
Tumor <0.001 (WT) <0.001 (WT) 0.967 (Cx30 KO) 0.001 (Cx30 KO)

Normalized p-values by gene set enrichment analysis between WT (C57BL/6) and Cx30 KO mice are shown. Upregulated groups are indicated in parenthesis for each category.

Microglia in Cx30 KO EAE Mice Have an
Anti-inflammatory Phenotype in the
Chronic Phase of EAE by Gene Expression
Microarrays

To further characterize the activated microglial phenotype
in the chronic phase of EAE in Cx30 KO mice, we used
MOG3s5-55-induced EAE and isolated microglia from the spinal
cords and brains of Cx30 KO and WT mice at Day 39 after
immunization, when clinical scores and AUC in the chronic
phase were significantly lower in Cx30 KO mice than in WT
mice (p = 0.0023). Microglia isolated from Cx30 KO EAE
spinal cords and brains had lower expression levels of pro-
inflammatory genes, such as IL-1b, Nos2, Tnf, and Ptgs2, but
no significant changes in anti-inflammatory gene levels, except
for an increase in the Mrclgene (Figure 3F). GSEA analysis
revealed that microglia from Cx30 KO mouse spinal cord and
brain had less pro-inflammatory gene expressions than those
from WT mice in the chronic EAE phase (spinal cord, ES
= 0.721, normalized p = 0.007, FDR = 0.018; brain, pro-
inflammatory genes; ES = 0.643, normalized p = 0.016, FDR =
0.037; Table 1 and Figures 3G-J). Furthermore, gene expressions
of cytokines/chemokines, complements, alarmins, ROS, MHC,
and tumor antigens in spinal cord but not brain microglia
were significantly less in Cx30 KO than in WT mice in the
chronic EAE phase (Table 1 and Supplementary Figures 3B,D).
These findings indicate that the increased numbers of activated
microglia in Cx30 KO mice have a reduced pro-inflammatory
phenotype, especially in the spinal cord, in the chronic EAE
phase.

Cx30 KO Mice Upregulate Arginase-1 and
BDNF but Downregulate NOS2 in the
Chronic Phase of EAE

To confirm the anti-inflammatory nature of the activated
microglia in the CNS tissues of Cx30 KO mice in the chronic
EAE phase, we performed double-staining for Iba-1 and
arginase-1, an anti-inflammatory gene. Colocalization of Iba-1
and arginase-1 was more frequently observed in the optic nerve
and cerebellum of Cx30 KO mice compared with WT littermate
mice (p = 0.012, and p = 0.0041, respectively; determined

by higher mean Pearson’s coefficient values; Figures 6A-D),
although differences in colocalization levels between WT and
Cx30 KO mice did not reach statistical significance in the
spinal cord, possibly because of the infiltration of peripheral
blood-borne macrophages (Figures 6E,F). Furthermore, in
the optic nerve of Cx30 KO mice, BDNF immunoreactivity
was significantly greater compared with WT mice (p =
0.0019; Supplementary Figures 5A,B). By contrast, NOS2
immunoreactivity in the optic nerve, cerebellum, and spinal cord
white matter was significantly lower in Cx30 KO mice than in
WT mice (p = 0.0003, p = 0.0032, and p = 0.0047, respectively;
Supplementary Figures 5C-H). These findings indicate that
microglia in Cx30 KO mice tended to have an anti-inflammatory
phenotype, which is more evident in the CNS areas where
peripheral blood-borne macrophages are rare during chronic
EAE.

Cx30 Deficiency Induces the Earlier and
Stronger Activation of A2 Astrocytes
During EAE

Compared with naive spinal cord, numbers of GFAP™ astrocytes
in the white and gray matter of the spinal cord increased
significantly in the chronic EAE phase in both WT and Cx30 KO
mice (white matter, p = 0.0159 and p = 0.0003, respectively; and
gray matter, p = 0.0008 and p = 0.0014, respectively, at Day 59)
but not in the acute phase, except for GFAPT astrocytes in the
gray matter of Cx30 KO mice at Day 16 (p = 0.0154; Figure 7A;
Supplementary Figures 6A-D). However, Cx30 KO mice had
significantly more GFAP™ astrocytes in the spinal cord white
and gray matter (white matter; p = 0.0341 on Day 13 and gray
matter; p = 0.0006 on Day 16) during the acute phase compared
with WT mice, whereas this difference was not evident in the
chronic phase in either the white or gray matter, suggesting the
earlier and stronger activation of astrocytes in Cx30 KO mice
(Figures 7A-C).

In WT mice, Cx30 immunoreactivity was unchanged
throughout the clinical course of EAE in the spinal white matter,
but compared with the naive state it was increased significantly
in the spinal cord gray matter in the chronic stage (p =
0.0327; Figures 7A,D,E; Supplementary Figures 6E,F). In Cx30
KO mice, Cx30 immunoreactivity was not detected at any stage
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FIGURE 3 | Microarray analysis of microglia isolated from spinal cords and brains of WT (C57BL/6) and Cx30 KO mice. (A) Cluster analysis of gene expression arrays
according to anti-inflammatory and pro-inflammatory genes of naive brain and spinal cord from WT (C57BL/6) and Cx30 KO mice. Color keys on each column
represent Z scores for each gene. (B-E) Enrichment plots for the anti-inflammatory (B,C) and pro-inflammatory (D,E) genes of naive spinal cords (B,D) and brains
(C,E) from WT (C57BL/6) and Cx30 KO mice. (F) Cluster analysis of gene expression arrays according to anti-inflammatory and pro-inflammatory genes of chronic
EAE brains and spinal cords from WT (C57BL/6) and Cx30 KO mice. Color keys on each column represent Z scores for each gene. (G-dJ) Enrichment plots for the
anti-inflammatory (G,H) and pro-inflammatory (I,J) genes of chronic EAE spinal cords (G,l) and brains (H,J) from WT (C57BL/6) and Cx30 KO mice. The relative gene
positions are indicated by the straight lines (line plot) under each graph. Lines clustered to the left represent higher ranked genes in the ranked list.
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FIGURE 4 | Improvement of clinical severity and demyelination in the chronic but not acute phase of EAE in Cx30 KO mice. (A) EAE clinical score changes in WT
(littermate) and Cx30 KO mice. The severity of disease was separately analyzed according to acute (Days 9-24) and chronic (Days 25-59) phases by evaluating the
area under the curve (AUC). Data shown are from a single experiment representative of four independent experiments including a total of 42 mice; p-values of the
AUC were determined by the Mann-Whitney U-test. There was no significant difference in incidence, day of onset, or peak clinical score between WT (littermate) and
Cx30 KO mice in the acute EAE phase. Data for the following parameters are shown as the mean + S.E.M.: day of EAE onset, and peak clinical score of mice that
developed EAE. Statistical differences were determined using the unpaired t-test with Welch’s correction. (B) HE staining of spinal cords in the chronic EAE phase
(Day 59). Scale bars, 200 wm in the upper panels and 100 wm in the lower panels. (C,D) Confocal images showing immunostaining for Fluoromyelin and CD45 in
spinal cord sections from WT (littermate) and Cx30 KO mice in the acute (Day 13) and chronic (Day 59) EAE phases. Scale bars, 200 wm. (E) Quantification of myelin
density in the anterior and posterior parts of spinal cords from WT (littermate) and Cx30 KO mice in the acute (Day 13) and chronic (Day 59) EAE phases. (F)
Quantification of the CD45% cell area fraction in the anterior spinal cords from WT (littermate) and Cx30 KO EAE mice in the acute (Day 13) and chronic EAE phases
(Day 59). Statistical differences were determined using the unpaired t-test with Welch’s correction. N.S. = not significant. n indicates the number of mice and each
scatter dot represents individual mice in each group.
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FIGURE 5 | Altered immune cell responses in Cx30 KO mice in the chronic EAE phase compared with WT mice. (A,B) Confocal images showing immunostaining of
CD169 in spinal cord sections from WT (littermate) and Cx30 KO EAE mice in the acute (Day 13) and chronic (Day 59) EAE phase. Scale bars, 200 wm. Higher
magnification images are CD169 in the spinal cord, which are highlighted by a white rectangular frame in the left panel of lower magnification images. (C)
Quantification of the CD169 cell area fraction in the anterior spinal cord white matter from WT (littermate) and Cx30 KO EAE mice in the acute (Day 13) and chronic
(Day 59) EAE phases. (D,E) Confocal images showing immunostaining for Iba-1 and CD3 in spinal cord sections from WT (littermate) and Cx30 KO EAE mice in the
acute (Day 13) and chronic (Day 59) EAE phases. Scale bars, 200 um. Higher magnification images show co-labeling of CD3 and Iba-1 in spinal cords, which are
highlighted by a white rectangular frame in the lower magnification images above. (F) Quantification of the CD3 cell area fraction in the anterior spinal cords from WT
(Iittermate) and Cx30 KO EAE mice in the acute (Day 13) and chronic (Day 59) EAE phases. (G,H) Quantification of the Iba-11 cell area fraction (G) and microglial
circularity (H) in the spinal cord white and gray matter from WT (littermate) and Cx30 KO EAE mice in the acute (Day 13) and chronic (Day 59) EAE phase. Means +
S.E.M. are shown. Statistical differences were determined using the unpaired t-test with Welch’s correction. N.S. = not significant. n indicates the number of mice and
each scatter dot represents individual mice in each group.
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and arginase-1 in optic nerves (A), cerebellum (C), and spinal cords (E) from WT (littermate) and Cx30 KO mice in the chronic EAE phase (Day 59). Scale bars,
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mice in the chronic EAE phase, expressed as Pearson’s correlation coefficients. Means + S.E.M. are shown. Statistical differences were determined using the
unpaired t-test with Welch'’s correction. N.S. = not significant. n indicates number of mice and each scatter dot represents individual mice in each group.

of EAE (Figures 7A,D,E). By contrast, Cx43 in the spinal cord  with the naive state (p = 0.0149 on Day 13 and p = 0.0067
white matter demonstrated a dynamic change during EAEin WT ~ on Day 16) and then recovered to similar levels to the naive
mice. Cx43 decreased significantly in the acute phase compared  state (significant increase compared with the peak day levels,
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group.

p = 0.0147; Figures 7E,G; Supplementary Figure 6G). A similar ~ at Day 16 and p = 0.0026 at Day 59 compared with Day 16;
decrease of Cx43 in the acute phase and recovery of Cx43 in the =~ Figures 7E,G; Supplementary Figure 6I); however, Cx43 levels
chronic phase were also observed in Cx30 KO mice (p = 0.0142  were significantly lower in Cx30 KO mice than in WT mice, in
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the naive state and in the chronic EAE phase (p = 0.0087 and p =
0.0179, respectively) (Figures 7E,G). Cx43 expression in the gray
matter did not show obvious changes in either WT or Cx30 KO
mice (Figures 7EH; Supplementary Figures 6H,]J).

We examined Al and A2 astrocyte markers based on
a recent report (53). Immunostaining analyses for S100A10,
a representative A2 astrocyte marker, revealed a successive
increase in the spinal cord white matter during the course
of EAE, which was highest in the chronic EAE stage, in
both WT and Cx30 KO mice compared with the naive
state (not significant in either mouse strain on Day 13; not
significant and p = 0.0251, respectively, on Day 16; p =
0.0010 and p = 0.0002, respectively, on Day 59; Figures 8A,B;
Supplementary Figures 6K,L). Interestingly, this increase in
S100A10 immunoreactivity was greater in Cx30 KO mice
than in WT mice at all stages of EAE and the difference
increased in the later stages of EAE (p < 0.0001 at Day
59; Figures 8A,B). By contrast, C3, an Al astrocyte marker,
sharply increased and peaked in the acute phase and then
steadily decreased in the chronic phase compared with the naive
state in both WT and Cx30 KO mice (p = 0.0174 on Day
13, and p = 0.0174 on Day 16, respectively; Figures 8C,D;
Supplementary Figures 6M,N). These findings suggest that the
stronger activation of A2 astrocytes in Cx30 KO mice plays a role
in inducing neuroprotective microglia, which attenuate EAE in
the chronic phase.

Cx30 Deficiency Causes Less Neuronal
Death in the Chronic Phase of EAE

Finally, because astrocytic Cx30 has close contact with neurons,
we examined changes in neurons and axons in Cx30 KO mice
during EAE. In the native state, the numbers of NeuN™" cells and
SMI-31" axonal density were not significantly different between
Cx30 and WT littermate mice (Figures 9A-D). Although only
SMI-31" axonal density decreased significantly in the chronic
EAE phase compared with the naive state in both WT and
Cx30 KO mice (p < 0.0001, and p = 0.0035, respectively),
Cx30 KO mice had significantly more NeuNT cells and
SMI-31" remaining axons compared with WT mice in the
chronic EAE phase (p = 0.0376, and p = 0.0003, respectively;
Figures 9E,F). Because IL-34, expressed on CNS neurons,
induces the differentiation of microglia to a neuroprotective
phenotype (54), we examined its expression by immunostaining,
and detected significantly more IL-34 in the spinal white matter
of Cx30 KO mice than in WT mice in the chronic EAE phase
(Supplementary Figure 7). These findings suggest less neuronal
death and axonal loss in Cx30 KO mice compared with WT mice
in the chronic phase of EAE, leading to more IL-34 production in
Cx30 KO mice.

DISCUSSION

The main new findings in the present study are as follows:
(1) Cx30 deficiency attenuated only chronic EAE clinically
and pathologically without affecting T cell infiltration. (2)
Cx30 deficiency increased the numbers of ramified microglia

in the naive state and induced earlier and more widespread
activation of microglia in the acute and chronic phases of
EAE. (3) These activated microglia in Cx30 KO mice were
prone to differentiate toward an anti-inflammatory phenotype
with less pro-inflammatory gene expression. (4) In the naive
state, Cx30 deficiency induced only a modest enlargement
of astrocytic processes in the spinal gray matter and a
partial reduction of Cx43 expression in the spinal white
matter, whereas it caused earlier and stronger activation of
astrocytes in the acute EAE phase, upregulated S100A10, a
representative A2 astrocyte marker, and attenuated the recovery
of Cx43 in the chronic phase. (5) Cx30 deficiency rescued
more neurons and axons in the chronic EAE phase without
influencing the quantity of neurons or axons in the naive
state.

According to the present study, Cx30 deficiency has no
apparent influence on the clinical and histological severity of
acute EAE, in accordance with a previous report describing that
a single or double KO of Cx30 and/or Cx43 did not affect acute
EAE (29). Collectively, this suggests that Cx30 does not modulate
the peripheral immune system or alter the clinical course of
acute EAE. Surprisingly, chronic EAE and demyelination were
significantly attenuated by Cx30 deficiency. These differences in
results between a previous study (29) and the current study might
be attributable to a difference in the observation period. Thus,
acute and chronic EAE are differentially regulated, at least in part,
and Cx30 is mainly involved in the chronic phase, when microglia
and astrocytes are postulated to be key players (55, 56).

We demonstrated the attenuation of chronic EAE by Cx30
deficiency without influencing T cell infiltration, which further
underlines the importance of microglia and astrocytes in the
chronic phase of EAE. In naive Cx30 KO mice, increased
microglia were observed throughout the CNS; however, these
microglia retained a ramified morphology without a significant
increase in circularity. Consistent with this morphology, they
had similar expression levels of pro-inflammatory genes to WT
microglia by RNA microarray. During the chronic EAE phase in
Cx30 KO mice, there were increased numbers and more activated
microglia in the spinal cord and the brain, which had reduced
pro-inflammatory gene expression compared with WT mice.
Indeed, microglia in Cx30 KO mice had lower expressions of IL-
1b, Nos2, Tnf, and Ptgs2 and a higher expression of Mrcl. IL-18,
tumor necrosis factor-o, NOS2, and prostaglandin-endoperoxide
synthase-2, also known as cyclooxygenase-2, are well-known pro-
inflammatory molecules involved in neuroinflammation (57-
61). Mannose receptor C-type 1 (Mrcl), downregulated by
IFN-y (62), and upregulated by IL-4 (63), is expressed at
high levels during the resolution of inflammation where it has
a critical role in the removal of inflammatory glycoproteins
(64). We also immunohistochemically observed the increased
expression of arginase-1 and BDNF and the decreased expression
of NOS2 in the optic nerve, cerebrum, and cerebellum.
Although such changes were not clear in inflamed spinal cord
lesions, the increased infiltration of peripheral blood-borne pro-
inflammatory macrophages, reported to be abundant in chronic
EAE (65) and shown as a significant increase of CD169™ cells in
the chronic EAE phase in the present study, might have obscured
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FIGURE 8 | A1 and A2 astrocyte marker expression in spinal cords from WT and Cx30 KO mice during acute and chronic EAE. (A) Confocal images showing
immunostaining for ST00A10 and GFAP in spinal cords from WT (littermate) and Cx30 KO mice. Scale bars, 200 um. Each higher magnification image is from the
white rectangular frame in the lower magnification image above. Scale bars in higher magnification images, 50 um. (B) Quantification of the S100A107 cell fraction in
the spinal cord white matter. (C) Confocal images showing immunostaining for GFAP and C3 in spinal cords from WT (littermate) and Cx30 KO mice. Scale bars,
200 wm. (D) Quantification of the C3% cell fraction in the spinal cord white matter. Each higher magnification image is from the white rectangular frame in the lower
magnification image above. Scale bars in higher magnification images, 50 wm. Means + S.E.M. are shown. Statistical differences were determined using two-way
ANOVA. N.S. = not significant. n indicates number of mice in each group at different stages and each scatter dot represents the mean value for each group.

the reduced pro-inflammatory nature of Cx30 KO mouse spinal
cord microglia.

Notably, spinal cord but not brain microglia had significantly
lower expressions of cytokines/chemokines, alarmins, and MHC
genes in Cx30 KO than in WT mice, suggesting spinal cord

microglia are less reactive to inflammatory insults than brain
microglia in the naive state in Cx30 KO mice. In the chronic EAE
phase, cytokines/chemokines, complements, alarmins, ROS, and
MHC gene expressions in microglia were significantly lower in
Cx30 KO than in WT mice in the spinal cord but not in the brain,
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indicating that spinal cord microglia have a tendency to have
a reduced pro-inflammatory and increased anti-inflammatory
phenotype compared with brain microglia in Cx30 KO mice.
Earlier and stronger activation of astrocytes in EAE was
another characteristic feature of Cx30 KO mice. S100A10,
a neuroprotective A2 astrocyte-related gene product (53),
was increasingly expressed in the spinal cord white matter as
EAE proceeded from the acute to chronic phase. Although
the precise functions of astrocytic S100A10 remain to be

elucidated, it was reported to be required for membrane
repair (66), cell proliferation (67), and inhibition of cell
apoptosis by interaction with Bcl-xL/Bcl-2-associated death
promoter (68). Thus, S100A10 expressed in astrocytes might
be beneficial for tissue repair. These findings collectively
suggest that Cx30-deficient astrocytes may be prone to
differentiate toward an A2 astrocyte phenotype upon activation.
In addition, these Cx30-deficient astrocytes showed less Cx43
immunoreactivity in the astrogliotic scar in the chronic
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EAE phase as well as in the naive state. The overexpression
of Cx43 might propagate inflammatory mediators through
homotypic Cx43 GJ channels and Cx43 hemichannels
(69-72). Thus, the downregulation of Cx43 on Cx30-
deficient astrocytes may also function in suppressing chronic
neuroinflammation.

Increased numbers of GFAPT astrocytes were present in
the white matter compared with the gray matter of Cx30
KO mice spinal cords. Furthermore, increased S100A10 and
decreased Cx43 levels were observed in the spinal white matter,
suggesting white matter astrocytes may exhibit earlier and
stronger activation toward an A2 phenotype than gray matter
astrocytes in the Cx30 KO spinal cord. Because increased
microglia numbers were observed in spinal white and gray
matter in Cx30 KO mice while a circularity increase was
detected only in white matter microglia, the activation of
microglia toward an anti-inflammatory phenotype may occur
more strongly in the spinal white matter than in the gray matter.
Collectively, earlier and stronger astroglial activation toward an
A2 phenotype occurred in the spinal white matter, which might
partly explain the induction of anti-inflammatory microglia in
Cx30 KO mice spinal white matter. Such microglial activation
occurred even in the acute EAE phase in Cx30 KO mice;
however, this effect might not be sufficient in the acute phase
when CD3" T cells mainly induce acute inflammation, while
becoming evident in the chronic phase when glial inflammation
predominates.

Interestingly, Cx30 KO mice had more remaining neurons
and axons than WT mice in the chronic phase of EAE. Cx30
on astrocytes exists in close proximity to neurons (32) and
Cx30 hemichannels release glutamate that exerts excitotoxicity
on neurons (54, 73). Thus, Cx30 deficiency may confer survival
of neurons and axons. Neuronal IL-34 is a potent activator for
microglia toward a neuroprotective phenotype (74). Accordingly,
we hypothesized that the earlier and stronger activation of
astroglia toward an A2 phenotype in Cx30 KO mice in the spinal
white matter induced anti-inflammatory microglia (75, 76).
Increased axonal IL-34 in Cx30 KO mice may also contribute to
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Investigation of cerebrospinal fluid (CSF) in the diagnostic work-up in suspected multiple
sclerosis (MS) patients has regained attention in the latest version of the diagnostic criteria
due toits good diagnostic accuracy and increasing issues with misdiagnosis of MS based
on over interpretation of neuroimaging results. The hallmark of MS-specific changes in
CSF is the detection of oligoclonal bands (OCB) which occur in the vast majority of MS
patients. Lack of OCB has a very high negative predictive value indicating a red flag
during the diagnostic work-up, and alternative diagnoses should be considered in such
patients. Additional molecules of CSF can help to support the diagnosis of MS, improve
the differential diagnosis of MS subtypes and predict the course of the disease, thus
selecting the optimal therapy for each patient.

Keywords: CSF (cerebrospinal fluid), biomarker, multiple sclerosis, oligoclonal band (OCB), neurofilament light
(NfL)

INTRODUCTION

Oligoclonal bands (OCB) of the cerebrospinal fluid (CSF) have been important in the diagnosis of
multiple sclerosis (MS) for many years. The further search for biomarkers is of great importance
in order to improve the diagnosis and therapy of MS. This review is divided into 2 parts. The first
part focuses on OCB as diagnostic biomarker for MS and briefly describes other diagnostic markers
such as aquaporin4 (AQP4) and biomarkers that are about to enter clinical routine, such as anti-
myelin oligodendrocyte glycoprotein (MOG). The second part is about CSF molecules, which have
been described in research as potential biomarkers.

PART I: THE CLINICAL LABORATORY
Cerebrospinal Fluid—General Considerations

Whenever investigations are required either to make or rule out a particular disease, it is of utmost
importance to know what one would normally expect from such an investigation, i.e., to have access
to normal or reference values. This goes of course also for clinical chemistry tests performed in
CSF. As a prerequisite for making reference values global and assay-independent, it is important to
standardize the field through the certification of reference methods and materials that can be used
as external calibrators for assay manufacturers. It is also important to establish external quality
control programmes to make sure laboratories are both accurate and precise. Internal stability
of the measurements also has to be monitored using internal control samples each time a test
is performed.
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It is surprising how little progress has been made in the field
of reference values for CSF analytes since the first systematic
assessment of CSF normal values by Meritt and Fremont-Smith
(1). For one of the most basic CSF variables, i.e., total protein and
albumin, normal values based on modern quality standards have
been evaluated and published only recently (2). Most labs adopt
historical reference values without validating their own (3). Even
if normal values have been established in some labs the methods
of evaluation suffer from methodological shortcomings, such as
selection bias, poor definition of normal cohorts, and statistical
errors (2). Because upper reference limits for total CSF protein
are mostly too low it has been estimated that approximately in
15% of normal CSFs total protein values are falsely reported
as pathologically elevated. Similar issues have been found
with CSF glucose measurements and formulas for intrathecal
immunoglobulin synthesis (4, 5). Glucose measurements must
be done in CSF and serum simultaneously and a ratio needs
to be calculated. The glucose ratio cut-off values depend on
serum glucose levels because the transporter systems across the
blood-brain-barrier (BBB) have limited capacities. This fact is
often not considered by CSF labs. For intrathecal synthesis of
immunoglobulins it is well-known that the widespread Reiber-
formula overestimates particularly intrathecal IgM and IgA
synthesis rates (4, 6).

How Is All This Related to the Diagnosis
of MS?

Because the etiology and specific pathogenesis of MS are
unknown, there is no specific test, be it lab-based or otherwise,
available. In diseases with a known cause, e.g., infections, a
specific test detecting the infectious agent or antibodies against
it is most frequently available. Even in entities in which the cause
is not fully elucidated but the pathomechanism is evident, such
as autoimmune encephalitides, a specific test detecting the auto-
antibody can be used to make the diagnosis (7). In MS there is
no such specific test available which is why one needs to rely
on “circumstantial evidence.” The diagnosis is based on typical,
yet not limited to, clinical findings, magnetic resonance imaging
(MRI), and CSF as well as other investigations (8). Doctors
are well-advised to use all these tools in order to optimize the
diagnostic accuracy.

In the past two decades the diagnostic criteria for MS
have been updated 4 times (8-11). Starting with the revision
in 2001 (9) CSF was less and less required to confirm the
diagnosis in the subsequent updates until 2010 (11). As some
authors suspected (12), ignorance of diagnostic tools might

Abbreviations: AQP4, aquaporin 4; Clinh, Complement component 1-inhibitor;
CAM, cell adhesion molecule; CDMS, clinical definite MS; CSE, cerebrospinal
fluid; CHI3L, protein chitinase 3-like; CIS, clinically isolated syndrome; CXCL,
chemokine (c-x-c motif) ligand; GFAP, glial fibrillary acidic protein; HC,
healthy control; IL, interleukin; JCV, John Cunningham virus; MOG, myelin
oligodendrocyte glycoprotein; MS, multiple sclerosis; Nf, neurofilament; NfH, Nf
heavy; NfL, Nf light; NIND, non-inflammatory neurological disease; NMOSD,
neuromyelitis optica spectrum disorders; OCB, oligoclonal bands; OCGB,
oligoclonal immunoglobulin G bands; OCMB, oligoclonal immunoglobulin M
bands; OIND, other inflammatory neurological disease; OND, other neurological
disease; RRMS, relapsing-remitting MS; sCD, soluble cluster of differentiation;
sICAM, soluble intercellular CAM; sVCAM, soluble vascular CAM.

have led to insufficient diagnostic performance, in that the
rate of MS misdiagnosis increased, even though there is no
formal proof that this phenomenon occurred due to the
decrease in CSF examinations (13). Mostly, misdiagnosis was
due to overinterpretation and misinterpretation of MRI findings
(13). Moreover, the true diagnoses were most often migraine,
fibromyalgia, unspecific symptoms, or psychogenic disorders
(14). In these diagnoses, CSF findings are usually normal,
including markers of intrathecal immune-activation such as
quantitative elevation of immunoglobulins (e.g., IgG-index) or
detection of OCB. One must keep in mind that the negative
predictive value of OCB in neurological patients who had
undergone LP was 90% (15), and even in patients with clinically
isolated syndromes (CIS—a clinical syndrome highly suspicious
of a first manifestation of MS) the negative predictive value
of OCB was 88% (16). So, the lack of OCB in CSF must
be considered a red flag in the differential diagnostic work-
up. In this context, it should be remembered that the first
reported case of natalizumab-associated progressive multifocal
leukoencephalopathy occurred in a very likely misdiagnosed
patient, who had no detectable OCB in CSF in two consecutive
occasions (17). In fact, the vast majority of misdiagnosed patients
get actually treated with MS drugs (14).

Oligoclonal Bands in CSF—How Likely Is
It MS?

It is well-known that OCB in CSF are not exclusively found in
MS. OCB are thought to indicate chronic immune-activation in
the CNS and therefore, can be found in a variety of chronic
inflammatory diseases. The positive predictive value (PPV) of
OCB for MS depends on the control or reference population—
an inherent issue with PPV—and on the integration of other CSF
findings, such as cell counts or albumin/protein concentrations.
E.g., in neuroborreliosis, OCB are frequently encountered, in
contrast to MS, however, total protein concentration and CSF
cell counts are substantially higher (18). Several authors found
OCB in CSF highly sensitive and specific for MS (19), which
is likely due to the fact that other diseases with OCB in CSF
occur relatively seldom. However, when inflammatory diseases
are particularly considered, the specificity of OCB for MS drops
substantially from 94 to 61%, as shown in a meta-analysis (20).
This highlights again that the diagnostic tools for MS are not uni-
dimensional.

Apart from MS, there is a long list of diagnoses with CSF
OCBs reported: systemic lupus erythematosus, neurosyphilis,
neurological  paraneoplastic ~ disorders, Behcet’s disease
neuroborreliosis, aseptic meningitis, neurosarcoidosis, HIV
infection, cerebral tumors including lymphomas, Sjogren’s
syndrome, herpes encephalitis, Morvan syndrome, Anti-
NMDA and other autoimmune encephalitis, neurotuberculosis,
anticardiolipin syndrome, HTLV myelopathy, prion disease,
schistosomiasis, stiff-person syndrome, cerebral cysticercosis,
GBS, CNS vasculitis (20). One must be careful however, in our
experience running a clinical CSF lab for decades, we rarely
detected OCB in solid cerebral tumors, prion disease, or GBS
for instance.
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Some Methodological Considerations

As outlined above, a proper assessment of normal and reference
values should be done in each CSF lab rather than adopting
such values from the literature. Also, validation in case of in-
house developed assays must be done, or at least verification
in case of commercially available, externally validated tests (21).
One of the key CSF tests in query MS including differentials is
the method of isoelectric focusing (IEF) (22). This method has
been developed in the 70ies and has since then undergone several
refinements. Today, IEF followed by IgG specific immunoblot
is the recommended standard for detection of OCB (19). These
guidelines developed some essential rules for CSF IgG detection
as shown in Table 1. Importantly, intrathekal IgG synthesis can
only be assessed if compared to serum. OCB in CSF can only
be considered intrathecally synthesized if the bands selectively
occur in CSF or if there are more bands in CSF than in serum,
referred to as pattern 2 and 3 according to Freedman et al. (19).
Depending on the IgG separation method, serum bands should
be outnumbered by 1-3 bands in CSF (23). Identical bands
in CSF and serum do not reflect pathological immunoglobulin
synthesis in the CNS because the CSF bands have their origin in
the systemic circulation. These findings are referred to as pattern
4 (identical oligoclonal) and 5 (identical monoclonal) according
to Freedman et al. (19).

More recent developments regarding measurements of
intrathecal immune activation include detection of free light
chains (FLC). There are several reports that, particularly, kappa
FLC are equally sensitive and specific for clonal expansion
as detection of OCB in MS (24). The advantages of FLC
measurements are its methodological simplicity and its objective
read-out by instrumental measurements of concentrations
rather than visual inspection of OCB. However, before general
implementation of FLC detection or even replacement of IEF
there is more work needed including independent confirmation
by different labs and validation of specificity using broader ranges
of control groups, particularly other inflammatory diseases.

A comprehensive overview regarding methodological aspects
of CSF investigations in general can be found in recent
publication (23).

TABLE 1 | Guidelines for IgG detection in CSF according to Freedman et al. (19).

CSF immunoglobulins must be separated by IEF

CSF immunoglobulins must not be separated by electrophoresis
CSF must not be concentrated

CSF immunoglobulins should be immunofixed/blotted

CSF and parallel serum must have similar amounts of immunoglobulin on the
same analytical run

|EF is always more sensitive than any quantitative formula for immunoglobulins in
CSF/serum

To use “only” a quantitative formula is not recommended

Non-linear formulations are recommended over linear formulations

A quantitative formula may be more useful in treatment/prognosis than in
diagnosis

Light chain immunofixation can extend the value of IgG immunofixation

Expected CSF Changes in MS

As MS is considered an inflammatory CNS disease with focal
breakdown of the BBB one could expect markers of these events
in CSF to be altered (Figure 1). Markers of these changes are CSF
leukocyte counts as an indicator of inflammation (apart from
elevated immunoglobulin levels), and total protein or albumin
concentrations as an indicator of BBB disruption (23) (Table 2).

In about one half of MS patients CSF leukocyte counts will
be elevated up to 50 cells per uL (22). Higher leukocyte counts
occur in only 1-2% of patients and should give raise to consider
alternative diagnoses, particularly infectious CNS diseases. On
differential cell count lymphocytes dominate by far, accounting
for more than 90% of cells, 90% of which are T-cells and 10%
B-cells, which excludes lymphocyte subtyping as a distinctive
feature of MS (25). The remainder is constituted by monocytes
although other leukocyte types may be encountered such as
plasma cells, macrophages, and very rarely granulocytes. Again,
a substantial deviation from this pattern should be regarded as
red flag regarding the correctness of the diagnosis.

Glucose CSF to serum ratios are normal in MS (26).

Total protein or albumin quotient is normal in the vast
majority of patients (22, 27), which is in line with the very focal
and transient BBB leakage in MS.

The hallmark of typical CSF changes in MS however, is the
increased production of intrathekal immunoglobulins (28). To
demonstrate this, the MS diagnostic guidelines refer to two
different methods: first, quantitatively elevated IgG as shown
by e.g., the IgG index, and second, detection of OCB by IEF
(9). It must be kept in mind that any quantitative formula
is less sensitive than OCB detection with elevated IgG being
found in ~60% of MS patients compared to 95% being OCB
positive (i.e., diagnostic sensitivity) (19, 29). Even though it is
not an MS specific test, the diagnostic specificity lies between
61 and 93% depending on the reference group (30). The lowest
specificity rates occur if other inflammatory CNS diseases are
exclusively included in the comparator group. In a mixed
reference population, one would expect the diagnostic specificity
to be probably in the middle of these values, which means that
OCB have a very acceptable diagnostic performance comparable
to, e.g., amyloid-beta and tau proteins in Alzheimer’s disease (30).

Apart from a diagnostic role OCB are of prognostic value in
CIS patients with a hazard ratio of 2.18 (95% confidence interval:
1.71-2.77) for the prediction to convert to clinically definite MS
(31). A fact that has been described for conversion to MS after
optic neuritis 20 years ago (32).

Given the inflammatory process, MS patients also have
increased concentrations of a number of cytokines, chemokines,
and interleukins in their CSF, e.g, CXCL13, IL6, IL8, and
IL10 (33).

CSF Findings in Other Inflammatory

Demyelinating Diseases

At first onset some symptoms are similar between MS and other
inflammatory demyelinating diseases, particularly neuromyelitis
optica (NMO) spectrum diseases. These syndromes can be
diagnosed by IgG antibodies against AQP4 or MOG (34). In
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biomarkers to support MS diagnosis and therapy.

FIGURE 1 | MS causes neuronal damage (demyelination, axon degeneration, synaptic loss) to the brain and spinal cord. Immune cells, pathological antibodies,
adhesion molecules, cytokines, chemokines, and nucleic acids, which reflect inflammations in the CNS, are present in the CSF of the patients and can serve as
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TABLE 2 | CSF changes in MS.

CSF variable Expected finding

Total protein/albumin
quotient

Normal, rarely slightly elevated

CSF:serum glucose ratio Normal

CSF leukocyte count Mild pleocytosis in 50% of patients Less than

50 cells/uL in 98%

Dominated by lymphocytes (90%), some
monocytes. Rarely macrophages, plasma cells,
granulocytes

Cytology

Immunoglobulins
quantitative

IgG concentration by linear or non-linear
formulae elevated in 60-70% of patients, IgA
and IgM synthesis may be found less frequently
Oligoclonal bands in 95% of definitive MS
cases, 85% in CIS

Immunoglobulins qualitative

general CSF work-up there is a distinct feature, which is a lack of
CSF OCB in NMO spectrum diseases in 80-90% of patients (35).
Total leukocyte counts in NMO spectrum disorders are similar
to MS with pleocytosis being found in around 50% of patients,
exceeding rarely 100 cells per uL (36). However, on differential

cell counts granulocytes occur somewhat more frequently in
NMO spectrum disorders compared to MS (36).

In MOG-IgG antibody associated syndromes the frequency of
OCB of 13% is similarly low as in NMO spectrum disorders (37).
It seems however, that CSF pleocytosis occurs more frequently,
i.e, in almost two thirds of patients with a relatively high
proportion of neutrophils making up 22% of all leukocytes (37).
Also, an elevated albumin quotient can be found in roughly one
third of patients with MOG IgG antibodies, particularly if spinal
symptoms occur.

Altogether, the main distinctive feature between these
syndromes and MS is the frequency of OCB, whereas general CSF
changes (i.e., cell counts, cytology, protein) differ slightly but do
not provide compelling evidence for or against one of the entities.

PART II: THE RESEARCH LABORATORY

Spectrum of Biomarkers in CSF

MS is an inflammatory disease characterized by damage and
repair processes. The search for biomarkers focuses not only
on cells and molecules of the immune response, but also on
molecules reflecting the heterogeneity of mechanisms involved
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in the disease. Many findings on potential biomarkers have
been published, including antibodies, cytokines, and chemokines
molecules involved in damage and repair processes, proteins of
the complement system as well as nucleic acids, that could help in
MS diagnosis, differential diagnosis, prognosis, and in disease or
therapy monitoring. In Table 3 we listed information on various
biomarkers mentioned in this article. Of these biomarkers,
neurofilament light (NfL) is currently one of the most promising.

CSF and Serum NfL as a Biomarker of

Disease Intensity in MS

Research over the past three decades have revealed that increased
CSF concentration of the axonal injury marker NfL reflects
disease activity and progression in all forms of MS (81). It
has also become clear the concentrations dynamically change
in response to relapses and treatment; MS patients starting
natalizumab, a disease-modifying therapy (DMT) with high
efficacy, experienced a normalization of their CSF NfL levels
down to those seen in healthy controls within 6-12 months
(82), suggesting that NfL can be used to monitor therapeutic
efficacy. Similar observations have been made for fingolimod in
patients with relapsing remitting (RR) MS and for mitoxantrone
or rituximab and natalizumab in progressive MS (81). Recent
ultrasensitive assays have made it possible to measure the
biomarker in blood (serum or plasma; either matrix works
fine), showing excellent correlation with CSF (99). Blood NfL
behaves similar to CSE also in response to DMTs, making
it a promising blood biomarker for monitoring of treatment
efficacy (100, 101). Ongoing studies are now also exploring it
as a potential biomarker to detect side effects and suboptimal
treatment efficacy. A limitation of CSF and blood NfL is that the
marker is not specific to any diagnosis; it is a general marker
of axonal injury and increases in all neurological disorders that
involve such a process (81).

Areas of Application for CSF Biomarkers
Diagnosis

For a more reliable diagnosis of MS, many studies focus on
changes in CSF composition to find markers that distinguish
between MS and neuronal diseases with similar symptoms.
Recently, antibodies against aquaporin 4 (AQP4) were identified
in CSF of NMO, but not in MS patients (38, 39) (Table 3).
Since these antibodies are not present in every NMO patient,
additional markers are needed. Another newly discovered
biomarker is the anti-MOG antibody found in the CSF of
patients with demyelinating diseases such as optic neuritis
(usually recurrent), myelitis encephalitis, brainstem encephalitis,
and acute disseminated encephalomyelitis (ADEM)-like
presentations. Today, MOG-IgG-associated encephalomyelitis
(MOG-EM) is considered a separate disease entity (34).Other
candidates of potential biomarkers are described in the group
of cytokines [e.g., interleukin (IL)-6] (39), adhesion molecules
[such as soluble intracellular and vascular cell adhesion
molecule (SICAM and sVCAM) (89)], damage and repair
associated molecules [like glial fibrillary acidic protein (GFAP)
and haptoglobin] (39) and complement components [e.g.

Complement component 1-inhibitor (Clinh), Cls, C5 and factor
H] (94) (Table 3). Further studies need to evaluate the benefit of
these molecules in diagnosis.

Prognosis

Prognostic CSF markers may influence the choice of therapy for
MS, for example, when it is possible to distinguish between a very
active disease course and a mild progression. Protein chitinase 3-
likel (CHI3L1) and NfL are today the most promising prognostic
CSF markers to predict conversion of MS on the one hand
and disability on the other (58). Other markers that have been
shown to have prognostic potential for predicting the conversion
of CIS to clinical definite (CD) MS, from RRMS to secondary
progressive (SP) MS and a worse disease progression include
oligoclonal IgM bands (OCMB) and protein 14-3-3 (39).

Monitoring of Therapy Response and Side Effects

For MS various DMTs are approved by EMA and FDA. Different
CSF markers are described in particular molecules of neuronal
damage, pro- and anti-inflammatory cytokines and chemokines,
as well as damage and repair molecules that are influenced by
DMTs and that may reflect the efficacy of therapy (Table 3).
Treatment with Natalizumab, for which most data on CSF
molecules are available, leads, besides a decrease of NfL, to a
downregulation of CHI3L1, neurofilament heavy (NfH), IL-6, IL-
8, and chemokine (c-x-c motif) ligand CXCL13 (33, 39, 82, 102)
in CSF (Table 3). CXCL13 is also downregulated in CSF of
MS patients treated with steroids, B-cell depletion therapy or
fingolimod (39, 59). CHI3LI is down-regulated in CSF of MS
patients not only by natalizumab but also by treatment with
fingolimod and mitoxantrone (39, 59). Thus, both molecules
could serve as markers for therapy-response, CXCL13 as marker
of anti-inflammatory drugs and CHI3L1 for monitoring the
decrease in cell damage. Recently, elevated levels of soluble
cluster of differentiation (sCD) 27 and sCD21 have been found in
the CSF of MS patients (95) and, in particular, sCD27 has been
highlighted as a therapeutically responsive (natalizumab and
methylprednisolone) potent and sensitive marker for intrathecal
inflammation in progressive MS (96).

DMTs have been available for MS treatment for over
20 years and new DMTs with higher efficacy have been
continuously developed since then. Depending on the mode
of action of individual drugs, the risk of bacterial, viral,
parasitic and/or fungal infection may increase (103). Existing
latent viral infections can become active and trigger a severe
infection under DMT, as the modulation of the immune
system can lead to a decreased anti-viral immune response.
Best known is the development of progressive multifocal
leukoencephalopathy (PML) in MS patients infected with John
Cunningham Virus (JCV) as a severe side effect of natalizumab
therapy. Natalizumab is associated with the highest risk of
PML (incidence: one in 250) of all approved MS therapies
to our current knowledge (104-106). The frequency of PML
increases with the duration of natalizumab and former JCV-
negative patients may change to JCV-positive ones. Several
cases of PML have also been reported in MS patients treated
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TABLE 3 | Selection of molecular and cellular markers and their potential utility in MS diagnosis, prognosis and monitoring.

Diagnosis Prognosis (risk factor for) Monitoring
CDMS NMOSD CDMS Worse disease Therapy effects Therapy side References
course effects
ANTIBODIES
Anti-AQP4 1468 (38, 39)
Anti-JCV 1a (40, 41)
Anti-MOG If (42-44)
ocB 14 18 X (31, 32, 35, 39,
45, 46)
OCGB M X X 12 (39, 47-51)
OCMB 1435 X X (39, 51-57)
CYTOKINES/CHEMOKINES
CXCL13 (SDF-1q) 19 X X |ab.cg (33, 39, 51, 58-66)
IL-6 14,6 1@ (33, 39, 60, 67, 68)
IL-8 12 (33, 60)
DAMAGE AND REPAIR MOLECULES
14-3-3 12 X X (39, 69, 70)
CHI3LA 147 X X |adg (39, 58, 59, 61,
71-74)
GFAP M 16 X (39, 59, 61, 64,
75-77)
Haptoglobin 16 39)
NfH 1 X 12 (39, 58, 59, 78-80)
NiL 112 X X |acdg (39, 58, 59, 61,
64, 75, 77, 79-88)
ADHESION MOLECULES
SICAM-1 11,26 (89-92)
SVCAM-1 1126 (65, 89, 90, 93)
COMPLEMENT COMPONENTS
Ctinh 169 (94)
Cls 168 (94)
C5 169 (94)
Factor H 169 (94)
OTHER MOLECULES
sCD21 12 1ab (95, 96)
sCD27 1.2 1ap (95, 96)
NUCLEIC ACIDS
JCV DNA 12,089 (97, 98)

Findings of molecular markers in MS-specific clinical contexts are listed in the table. An arrow pointing upwards indicates an elevation and an arrow pointing downwards a decrease in
the amount of the respective molecule in CSF. NMOSD data were only considered when a difference to MS was described. (1) compared to HC; (2) compared to NIND; (3) compared to
OIND; (4) compared to OND; (5) compared to distinct disease groups or mixtures of control groups; (6) compared to MS; (7) compared to CIS; (8) compared to RRMS ('in remission); (9)
compared to control whose composition was not mentioned; (a) natalizumab; (b) steroids; (c) B-cell depletion therapy; (d) mitoxantrone; (e) dimethylfumarate; (f) DNA plasmid vaccine

BHT-3009; (g) fingolimod.

with fingolimod or dimethylfumarate (104-106). Although
there are no known cases of PML from alemtuzumab,
mitoxantrone, B-cell depletion or teriflunomide in MS patients,
a risk cannot be dismissed because these drugs or closely
related compounds have been associated with PML in other
diseases (105). The detection of JCV infection by anti-JCV
indices can be prevented by B-cell depletion therapies such
as Rituximab (107), since antibody production decreases with
decreasing B-cell numbers. Therefore, careful monitoring of
anti-JCV antibodies and/or JCV DNA in the blood and CSF is

necessary, in particular for natalizumab treatment and suspected
PML (108).

Not only JCV, but also other viral infections, which can
even lead to encephalitis, can occur under DMTs. The risk
of severe viral infections increases with cladribine (mainly
herpes zoster), ocrelizumab and natalizumab (herpes), and
fingolimod (herpes and varicella). Two deaths from herpes and
varicella encephalitis have been reported for fingolimod (106).
For this reason, careful monitoring of MS patients treated
with DMTs is recommended. If virus-induced encephalitis
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is suspected, DNA analyses in the CSF may be useful
for diagnosis.

CONCLUSIONS

OCB are important biomarkers that can support MRI diagnostics
and help to avoid false-positive MS diagnoses. Therefore, the
revised McDonalds criteria have increased the importance of
the OCB.

New biomarkers such as AQP4 have now established
themselves in clinical practice, and others such as Anti-MOG and
NfL are about to enter clinical routine.
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Objective: Rheumatic diseases with involvement of the central nervous system
(RDWCNS) may mimic multiple sclerosis (MS). Inversely, up to 60% of MS-patients
have antinuclear autoantibodies (ANAs) and may be misdiagnosed as RDWCNS. The
detection of antibodies against extractable nuclear antigens (ENA) and oligoclonal bands
(OCB) are established valuable diagnostic tools in the differential diagnosis of RDWCNS
and MS. The MRZ-reaction (MRZR) is defined by three antibody indices (Als) against
neurotropic viruses and is frequently positive in MS. To investigate the added value
of MRZR combined with testing for antibodies against ENAs and OCB detection to
distinguish RDWCNS from ANA positive MS.

Methods: MRZR was evaluated in RDWCNS (n = 40) and 68 ANA positive MS-patients.
Two stringency levels, MRZR-1 and MRZR-2 (at least one respectively two of three Als
positive) were applied. Autoantibody testing included ANA plus ENA and anti-dsDNA
antibodies, antiphospholipid antibodies, and anti-neutrophil cytoplasmic antibodies.

Results: Most of the RDWCNS patients (n = 32; 80%) suffered from systemic lupus
erythematosus. Within the RDWCNS group 20% had a positive MRZR-1 and 8.5% a
positive MRZR-2 compared to 80.9 and 60%, respectively within the MS-group (p <
0.0001 for both comparisons). Oligoclonal bands were found in 28.6% of the RDWCNS
patients and 94.3% of the MS-patients (o < 0.0001). Conversely, autoantibodies to
specific nuclear antigens or phospholipids were found more frequently in RDWCNS. A
positive MRZR in conjunction with the absence of ENA autoantibodies distinguished MS
from RDwWCNS with high specificity (97.5%).

Conclusions: We suggest combining MRZR, OCBs, and specific autoantibody
diagnostics to differentiate RDwWCNS from MS.

Keywords: anti-nuclear antibodies, systemic lupus erythematosus (SLE), multiple sclerosis (MS), intrathecal
polyspecific antiviral immune response, MRZ-reaction (MRZR)
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MRZ-Reaction in Rheumatic Diseases

INTRODUCTION

Multiple sclerosis (MS) is an immune-mediated inflammatory
disease of the central nervous system (CNS). MS and rheumatic
diseases show several commonalities. Between 20 and 60%
of MS-patients have a positive immunofluorescence testing
for anti-nuclear antibodies (ANAs) (1, 2) and in rheumatic
diseases such as systemic lupus erythematosus (SLE) or
anti-neutrophil cytoplasmic-antibodies (ANCA) associated
small vessel vasculitides, neuropsychiatric manifestations
are common and may mimic magnetic resonance imaging
(MRI), and cerebrospinal fluid (CSF) findings of MS (3, 4).
As neuropsychiatric symptoms may be the first clinical
manifestation of rheumatic diseases with involvement of the
central nervous system (RDwCNS) and inflammatory CSF
alterations and MS-like lesions in MRI are frequent, the
differential diagnosis between RDWCNS and ANA-positive MS is
difficult. Moreover, differentiating RDWCNS from ANA-positive
MS is essential for adequate treatment. Also the coexistence
of both a systemic inflammatory rheumatic disease and MS
in the same patient has to be considered since both entities
are of autoimmune origin and occur predominantly in female
patients. One essential diagnostic procedure in these patients
is the analysis of CSF which requires lumbar puncture. The
MRZ-reaction (MRZR) is a polyspecific, intrathecal humoral
immune response directed against three neurotropic viruses:
measles (M), rubella (R), and varicella zoster (Z), assessed using
the three respective antibody indices (Als) (5). The Al is a
calculated parameter to assess whether the antibodies measured
in the CSF are produced intrathecally or whether they are
originally blood derived. A high AI (>1.5) is an indicator for
antibody production within the CNS whereas an Al < 1.5 is
indicative for an antibody synthesis in plasma cells that are
not located within the CNS. In MS studies frequently two
thresholds defining a positive AI (>1.5 and >2.0) are assessed
(6). Furthermore, it is common to distinguish a positive MRZR-1
and a positive MRZR-2. A positive MRZR-1 is defined by at
least one positive Al and a positive MRZR-2 by at least two
positive Als out of the three calculated Als. Very likely the
positive MRZR represents a polyspecific B-cell-activation within
the CNS. Also the detection of oligoclonal bands (OCB), a very
sensitive but compared to the MRZR less specific marker for MS,
is an indicator for the involvement B-cells in the pathogenesis
of MS.

A high prevalence of positive MRZR has been described
in patients with relapsing remitting MS and with primary
progressive MS (6), while the significance of positive MRZR
in RDWCNS has not yet been explored in larger cohorts.
Since ANA can be detected also in healthy individuals, a
positive ANA-screening should lead to an analysis of extractable
nuclear antigens (ENA). Certain antibodies to ENA are highly
specific for connective tissue diseases (CTD), whereas the
absence of ENA or exclusive detection of DES70-autoantibodies
in ANA-positive individuals does not further support the
diagnosis of an underlying CTD (7). Therefore, the MRZR
together with ANA and ENA testing might represent a valuable
diagnostic procedure to separate MS from RDwCNS. This

is the first report on the diagnostic value of the MRZR in
combination with ENA-autoantibody diagnostics to differentiate
RDwWCNS-patients from ANA-positive MS in the largest cohort
of RDWCNS-patients published so far.

MATERIALS AND METHODS

Patients participating in this retrospective study were treated
at the University Medical Centre Freiburg and were identified
by an electronic database search. Routine medical diagnostic
workup included lumbar puncture in all patients and the storage
(—80°C) of paired CSF and serum samples according to local
biobanking protocols. Informed consent was obtained from all
patients. All experiments were carried out in accordance with
the Declaration of Helsinki. This study was approved by the
ethics committee of the University Medical Centre Freiburg (EK-
Fr489/14, EK-Fr507/16). Diagnoses of the rheumatic diseases
were made by board certified rheumatologists according
to current classification criteria (8-11). CNS-involvement of
RDwCNS was diagnosed based on clinical signs, and the presence
of at least one of the following findings: (A) inflammatory
CSF (intrathecal immunoglobulin synthesis, increased cell-
count, positive CSF specific oligoclonal bands (OCB), or
disturbance in the blood-CSF barrier indicated by an increased
albumin quotient) or (B) inflammation in brain or spinal
MRI compatible with RDWCNS as assessed by board-certified
neuroradiologists. MS-diagnosis was made according to the
2010 revised McDonald criteria (12). Total immunoglobulin
concentrations (IgGyya) Were measured by nephelometry (BN-
ProSpec System, Siemens, Germany). Measles-, rubella-, and
varicella zoster-specific IgG concentrations (IgGspec) were
measured using ELISA (Serion classic ELISA, Germany).
MRZR was calculated from the virus-specific antibody index
(AI) = QIgGspec/QIgGioral, if QIgGltotal] <Qlim, and Al
= QIgG[spec]/Qlim, if QIgG[total]>Qlim (13). The upper
reference range of QIgG, Qlim, was calculated according
to Reiber’s formula (13). Two thresholds for a positive Al
indicating specific intrathecal IgG-production (>1.5 and >2.0)
were analyzed (6, 14). MRZR-1 and MRZR-2 were positive
when at least one respectively two of the three calculated Als
were positive. ANA-staining pattern was assessed using indirect
immunofluorescence (IIF) on HEp-ZOOO® cells (Immuno
Concepts, Sacramento, CA, USA). Patients with positive IIF were
screened for autoantibodies against ENA using a lineblot assay
including nRNP/Sm, Sm, SS-A, Ro-52, SS-B, Scl-70, PM-Scl,Jo-
1, CENP-B, PCNA, dsDNA, nucleosomes, histones, ribosomal-
P-proteins, AMA-M2, and DFS70 (ANA-Profile3plusDFS70,
Euroimmun, Luebeck, Germany) and an anti-dsDNA-IgG-
ELISA (Euro-Diagnostica, Malmd, Sweden). Anti-phospholipid-
antibodies (Cardiolipin-IgG-ELISA, Euro-Diagnostica, Malmg,
Sweden) and anti-proteinase-3 (Orgentec Diagnostika, Mainz,
Germany) or myeloperoxidase (Euroimmun, Luebeck, Germany)
was measured using ELISA. Two or more OCB detected by
an isoelectric focusing technique (Hydragel Isofocusing, Sebia,
France) were regarded as positive (15). Statistical analyses were
performed using Fisher’s exact test (two-sided) and Student’s

Frontiers in Immunology | www.frontiersin.org

March 2019 | Volume 10 | Article 514


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

Venhoff et al.

MRZ-Reaction in Rheumatic Diseases

TABLE 1 | Patient characteristics, serological findings, and MRZ-reaction.

RDWCNS (n = 40) MS (n = 68) Statistics (p-value)
Gender, female, n (%) 30 (75) 48 (71) n.s.
Mean age years (range, SD) 45.7 (19-79, 19.1) 44.9 (23-73, 12.3) n.s.
CEREBROSPINAL FLUID ANALYSIS RESULTS
Increased total CSF cell count (>5/}1l), n (%) 15 (37.5) 20 (29.4) n.s.
Mean cell count/pl in CSF, (range, SD) 31 (1-433, 84) 6 (1-44, 8) p =0.0176
Cell count >50/pl, n (%) 4 (10) 0(0) p=0.0171
Intrathecal synthesis of IgG, IgM, or IgA, n (%) 11 (27.5) 43 (63.2) p = 0.0006
Oligoclonal bands, n (%) 13 (32.5) 61(89.7) p < 0.0001
SEROLOGICAL FINDINGS
Autoantibody positive, n (%) 38 (95) 68 (100) n.s.
IIF ANA positive, n (%) 33 (82.5) 68 (100) n.s.
Median ANA titer (IQR, range) 800 (400-3200; 200-6400) 400 (200-700; 100-3200) p = 0.0035
Anti-dsDNA, n (%) 22 (55) 3(3.9) p < 0.0001
Anti-nucleosome/anti-PCNA-antibodies, n (%) 13 (32.5) 0(0) p < 0.0001
Anti-SS-A/Ro, SS-B/La-antibodies, n (%) 6 (15) 0(0) p < 0.0001
Anti-centromere, anti-Scl70 antibodies, n (%) 3(7.5) 00 p = 0.0352
DFS70-antibodies, n (%) 0(0) 2(2.9) n.s.
ANCA, n (%) 5(12.5) 1(1.5) p = 0.0254
APA, n (%) 12 (30) 2(2.9) p < 0.0001
MEASLES-RUBELLA-ZOSTER-(MRZ)-REACTION
Mean Al for M (range, SD) 1.2(0.6-4.9; 0.7) 3.1(0.5-22.7; 3.3) p = 0.0007
Mean Al for R (range, SD) 1.2 (0.6-5.4; 0.8) 3.3(0.5-22.7; 4.1) p = 0.0021
Mean Al for Z (range, SD) 1.3(0.6-4.2; 0.8) 2.3(0.7-11.9; 2.3) p = 0.008
FREQUENCY OF POSITIVE ANTIBODY INDECES (Als) FOR MEASLES, RUBELLA, ZOSTER
Applied threshold defining a positive Al >1.5 >2.0 >1.5 >2.0 >1.5 >2.0
Positive Als (Measles), n (%) 4 (10) 2(5) 40 (58.8) 31 (45.6) p < 0.0001 p < 0.0001
Positive Als (Rubella), n (%) 4 (10 2 (5) 33 (48.5) 27 (39.7) p < 0.0001 p < 0.0001
Positive Als (Zoster), n (%) 5(12.5) 3(7.5) 30 (44.1) 21 (30.9) p = 0.0006 p = 0.0043
FREQUENCY OF PATIENTS WITH 0, 1, 2, 3 POSITIVE ANTIBODY INDECES (Al)
Applied threshold defining a positive Al >1.5 >2.0 >1.5 >2.0 >1.5 >2.0
0 positive Al, n (%) 32 (80) 35 (88) 13 (19.1) 21 (30.9) p < 0.0001 p < 0.0001
1 positive Al, n (%) 3(7.5) 3(7.5) 18 (26.5) 22 (32.4) p = 0.0221 p = 0.0039
2 positive Als, n (%) 3(7.5) 1(2.5) 19 (27.9) 16 (23.5) p=0.0128 p = 0.0048
3 positive Als, n (%) 2 (5) 1(2.5) 18 (26.5) 9(18.2) p = 0.0049 n.s.

Al, antibody index; ANA, antinuclear antibody; ANCA, anti-neutrophil cytoplasmic antibodies;, APA, antiphospholipid antibodies; dsDNA, double stranded DNA; IIF, indirect
immunofiuorescence; M, measles; MS, multiple sclerosis; n, number of patients; n.s., not significant; RDwWCNS, rheumatic diseases with involvement of the central nervous system; R,
rubella; SD, standard deviation; Z, varicella zoster. The bold values are the applied thresholds (>1.5 or >2.0) defining a positive Al for the calculation of the MRZR.

t-test (two-sided) with a p < 0.05 regarded as statistically
significant (Graphpad Prism version 7.01).

RESULTS

ANAs were assessed by IIF in a cohort of 149 MS-patients.
We found 68 MS-patients (45.6%) with positive ANA and
we compared them with 40 RDwCNS-patients. The RDwCNS-
group consisted of 32 patients with SLE (80%), six with ANCA-
associated vasculitis (15%), one with Cogan’s syndrome and
one with Behcet’s disease. All RDWCNS patients fulfilled the
classification criteria for their underlying rheumatic disease
and showed signs of CNS involvement (definition see above).

Except for the patients with Cogan’s syndrome, Behcets
disease and one patient with ANCA-associated vasculitis
all had at least one specific autoantibody supporting the
diagnosis of the rheumatic disease. The diagnosis was also
supported by concomitant non-neurological manifestations at
the skin/mucosa (n 34), joints (n = 26), blood/cytopenia
(n 15), peripheral nervous system (n 7), ear-nose-
throat-involvement (n = 5), pericarditis/pleuritis (n 5),
or lung-involvement (n 4). Both groups were similar
regarding age and sex (Tablel). In both, the MS- and the
RDwWCNS-group, <40% of patients had total CSF cell-counts
above 5/pl. The RDWCNS-group though showed higher mean
CSF cell-count (cells/pl) and higher frequency of patients
with high CSF cell counts (>50 cells/nl) (p < 0.05 for
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both comparisons). The proportion of patients with increased
intrathecal immunoglobulin synthesis (IgG, IgM, or IgA)
and positive OCBs, both used as diagnostic parameters for
MS, was significantly higher in MS-patients (p < 0.001 for
both comparisons). Within the MS-group positive OCBs were
found in 89.7% which was more frequent than a positive
MRZR-1 (80.1%). Nevertheless positive OCBs and intrathecal
immunoglobulin synthesis were also found in approximately 30%
of our RDWCNS-patients. With respect to serological findings
ANA-positive MS-patients had a lower median ANA serum titer
compared to RDwCNS. Correspondingly, specific autoantibodies
directed against nuclear antigens (ENA-analysis) were more
frequent in RDWCNS (see Table 1).

Mean Als for measles, rubella, and zoster were significantly
higher in MS-patients compared to RDWCNS-patients (Table 1).
Positive Als, irrespectively of the thresholds used for definition
(>1.5 and >2.0) were found with a higher frequency in ANA-
positive MS compared to RDwCNS for all three specificities.
Within the MS-group Als were most frequently positive for
measles, followed by rubella and varicella zoster. This Al-
distribution pattern was not found within the RDwWCNS-group.
The MRZR-1 (AI positive when >1.5) was positive in 80.9% of
ANA-positive MS-patients and 20% of RDwCNS-patients (p <
0.0001), the MRZR-2 was positive in 54.4% compared to 12.5% in
RDwCNS (p < 0.0001) (Figure 1). By using the higher threshold
of >2.0 for a positive AL the prevalence of a positive MRZR-2
dropped to 2.5% (n = 1) within the RDWCNS-group compared
to 36.8% within the MS-group (p < 0.0001).

Within the ANA-positive MS-group 55 of the 68 patients
(80.9%) had a positive MRZR-1 but only seven MS-patients
(10.3%) had specific autoantibodies. When combining
both biomarkers, a positive MRZR-1 and the absence of
autoantibodies against specific autoantigens, statistical analysis
showed an increased specificity of 97.5% and an only slightly
decreased sensitivity of 75% for the diagnosis of MS.

- MRZ reaction
3 -
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N | p— | MS
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FIGURE 1 | MRZ reaction in RDWCNS patients compared to MS patients.
llustrated is the frequency of a positive MRZR-1 and MRZR-2 calculated with
an Al defined positive when >1.5 () or >2.0 (**). MRZR, MRZ reaction; MS,
multiple sclerosis; RDWCNS, rheumatic disease with CNS involvement.

DISCUSSION

Rheumatic diseases with involvement of the central nervous
system are a diagnostic challenge, especially if CNS-involvement
is the first or only manifestation. Furthermore, RDWCNS has to
be distinguished from rheumatic diseases with co-manifestation
of MS. Not only clinically, but also by using imaging diagnostics
and CSF analyses it is often difficult to distinguish RDwCNS
clearly from MS, especially within the early disease course of
MS and when autoantibodies like ANA are present in MS-
patients (1-3).

Antinuclear antibodies, which are the hallmark of connective
tissue diseases, were found in nearly half of our MS-cohort,
a frequency within the published range between 20 and 60%
(1,2). Also ANCA, crucial in the diagnostics of ANCA-associated
vasculitides were found to be present in a small proportion of
MS-patients. Since testing for specific autoantibodies (extractable
nuclear antigens, dsDNA, anti-phospholipid-antibodies, anti-
proteinase 3- or anti-myeloperoxidase-antibodies) was positive
in only 10% of the ANA-positive MS-patients, ANA-diagnostics
should always comprise both, indirect immunofluorescence
for screening and immunoblot/ELISA for differentiation of
antibodies against nuclear antigens, to distinguish RDwCNS
from ANA-positive MS. ANA-differentiation should include
DFS70-antibodies. If DFS70-antibodies are detected exclusively
in an ANA-positive patient, the positive ANA-test does not
increase the likelihood for a CTD (7). We found statistically
significant differences between RDWCNS and MS regarding
CSF cell count, the presence of OCBs and the production of
intrathecal immunoglobulins, but none of these parameters was
able to reliably differentiate ANA-positive MS from RDwCNS,
when used exclusively. It has already been shown that a positive
MRZR has a higher specificity than the presence of OCBs
for the diagnosis of MS, while positive OCBs have a high
sensitivity but quite low specificity. In line with these data
we found OCBs more frequent than a positive MRZR-1 in
our MS-group but also in a relatively high frequency in our
RDwCNS-cohort. Even when combining MRI, CSF and clinical
findings it can be difficult to differentiate MS from RDwCNS.
Therefore, only the combination of several diagnostic parameters
established for MS and for RDWCNS, may result in a diagnostic
algorithm with sufficient sensitivity and specificity to distinguish
between both disease entities. MRZR is already established as
a valuable diagnostic tool in MS, but to date it is not used
to differentiate RDWCNS from ANA-positive MS. Therefore,
we aimed to include MRZR in the diagnostic algorithm in
addition to already established diagnostic procedures (e.g.,
OCBs). MRZR was found positive more frequently in MS
than in RDWCNS, despite a high frequency of autoantibodies,
hypergammaglobulinemia and positive OCBs in RDwCNS. This
is in accordance with findings described before in MS-patients
independently of their ANA-status (14, 16, 17). Especially in
combination with the absence of specific autoantibodies to
nuclear antigens or lack of ANCA-reactivity against PR3 or
MPO, MRZR-1 yielded a high specificity and a good sensitivity
for diagnosis of MS. Since DFS70-autoantibodies, which help
to exclude CTDs, were positive in only 2.5% of the MS-group,
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this test was of no further diagnostic value in ANA-positive
MS-patients (7).

Three female patients in our RDWCNS-group had a positive
MRZR-2 reaction (threshold >1.5). In one of these the MRZR
remained positive even when a threshold >2.0 was applied,
making it difficult to exclude the coexistence of both SLE and
MS. Unfortunately, CSF diagnostics, electrophysiological tests,
MRI, and the pattern of non-neurological clinical manifestations
were not sufficient to exclude MS in this patient. In conclusion,
we found a positive MRZR in a large proportion of ANA-
positive MS-patients but in very few RDwCNS-patients. MRZR
seems to be less sensitive but more specific than OCBs for
the diagnosis of MS. Especially, when specific autoantibodies
are absent, a positive MRZR yields a high specificity with
good sensitivity. Therefore, we recommend including both, the
MRZR and autoantibody screening for ENA, as parameters
additionally to the established parameters like OCB in the
diagnostic algorithm for differentiation of RDWCNS from ANA-
positive MS.

DATA AVAILABILITY

All datasets generated for this study are included in the
manuscript and/or the supplementary files.
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Sclerosis Based on Serum Cytokines
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Ekaterina Martynova®, Albert A. Rizvanov*, Svetlana F. Khaiboullina*® and
Manoj Baranwal ™

" Department of Biotechnology, Thapar Institute of Engineering and Technology, Patiala, India, 2 Department of Computer

Science and Engineering, Thapar Institute of Engineering and Technology, Patiala, India, * Republican Clinical Neurological
Canter, Republic of Tatarstan, Russian Federation, Kazan, Russia, * Institute of Fundamental Medicine and Biology, Kazan
Federal University, Kazan, Russia, ° Department of Microbiology and Immunology, University of Nevada, Reno, NV,

United States

Multiple sclerosis (MS) is a neurodegenerative disease characterized by lesions in the
central nervous system (CNS). Inflammation and demyelination are the leading causes
of neuronal death and brain lesions formation. The immune reactivity is believed to be
essential in the neuronal damage in MS. Cytokines play important role in differentiation
of Th cells and recruitment of auto-reactive B and T lymphocytes that leads to neuron
demyelination and death. Several cytokines have been found to be linked with MS
pathogenesis. In the present study, serum level of eight cytokines (IL-18, IL-2, IL-4,
IL-8, IL-10, IL-13, IFN-y, and TNF-a) was analyzed in USA and Russian MS to identify
predictors for the disease. Further, the model was extended to classify MS into remitting
and non-remitting by including age, gender, disease duration, Expanded Disability Status
Scale (EDSS) and Multiple Sclerosis Severity Score (MSSS) into the cytokines datasets in
Russian cohorts. The individual serum cytokines data for the USA cohort was generated
by Z score percentile method using R studio, while serum cytokines of the Russian
cohort were analyzed using multiplex immunoassay. Datasets were divided into training
(70%) and testing (80%). These datasets were used as an input into four machine
learning models (support vector machine, decision tree, random forest, and neural
networks) available in R programming language. Random forest model was identified
as the best model for diagnosis of MS as it performed remarkable on all the considered
criteria i.e., Gini, accuracy, specificity, AUC, and sensitivity. RF model also performed
best in predicting remitting and non-remitting MS. The present study suggests that the
concentration of serum cytokines could be used as prognostic markers for the prediction
of MS.
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Goyal et al.

Predictive Model of Multiple Sclerosis

INTRODUCTION

Multiple sclerosis (MS) is a chronic disease of the central
nervous system (CNS) caused by chronic inflammation and
autoimmune response. MS can be classified on the basis of
onset of symptoms and their progression into relapsing remitting
(symptoms appearing and disappearing), primary progressive
(progressive symptom elevation), and secondary progressive
(relapse-remitting MS development to progressive MS) multiple
sclerosis. The disease is characterized by demyelinating areas in
the brain and spinal cord which appear as plaques or lesions
in the white and gray matter (1, 2). Blood Brain Barrier (BBB)
was shown to be affected, which explains the presence of
circulating leukocytes into the brain matter (3). The auto-reactive
T lymphocytes penetrating BBB could target neuroglia leading
to more damage within the brain and thus exposing myelin
antigens. These auto-reactive T cells can cause deterioration of
the myelin sheath, which is essential for signal transmission
within the brain (4). Depending on the varied locations of lesions
in brain, clinical symptoms of MS may vary including vision loss,
numbness, fatigue, movement difficulties, and many more (5).

Neuronal damage and neuroglial activation could cause
the secretion of various cytokines which are involved in
differentiation of Thl, Th2, Th9, and Th17 lymphocytes (6).
Studies have shown changes in various cytokines level in serum
and cerebrospinal fluid (CSF) of MS patients as compared to
controls (7-9). These cytokines are associated with Th1l (IFN-
¥, TNF-a, IL-2) and Th2 (IL-4, IL-5, IL-13, IL-6) type immune
responses. Also, activation of Th17 and Th9, secreting IL-17 and
IL-9, respectively, was shown to play role in the progression of
MS (10). Interestingly, loss of the natural regulatory T cells (Tyeg)
function was demonstrated as one of the factors leading to MS
(11, 12). It is believed that suppression of the Tye; population can
lead to proliferation of auto-reactive T cells in MS (11).

The analysis of body fluids such as blood, saliva, cerebrospinal
fluid, and urine is often used to diagnose various diseases at the
early stage. This analysis can be highly accurate and cost effective
than the conventional diagnostic techniques such as computed
tomography (CT), magnetic resonance imaging (MRI) scans,
and tissue biopsies. The body fluids are commonly analyzed to
determine changes in biomolecules which are either directly or
indirectly associated with the disease progression. Since, blood
cytokines is known to be affected in MS, hence we propose that
changes in cytokine could be used as a prognostic markers for
MS diagnosis.

Machine learning approaches were successfully employed for
prediction of Alzheimer’s disease, diabetes, inflammatory bowel
disease, and diagnosis of glaucoma (13-16). Recently, machine
learning approach was applied into demographic dataset to
predict MS disease course (17). Martins et al. analyzed thirteen
inflammatory cytokines in 833 MS patients and 117 controls of
USA population (18). Eight out of thirteen cytokines were found
to differ significantly in MS as compared to controls (18). These
eight cytokines were also analyzed in MS patients and controls of
Russian cohort. In current study, four machine learning models
were applied to predict MS using these eight cytokines (IL-18,
IL-2, IL-4, IL-8, IL-10, IL-13, IFN-y, and TNF-a) data of USA

1. Cytokine dataset selection

2. Dataset generation

3. Training of machine learning models

4. Testing of the proposed model

5. Analysis of result

FIGURE 1 | Methodology of the proposed work.

and Russian cohorts. Further, machine learning models were
also used to classify MS into remitting and non-remitting based
on eight cytokine serum level, age, gender, disease duration,
Expanded Disability Status Scale (EDSS) and Multiple