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Abstract: The special issue on Multiple Sclerosis: Diagnosis and Treatment II, reflects advances and
discoveries in the molecular and cellular mechanisms of disease, and novel laboratory techniques
providing more sensitivity to diagnostic techninques and the understanding of neuroinflammation.
Mitochondrial-mediated apoptosis in isolated peripheral blood mononuclear cells and the role of
reactive oxygen species are studied as indicators of activity of MS. In these cells, downregulation
of circular and linera RNAs are reported as markers of highly active disease in MS. Progress and
importance of Neurofilaments determinations in early diagnosis and as a marker of disease activity,
and the analysis of the complex mechanisms and therapeutic potential of Sphingosine-1-phosphate
receptor modulator are discussed. Epidemiologic observations from a highly diversified area of the
world provide more insights into this important aspect of MS; discussions on the clinical challenges
posed by spinal cord involvement in demyelinatind disorders and the latest aspects of pediatric onset
MS, complement this fine collection of scientific papers.

Keywords: multiple sclerosis; acetylcholine; PBMCs; minority populations; spinal cord; sphingosine-
1-phosphate modulators; neurofilaments light chain; biomarkers; microRNAs; child neurology

Evolution in the knowledge of previously obscure molecular mechanisms underlying
clinical manifestations of multiple sclerosis (MS) has been truly remarkable and has added
to the progress of diverse branches of neurosciences. Understanding new molecular (be-
yond some of the known immunologic mechanisms) and biochemical aspects contributing
to the intimate mechanism of the disease, while definitely adding to the complexity of MS,
concomitantly provides the potential to translate alterations of these paths into therapeutic
interventions for this multifaceted neurological disorder.

Epidemiologically, MS is the most common inflammatory, demyelinating, and degen-
erative disease of the central nervous system (CNS). In the US, Canada, the British Isles,
Scandinavia, Northern Europe, and other areas of the world where MS has a considerable
prevalence, this condition constitutes the most common cause of neurological disability
in young adults after head injury. In addition, current data indicate the presence of MS in
practically every ethnic group in the world.

Etiologically, MS represents a multifactorial complex whereby numerous environmen-
tal elements with epigenetic effects contribute to triggering the disease in a genetically
susceptible individual.

Mechanistically, MS is an autoimmune disease, with its typical erroneous immune
cascade initiating by activation of peripheral T-cell lymphocytes by antigen-presenting
cells. Under influences from B-cell lymphocytes and other molecular stimulations, cell
division increases, and the permeability of the blood–brain barrier is favored by the release
of pro-inflammatory cytokines by T-cells. This setting facilitates the trafficking of immune
cells into the CNS with the consequent attack of myelin and eventually axonal injury.
A gamut of clinical neurological manifestations will result from damage to these CNS
structures.

Biomedicines 2021, 9, 1605. https://doi.org/10.3390/biomedicines9111605 https://www.mdpi.com/journal/biomedicines
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Many of the molecular mechanisms involved in this process are unknown. Acetyl-
choline (Ach) participates in the modulation of central and peripheral inflammation irre-
spective of the causation, ergo in neuroinflammation in MS. T and B cells, macrophages,
dendritic cells, microglia, astrocytes, and oligodendrocytes all play a consequential role in
the immunology involved in the disease, and all express cholinergic markers and receptors
of muscarinic and nicotinic type. The Ach hydrolyzing enzymes acetylcholinesterase and
butyrylcholinesterase are reportedly reduced in MS while (not necessarily in a homeostatic
response) pro-inflammatory cytokines (IL-6, Tumor Necrosis Factor, and interferon-gamma
among others) are released in excess by activated T-cells. Genetic influences are shown by
the influence of polymorphisms in the enzymatic activity, and the expression of cholinergic
markers in serum and cerebrospinal fluid (CSF) during clinical exacerbation in patients
with relapsing disease, and in the chronic phases of the animal model with experimen-
tal autoimmune encephalomyelitis (EAE), demonstrate the possible correlation between
cholinergic system alterations and neuroinflammation in MS [1].

Since MS pathophysiology largely depends on cellular behavior, the proliferation and
increased division of activated lymphocytes are confounded when mitochondria-mediated
apoptosis is impaired. Several mechanisms and proteins—including optic atrophy 1 (OPA1)
protein, PHB2 protein, and increased reactive oxygen species (ROS)—regulate mitochon-
drial dynamics and release pro-apoptotic factors. These phenomena were studied utilizing
sophisticated techniques in isolated peripheral blood mononuclear cells (PBMCs), demon-
strating deregulation of OPA1 processing and increased PHB2 and ROS. As postulated by
the investigators, these molecular parameters could also be useful to evaluate MS activ-
ity [2]. In addition, increased ROS and its role in the senescence of the immune system are
being studied at present.

Epidemiological observations have shown that in addition to global differences in MS
prevalence among ethnic and racial groups, disease severity and clinical features appear to
differ among populations. A retrospective analysis performed on multi-ethnic cohorts in
Houston, Texas, US, disclosed substantial disparities in epidemiological distributions, risk
factors, neurological disability, and magnetic resonance imaging (MRI) findings among
the groups [3]. Houston is reportedly the most ethnically diverse city in the US. In this
study, African Americans (AA) and Hispanics (people of Latin American extraction) had a
lower incidence than White patients but had greater disease encumbrance and disability in
earlier stages of the disease. At the onset, however, mean age and degree of brain atrophy
were similar, as was the degree of volume loss progression over time and the burden
of T1, T2, and gadolinium-enhancing lesions. The study showed that active smokers
had significantly increased odds of greater disability both at diagnosis and at last clinical
encounter compared to nonsmokers (OR: 2.44, 95% CI: 1.10–7.10, OR = 2.44, 95% CI:
1.35–6.12, p = 0.01, respectively).

This study also disclosed the importance of access to care. Patients who were evaluated
by a neurologist at symptom onset had significantly decreased disability (defined by
the investigators as Expanded Disability Status Scare (EDSS) > 4.5) at last presentation
compared to patients who were not evaluated by a neurologist (OR: 0.04, 95% CI: 0.16–0.9).

The accurate diagnosis of clinically definite MS continues to be a challenging task,
involving a great responsibility for the practitioner since the current paradigm of “early
diagnosis, early treatment” will reflect an improved prognosis. The internationally used
McDonald Criteria 2017 version [4] is an essential diagnostic tool designed to amalgamate
the clinical presentation (first event) along with specific MR imaging criteria and CSF
analysis demonstrating the presence of Oligoclonal Bands. The conjunction of all these
elements provides the cardinal principles of lesions disseminated in space and disseminated in
time, and that is not a better explanation for the clinical picture. The proper utilization of the
McDonald Criteria considerably reduces the possibilities of misdiagnosis as well.

Despite the progress accomplished in MS diagnostic identification, disease biomarkers
have been notably lacking. Blood neurofilament light chain (NfL), neuronal-specific het-
eropolymers, have been established as a marker of neuronal and axonal injury in diverse
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neurodegenerative and inflammatory disorders. NfLs are light (low-molecular-weight)
chains with a specific carboxy-terminal domain. Following synthesis and assembly in the
neuron cell body, tetrameters of NfL proteins are transported bidirectionally along axons
by the microtubular apparatus, forming an overlapping array that runs parallel to axons.
Once formed, however, in a healthy state, they remain stable for months to years. In the
presence of neuronal–axonal disease, NfL is released into the CSF and blood compartments,
becoming specific indicators of CNS structural damage. NfL is reported to be significantly
elevated in amyotrophic lateral sclerosis, Alzheimer’s disease, frontotemporal dementia,
and other CNS-degenerative conditions, and even in some peripheral neuropathies. NfL
was initially studied in CSF, but the invasive nature of the lumbar puncture procedure
limited its utilization. More recently, the advent of ultrasensitive digital immunoassay
technologies has enabled reliable detection and measurement in serum/plasma. A compre-
hensive review of the diagnostic potential of NfL in MS, and the association with clinical
outcomes, emphasizes the next steps to overcome before this test is adopted on a routine
clinical basis [5].

The presence of numerous clinical phenotypes and the development of a monophasic
course (the majority of cases exhibit a relapsing/remitting course) are special challenges to
consider in the differential diagnosis of MS, particularly in cases where the spinal cord is
involved.

An actualized review of clinical aspects, MRI spinal cord lesion patterns, CSF pro-
files, and autoantibodies in conditions such as neuromyelitis optica (anti-Aquaporin-4
IgG), anti-Myelin oligodendrocyte glycoprotein (MOG), and anti-glial fibrillary acidic
protein IgG-associated diseases underlines the understanding of individual case etiology
to make adequate therapeutic decisions, crucial for the prognosis and long-term outcomes
in patients with MS or its mimickers [6].

Treatment of MS has experienced remarkable progress since the advent of disease-
modifying therapies (DMT) as injectable interferons and glatiramer acetate in the decade of
1990, considered at present as first-line or platform treatments. Pharmacological agents of
more recent approval include some monoclonal antibodies (MABs) with specific molecular
targets; three of these agents are administered by periodic intravenous infusion, and one
is injected subcutaneously. An important addition to the therapeutic armamentarium
constituted the emergence of oral medications: sphingosine-1-phosphate receptor (S1PR)
modulators, fumarates, and cladribine. MABs and oral medications are rated in general
in the range of moderate-to-high efficacy agents. The US Food and Drug Administration
approved the first S1PR modulator, fingolimod, in 2010, and the European Medicine
Agency approved in the following year.

The molecule sphingosine-1-phosphate, via its G-protein-coupled receptors, signals
lymphocytes to egress from peripheral lymphoid organs. S1PR-antagonist agents promote
sequestration of lymphocytes in the lymph glands and hence reducing lymphocyte-driven
inflammatory damage of the CNS. Five S1P receptors have been identified (S1PR1-5). In
2020–2021, other S1PR-modulator drugs became available: Siponimod, Ozanimod, and
Posenimod.

These agents reduce relapse risk, sustained disability progression, MRI markers of
disease activity, and whole-brain atrophy. A review [7] of the molecular characteristics of
this family of therapeutic modulators addresses the possibility of the development of more
selective and intracellular S1PR-driven downstream pathway modulators for MS.

While the role of NfL as a diagnostic marker for MS is being considered (see above), an
exploratory observational study assessed serum levels behaviors measured longitudinally
before and after 24 months of treatment with first-line immunotherapy, carried out in
patients with relapsing–remitting MS [8]. The medications utilized were the traditional
platform therapies: interferon-beta and glatiramer acetate. Overall serum NfL was higher
at time points concurrent with relapse than during remission periods (12.8 pg/mL vs.
9.7 pg/mL, p = 0.011). At follow-up, relapse-free patients showed significantly reduced
serum NfL starting from 9 months compared to baseline (p = 0.05) and reduced levels
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after 12 months compared to baseline (p = 0.013) in patients without EDSS progression for
12 months. These data suggest that longitudinal measurements of serum NfL to monitor
disease activity and therapy response in MS are one more potential aspect to explore for
this biomarker.

Observations in MS patients with highly active disease (defined as a clinical course
with frequent and repeated relapses and new T2 or gadolinium-enhancing lesions by MRI)
show the presence of anti-myelin lipid-specific oligoclonal IgM bands (LS-OCMBs) in CSF
to be an accurate predictor of an aggressive evolution of the disease. A disadvantage of
this assessment is the need for an invasive spinal tap procedure. Investigators have studied
the expression profile of circular RNA and linear RNA arrays in PBMCs from patients
with LS-OCMBs. Two circular (hsa_circ_0000478 and hsa_circ_0116639) and two linear
RNAs (IRF5 and MTRNR2L8) were downregulated in PBMCs from patients with positive
CSF bands (70% accuracy). The investigators propose that RNAs’ expression in peripheral
blood cells might serve as minimally invasive biomarkers of highly active MS [9].

The clinical, laboratory, and experimental studies in this Special Issue address novel
immunologic and molecular findings and their impact and influence on clinical manifes-
tations in adult patients with MS. It is estimated that between 3 and 5% of all patients
have an onset of disease under de age of 18 (considered as the pediatric age), and although
MS is rare in children, it carries a significant physical and cognitive disability in these
groups. Progress in the understanding of MS in children and the availability of pediatric
MS diagnostic criteria is essential in differentiating this disorder from a myriad of com-
plex neurological diseases affecting children. The incidence between males and females
diagnosed before puberty is relatively equivalent. In adolescents, the ratio of females to
males with MS increases to 2 to 3:1, similar to the gender distribution in adults. A review
study [10] emphasizes the development of the International Pediatric MS Study Group
in 2005 as a milestone in the progress of the knowledge base surrounding pediatric MS,
including clinical manifestations and possibilities of treatment.

Knowledge of MS over recent decades has flourished substantially, resulting in notable
scientific findings, the development of sensitive laboratory technologies, and enrichment
of the understanding of the clinical aspects of this complex neurological disorder.
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Abstract: Multiple sclerosis (MS) is an autoimmune and demyelinating disease of the central
nervous system. Although the etiology of MS is still unknown, both genetic and environmental
factors contribute to the pathogenesis of the disease. Acetylcholine participates in the modulation
of central and peripheral inflammation. The cells of the immune system, as well as microglia,
astrocytes and oligodendrocytes express cholinergic markers and receptors of muscarinic and
nicotinic type. The role played by acetylcholine in MS has been recently investigated. In the
present review, we summarize the evidence indicating the cholinergic dysfunction in serum and
cerebrospinal fluid of relapsing–remitting (RR)-MS patients and in the brains of the MS animal
model experimental autoimmune encephalomyelitis (EAE). The correlation between the increased
activity of the cholinergic hydrolyzing enzymes acetylcholinesterase and butyrylcholinesterase, the
reduced levels of acetylcholine and the increase of pro-inflammatory cytokines production were
recently described in immune cells of MS patients. Moreover, the genetic polymorphisms for both
hydrolyzing enzymes and the possible correlation with the altered levels of their enzymatic activity
have been also reported. Finally, the changes in cholinergic markers expression in the central nervous
system of EAE mice in peak and chronic phases suggest the involvement of the acetylcholine also in
neuro-inflammatory processes.

Keywords: cholinergic system; acetylcholine; multiple sclerosis; inflammation; cytokines; EAE

1. Acetylcholine and Immune System

Acetylcholine (ACh) is known as one of the main neurotransmitters in the central (CNS) and the
peripheral nervous system (PNS) [1]. It plays relevant roles in several organisms: in multicellular
organisms and in particular in mammalian species, it mediates the communication between the
nervous system and several peripheral organs such as muscle cells, heart, glands, gut, etc.....[2,3].
Interestingly, ACh can be produced also by non-neuronal cells, such as keratinocytes and endothelial
cells, contributing to local regulation of the cell physiology [4–6].

Evidence has been accumulated over the past 20 years on the ability of immune cells to respond to
cholinergic stimuli, focusing on the cholinergic modulation of the immune response and inflammatory
processes both in the immune system and in the brain [7,8].

The first evidence suggested that the vagus nerve was responsible of the control of immune
cells responses by inflammatory reflex mediated by the cholinergic stimulation [9]. Albeit the vagus

Biomedicines 2020, 8, 153; doi:10.3390/biomedicines8060153 www.mdpi.com/journal/biomedicines7
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nerve stimulation can modulate the peripheral inflammation, it has been proposed that it may control
ACh production directly by the immune cells in the spleen or in other lymphoid organs through
adrenergic stimulation [10,11]. This hypothesis appears more realistic considering that the ACh has
an extremely short half-life in vivo as a consequence of the ubiquitous distribution of its hydrolytic
enzymes acetylcholinesterase (AChE) and butirylcholinesterase (BChE) [12], which rapidly degrade it.
Therefore, the cholinergic source of ACh must be very close to the site of action (paracrine function).
It has been shown that several immune cells are able to produce ACh and to respond to cholinergic
stimuli. T and B cells, macrophages and dendritic cells (DCs) express most of the components of the
cholinergic system [13,14]. The presence of choline acetyltransferase (ChAT) and AChE in immune
cells has been demonstrated by different techniques [8,15,16]. Immunological activation of T cells
up-regulates cholinergic activity, as well as the toll-like receptor activation by selective agonists, induces
ChAT expression in DCs and macrophages [7]. These data support a clear cholinergic involvement in
the regulation of the immune functions.

The acetylcholine signaling in the immune system is mediated by two types of cholinergic
receptors: the muscarinic and nicotinic receptors.

The muscarinic receptors (mAChRs) are metabotropic receptors able to activate different signal
transduction pathways [17]. The immune cells express muscarinic receptors whose selective activation
modulates the synthesis and production of pro-inflammatory cytokines contributing to modulating the
inflammatory processes and, albeit they are not involved in the regulation of the antibodies’ synthesis,
they favor the antibody class switching from IgM to IgG1 [18,19].

Nicotinic receptors (nAChRs) are classical ionotropic receptors. The immune cells express different
nicotinic receptor subunits (α2, α4, α 5, α9, α7 and β1, β2) whose combination contributes to the
hetero- or homopentameric receptor subtype formation. The expression of these receptors is differently
distributed in the immune cells and in some cases correlates with their differentiation state [20].
The homopentameric α7 nAChR is the best characterized nicotinic receptor subtype in the immune
system. This receptor appears mainly involved in the inhibition of inflammatory processes modulating
the production of the anti-inflammatory cytokine, suppressing dendritic cells and macrophage activity
and leading to the suppression of T cell differentiation [21,22].

Considering the relevant role of the ACh and its receptors in immune cells functions and in the
modulation of the inflammatory processes, it is not difficult to hypothesize that a better understanding
of the roles played by ACh and its receptors in inflammatory-related diseases such as neurodegenerative
diseases, is of great clinical relevance.

In the present review, we summarize the data indicating the possible involvement of ACh also in
demyelinating disease such as multiple sclerosis (MS), reporting recent data demonstrating how the
alteration of the cholinergic system activity is present in MS patients and in experimental autoimmune
encephalomyelitis (EAE) mice, may be correlated with the immune system dysfunction and alterations
of the neuro-inflammatory processes characterizing the MS pathology.

2. Cholinergic Dysfunction in Multiple Sclerosis

MS is an autoimmune disease characterized by demyelination and chronic inflammation.
The progressive phases of the disease are associated with myelin sheets alteration and degradation and
decreased oligodendrocyte differentiation. The involvement of the cholinergic system in MS is poorly
known. However, several studies on EAE mice have suggested how the treatment with cholinesterase
inhibitors may improve motor and cognitive impairment and reduce the neuro-inflammation [23].
These effects were significantly abolished by α7 nAChR antagonists [24]. Moreover, as reviewed by
Nizri and Brenner [25], the α7 nAChRs also play a relevant role in the immune system where they
control the number of dendritic cells and the proliferation of the autoreactive T cells [26].

According to this evidence, the ACh production and cholinergic marker expression and activity in
serum and cerebrospinal fluid (CSF) of MS patients were reported [27]. The first data have demonstrated
that ACh levels were significantly lower in MS patients with a relapsing–remitting course of the disease
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(RR-MS) compared with healthy subjects (HS), both in sera and CSF [27,28]. However, no relationship
was found between ACh levels and patient gender or demographic and clinical aspects [27].

Interestingly the enzymatic activity of the ACh hydrolyzing enzymes AChE and BChE resulted
significantly increased in sera of MS patients [29]. The studies of the expression of AChE and
BChE transcripts in peripheral blood mononuclear cells (PBMC) of MS patients have demonstrated
an increase in the transcript levels of both hydrolyzing enzymes, in particular for BChE [28,29].
Moreover, the levels of ACh biosynthetic enzyme ChAT were higher in MS patients compared with
HS. Finally, the expression of transcript for OCTN-1 and mediatophore, the two proteins typically
expressed in immune cells and responsible for the non-vesicular ACh release were also upregulated in
MS patients [29].

These results suggest that the decreased levels of ACh observed in MS patients, may mainly be
dependent on the increased expression and activity of cholinergic hydrolyzing enzyme BChE and
AChE (Figure 1).

The dysregulated homeostasis of ACh has already been described in other neurological and
neurodegenerative diseases (i.e., schizophrenia, Alzheimer’s, Parkinson diseases) [30]. For these
pathologies, as well as for MS, it is difficult to understand whether the cholinergic dysregulation is the
cause or the effect of the pathology.

Interestingly, also some autoimmune diseases present alterations of cholinergic receptors
expression or activity (i.e., Sjogren’s disease, sepsis, myasthenia gravis) [31–33], confirming a relevant
role of cholinergic receptors also in immune system activity. Thus, the MS may be a new pathology
possibly correlated with cholinergic dysfunction.

3. The Interface between Cholinergic System and Inflammatory Cytokines in MS

Cytokines orchestrate all phases of immune responses, act in highly complex and dynamic
networks in a paracrine and/or autocrine manner and often perform overlapping and partly redundant
functions through multicomponent molecules that can be shared by different cell types. For the
homeostatic balance, a dynamic equilibrium between pro and anti-inflammatory cytokines is required.
Cytokines play a key role in the pathogenesis of MS through the activation of the immune system in
the periphery and in the central nervous system. Aberrant immune responses occur in MS and it is
likely that the spectrum of the cytokines produced decisively influences the outcome of the disease, as
evidenced by the cytokine profiles altered in the central nervous system [34] and in the biological fluid
of MS patients. As reported above, the serum levels of ACh were found to be lower in MS patients with
respect to levels detected in HS. Considering that ACh plays a central role in the crosstalk between
the immune and nervous system and that may act as a suppressor of inflammatory responses, the
relationship between the ACh synthesizing and degrading enzymes and pro-inflammatory cytokines
was evaluated. Interestingly, AChE and BChE are present at high levels in MS patients, contributing
to alter the steady-state equilibrium of the ACh [29]. The balance between the levels of pro- and
anti-inflammatory cytokines and their sequential release can be decisive for the severity of inflammatory
responses. Alteration of this balance can convert a beneficial effect into a pathological inflammatory
reaction. The well-known contribution of the inflammatory component to the progression of multiple
sclerosis has led to new attempts to discover ways to attenuate inflammation. The cholinergic system
has been suggested as a mediator of the crosstalk between the immune and nervous systems playing an
important role as a modulator of immune responses. The effect of dysregulated balance between ACh,
AChE and BChE on cytokines levels was studied in order to understand the role of the cholinergic
system on inflammatory environment present in MS patients. In the CSF and sera of RR-MS patients
and control subjects, the levels of IL-10 and IL-4 were evaluated and no statistical differences were
detected [27]. Conversely in both CSF and serum from RR-MS patients, the levels of IL-1β were
significantly higher than those detected in CSF and serum of control subjects. Interesting, in both MS
and control groups, also the mean level of IL-17 was higher in the CSF than in serum, and serum levels
of IL-1β were about four times higher than in CSF of MS subjects. These data confirmed the active
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pro-inflammatory state characterizing the MS patients [27,28,35]. Moreover, significant differences in
TNFα, IL-12/IL-23p40 and IL-18 levels were observed between MS patients and controls. However,
a not significant association between ACh hydrolyzing enzymes and the levels of these cytokines was
found [27,29].

However, in the serum of MS patients undergoing IFN-β treatment substantially lower levels of
IL-1β, IL-12/23p40, IL-18, TNF-α, and HMGB-1 and higher levels of IL-18BP and ACh were detected.
These results, other than reinforce the previous observation that a reduction in ACh levels is involved
in RR-MS and that ACh and circulating cytokines are mutually influenced [29], have suggested the
ability of IFN-β to modulate inflammatory cytokines also by restoring of the ACh levels [36].

ACh was present in inflammatory sites, probably synthesized from immune cells, and cytokines
produced to represent an inflammatory input signal to activate afferent vagus nerve fibers that transmit
information to the brain. Therefore, the cytokines produced by blood peripheral cells might affect the
function of the CNS by crossing the blood–brain barrier (BBB) for direct interaction with CNS tissue.
On the other hand, the cells of the immune systems may respond to neurotransmitters released by
autonomic nerves and communicate through neurotransmitters [11].

The higher gene expression level of several cytokines, such as IL-1β, IL-12/IL-23p40, IL-17, IL-18
and TNFα was detected in RR-MS compared to HS, according to with the levels measured in the serum;
this confirms the relationship between expression and production of pro-inflammatory cytokines in
MS patients [35].

These results led to evaluating which components of the cholinergic system could be relevant in
terms of the therapeutic tool in controlling the inflammatory state in MS patients. It is known that α7
nicotinic receptors stimulate the cholinergic anti-inflammatory pathway [37]. The expression of α7
and α4 nicotinic receptor subunits, in RR-MS patients and HS, was documented [35]. The expression
of the α7 receptor protein by western blot analysis, confirmed the gene expression data, showing
higher protein levels in MS patients. The stimulation with phytohaemagglutinin (PHA) was also
able to differently modulate the α7 nicotinic receptor expression in RR-MS patients and HS. In fact,
PHA stimulation significantly decreased mRNA levels for the α7 receptor subunit only in RR-MS
patients. Instead, the increased α7 nAChR expression after nicotine stimulation in PBMC of RR-MS
patients correlated with a reduction of the pro-inflammatory cytokines [35]. In fact, the ability of
nicotine to modulate the inflammatory cytokines in RR-MS patients was also evaluated. The effects
of nicotine on the production of IL-1β and IL-17 from PHA-stimulated PBMC of RR-MS and HS
were described. In both groups, nicotine decreased the levels of IL-1β and IL-17 released, but a more
significant decrease was observed in RR-MS patients. The expression of the cytokine transcript levels
after nicotine treatment was also evaluated [35]. In particular, the treatment of PBMC with PHA plus
nicotine significantly reduced the expression of IL-1β, especially in MS patients. Interestingly the
co-treatment of PBMC with PHA and 10 μM nicotine did not modify the expression of α7 subunit
mRNA in HS, while inducing a significant increase of α7 transcript levels in RR-MS patients [35].
Globally, these data suggest that the locally expressed and released components of the non-neuronal
cholinergic system may play paracrine or autocrine effects and contribute to modulate inflammatory
cytokines (Figure 1). This may suggest strategies involving the use of selective agonists of α7 nAChRs
in the modulation of the inflammatory responses also in demyelinating disease.
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Figure 1. Schematic representation of the mechanism associated with Acetylcholine (Ach) degradation
by acetylcholinesterase (AChE) and butirylcholinesterase (BChE) (see arrows), in healthy (left) and
multiple sclerosis patients’ immune cells (right). The decreased ACh levels may contribute to a reduced
α-7 nicotinic receptor activation and a consequent increase of pro-inflammatory cytokines.

4. Genetic Polymorphisms for BChE and AChE and MS

The etiology of MS can be considered multifactorial, based on the interaction between genetic and
several environmental factors (Figure 2). A hereditary basis of MS is suggested by epidemiological
studies. This can be supported by the recurrence risk of MS in twins, siblings, conjugal MS individuals,
and lower recurrence risk in adoptees [38–40]. In the general population, the risk of developing MS is
about 0.00125%, including the variability for geographic areas. Overall, about 15% of the patients with
MS have an affected relative. Studies in twins reveal a concordance of 25% in monozygotic twins and
only 2.4% in dizygotic twins [41]. Recently, the following meta-analysis estimate was reported: 0.50
(95% CI: 0.39–0.61) for heritability, 0.21 (95% CI: 0.11–0.30) for shared environmental component and
0.29 (95% CI: 0.26–0.33) for unique environmental component [42]. The authors conclude that these
results support the efforts to fill the gap of ‘missing heritability’ by genome-wide association studies
(GWAS) on large populations as well as massive sequencing analysis by next-generation sequencing
(NGS). The risk of developing the disease is 15-fold higher when MS is present in a first-degree relative.
Siblings of patients with MS have a risk of ~2.6%, parents have a risk of 1.8% and sons have a risk of
~1.5%. Accordingly, considering the distinction between monogenic and complex traits, no single gene
or environmental factor causes MS and it does not follow the Mendelian model.

MS is believed to be dependent on multiple independent or interacting polymorphism genes
with small or moderate effects, as well as their interaction with behavioral and environmental factors
(Figure 2) [43]. Several studies also aim to disclose the genetic basis of MS. For decades, only several
variants of the HLA antigen were known to have the strongest effect on the risk of MS [44,45]. Carrying
HLA-DRB1*1501 is associated with about three-fold greater odds of developing MS, while carrying
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HLA-A*02 is associated with meaningfully reduced odds. So far, genome-wide association studies,
carried out in populations worldwide, provided strong evidence for the association of approximately
>230 genetic variants. All these variants only account for 20% to 30% of MS heritability, suggesting that
its remaining part is likely related to epigenetic factors and gene-gene or gene-environment interactions.
Considerable attention has been focused on studies evaluating disease-modifying effects in MS that
identified genes such as the APOE, CXCR5, IL2RA, IL7R, IL7, IL12RB1, IL22RA2, IL12A, IL12B, IRF8,
TNFRSF1A, TNFRSF14, TNFSF14, CBLB, GPR65, MALT1, RGS1, RIC3, STAT3, TAGAP, TYK2, CYP27B1
and CYP24A1 [44,45].

Recently, it was reported in genome-wide association studies, that the implication of RIC3,
a chaperone of nAChRs, in multiple sclerosis (MS) and neuroinflammatory disease. RIC3 promotes the
functional expression of α7 nAChR, and it was shown a dynamic regulation of RIC3 in macrophages
and in lymphocytes, following an immune activation in human and murine cells.

Moreover, increased average expression of RIC3 and CHRNA7 in lymphocytes from MS patients
but not in healthy donors was observed. These data are consistent with a role for RIC3 and in its
regulated expression in inflammatory processes and in neuroinflammatory diseases [45].

The variation in some genes of the cholinergic system, such as those encoding BChE (gene BChE,
chrom. 3q26.1–q26.2) and AChE (gene AChE, chrom. 7q22.1) [http://www.genatlas.org] has also been
studied in MS patients in relation to altered levels of their enzymatic activity.

Variants in these genes have been largely investigated in relation to the onset of Alzheimer’s
disease [46,47], since the levels of these enzymes were found increased in the brains of patients, as well
as a number of low-grade systemic inflammation pathologies [48,49].

In particular, two specific polymorphisms within these genes have been studied, namely rs1803274
for BChE and rs2571598 for AChE. It is reported that rs1803274 for BChE is able to reduce the enzymes’
activity by about 30%–50% [50]. The BChE rs1803274 is characterized by a G/A substitution inducing the
Ala/Tr change at the codon 539 and it produces the so-called K-allele. This variation causes the reduction
of 30%–60% of ACh’s hydrolyzing activity and 30% of the capacity to hydrolyze butyryl-thiocholine.
BChE K-carriers, showing lowered hydrolytic activity of BChE K-allele, could potentially improve
cholinergic activity.

There are 19 single nucleotide polymorphisms (SNPs) for AChE [51]. The only rs1799806 on exon
6, a functional intronic C/T substitution, was associated with activity changes. The AChE activity of
homozygote Pro/Pro genotype was significantly lower than Arg/Arg genotypes. The presence of these
variants is controversially considered a risk factor for Alzheimer’s disease, as well as other conditions
such as stroke, Parkinson’s disease and related dementia [52,53]. Even if cholinergic neurotransmission
regulates the immune response and inhibits cytokine release after stroke, only the variant alleles of
BChE have been identified as risk factors for ischemic stroke [54] and associated with reduced BChE
activity in patients with post-stroke dementia (PSD) [49], while AChE rs1799806 do not influence the
AChE activity.

As above-described the ACh levels in serum of RR-MS patients were inversely correlated with the
increased activity of the hydrolyzing enzymes AChE and BChE [29]. The observed lower circulating
ACh levels in sera of MS patients are probably dependent on the higher activity of cholinergic
hydrolyzing enzymes [29].

In this context, it was recently investigated whether lower ACh concentration observed in RR-MS
compared to HS may be related to the ability to regulate the extracellular ACh levels, when needed,
or to the variation of AChE or BChE activity related to the association with rs1803274 for BChE and
rs2571598 for AChE genetic variations [55]. An association between the BChE K-allele and AChE
rs2571598 in 102 relapsing remitting-MS patients compared to 117 healthy controls was reported. These
data underlined that in RR-MS patients carrying the K-allele, higher BChE activity was observed [55].
Although this is in contrast with the reported role of this SNP in BChE gene, this excess of circulating
BChE removes ACh, negatively influencing the levels of all investigated pro-inflammatory cytokines
(Figure 1). Conceivably, other pathways, such as increased transduction of BChE, microRNAs or other
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gene modulators acting in combination with BChE-K, could be involved in the balance of the BChE
as well as a higher BChE enzymatic activity induced by the presence of the polymorphic allele may
reduce the amounts of circulating ACh.

These evidences may suggest that specific genetic endo-phenotypes are able to modulate the
pro-inflammatory immune responses in MS patients, altering the activity of AChE through ACh
hydrolysis. These data highlight the potential role of the non-neuronal cholinergic system in immune
cell function, even if studies on larger populations are needed in order to better discover MS etiology and
progression and to develop new disease-modifying therapies for MS with AChE and ACh as targets.

The reported literature about genetic biomarkers in MS is not always consistent in the worldwide
population. The detection of a single nucleotide polymorphism related to MS pathogenesis is very
hard given that several genetic polymorphisms are implicated, each with a small contribution to
the susceptibility or resistance to MS. Although numerous causal genes have been detected by
genome-wide association studies (GWAS), these susceptibility genes are linked to relatively low
disease risk, indicating the important role of environmental factors in the pathogenesis of the disease.
Next-generation sequencing (NGS) technology, with high-throughput capacity and accuracy, could be
a powerful tool to discover the genetic basis of MS. NGS can be applied to sequence analysis in any
part of the genome and the resulting transcriptome, including the whole genome, exons, and other
interesting regions, and accordingly can be roughly classified as whole-genome sequencing (WGS),
whole-exome sequencing (WES), RNA sequencing (RNA-seq), and DNA methylation sequencing.
So far, only rare variants of modest effect on MS risk affecting a subset of patients have been detected
by NGS including CYP27B1 and TYK2 genes [56,57]. Epigenetic mechanisms that have been detected
for MS pathogenesis are DNA methylation, histone modification and some microRNAs’ alternations.
Several cellular processes including apoptosis, differentiation and evolution can be modulated along
with epigenetic changes [58]. All these data support the idea of a complex basis of MS with clear
gene–environment interactions and epigenetic alterations triggered by environmental exposures in
individuals with a particular genetic profile (Figure 2) [59].

Figure 2. Risk factors for multiple sclerosis (MS). A hereditary basis of MS is suggested by epidemiological
studies and recurrence risk of MS in twins, siblings, conjugal MS individuals. MS is believed to
result from multiple independent or interacting polymorphism genes as well as their interaction with
behavioral and environmental factors with strong, moderate, or weak effects. Epigenetic mechanisms
that have been detected for MS pathogenesis are DNA methylation, histone modification and some
microRNAs alternations.
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5. Cholinergic Markers Alteration in the Brain of EAE Mice

One of the animal models of MS, EAE can be obtained after active immunization with myelin
oligodendrocyte glycoprotein (MOG) 35–55 peptide as antigen in C57BL6 mice, and reproduces many
pathological features observed in MS [60]. Several days after immunization, it is possible to observe
immune cells infiltrating the CNS and activation of microglia. These events take place predominantly
in the spinal cord but also in other brain structures such as the cerebellum and the optic tract [61],
which lead to axonal damage and demyelination [62]. The MOG35-55-induced model of EAE is
characterized by the peak inflammatory phase, followed by a chronic phase of neurological deficit.

ACh may play a role in the development or in the remission of MS. Recent analyses of cholinergic
markers in the brain and spinal cord of EAE mice revealed specific alterations in their expression in
different brain areas and cellular populations associated to the different phases of the disease [63].
The mRNA coding for ChAT, the enzyme responsible for the synthesis of ACh from choline and
acetyl-CoA that serves as a marker of cholinergic cells, presents alterations in the expression levels
in different brain regions and spinal cord and in different disease phases of EAE mice [63]. Several
cholinergic nuclei of EAE mice in the chronic phase present an increment in ChAT expression levels
and an increase of the AChE activity and mRNA expression at peak of disease, suggesting that the
balance of ACh levels may contribute to the chronicity of the disease.

The BChE activity, a non-selective cholinesterase enzyme that catalyzes the ACh hydrolysis,
is altered in the habenula and solitary nucleus in both disease phases of EAE mice and in higher
proportion in astroglia and microglia/macrophage cells in the chronic group [63]. BChE activity
is detected in both glial cell populations and presents a significant increment in EAE animals in
the chronic phase compared to the peak phase or control brains. The high ratio of BChE to AChE
found in astrocytes of EAE mice in peak phase [63] may suggest this ratio as a potential marker for
brain areas selectively vulnerable to this neuropathology as it was described for Alzheimer’s disease
brains [64]. However, the treatment of EAE mice with a BChE/AChE inhibitor (rivastigmine) resulted
in an amelioration of the clinical symptoms associated also with a reduction in the demyelination [24],
supporting the role of BChE in neuroinflammation and demyelination (Figure 3).

As reported above, several studies show that α7 nAChR is the key subtype involved in
nAChR-mediated immune regulation [20,26,65]. α7 nAChR mRNA expression in the EAE chronic
group is increased in habenula and decreased in the dorsal tegmental nucleus. Conversely, the mRNA
levels of this receptor are increased in the dorsal tegmental nucleus of animals in the peak phase [63].
The altered expression of this receptor subunit in EAE mice during the chronic phase compared to the
peak phase of the disease may sustain its role in the neuro-inflammation regulation also in the brain
(Figure 3).
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Figure 3. Cholinergic system changes in some brain areas (basal ganglia, habenula, and nuclei of the
brainstem) of experimental autoimmune encephalomyelitis (EAE) mice at peak and chronic phases
of the disease. (A) Photomicrographs showing AChE (a) and BChE (c) enzymatic activities stained
histological brain sections and photomicrographs from autoradiograms of control mouse brain tissue
sections visualizing brain areas expressing mRNAs coding for AChE (b), ChAT (d) and α7nAChR (e).
(B) Representation of the homeostatic balance of cholinergic markers expression in brain areas of
EAE mice. The table summarizes the quantification of enzymatic activities and mRNAs expression
of cholinergic markers at peak and chronic phases of the disease. Abbreviations and symbols: CPu,
caudate-putamen; CC, cerebral cortex; fi, fimbria; GP, globus pallidus; Hb, habenula; Hp, hippocampus;

,, ACh; , AChE; ,, BChE, ChAT; , α7nAChR.

6. Cholinergic Receptors in the Glial Cells

New ideas have emerged during the past several years on how the neurotransmitters, including
Ach, can actively participate in neuron–glia cross talk. This interaction is relevant both during
nervous system development to improve and address neuron and glial cell survival, proliferation
and differentiation, and in adulthood, to maintain axonal function and myelin integrity [66]. It is
now known that glial cells express receptors for different neurotransmitters, suggesting that these
molecules, most probably when released in extra-synaptic regions [67–69], may modulate glial cell
survival, proliferation, and myelination [67,70].

The expression of ACh receptors has been reported in several glial cells indicating these cells
as potential targets for ACh action [70,71]. Oligodendrocyte (OLs), the main target in MS, express
muscarinic receptors whose activation triggers different signal transduction pathways [67,70,72–74].
The presence of nicotinic receptor subunits (α3, a4, a5, a7, β2, and β4) was also revealed by RT-PCR
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and immunocytochemistry in oligodendrocytes precursor cells (OPC), but not in mature cells [75].
Oligodendrocytes express also acetylcholine muscarinic receptors. M1, M3, and M4 ACh receptors
were the muscarinic subtypes expressed in OPCs, whereas all five muscarinic receptor subtypes were
found to be expressed at low levels in mature OLs; thus muscarinic receptors favor the maintenance
of immature proliferating progenitor cells and counteract progression toward a mature state [75].
Accordingly, with this evidence, more recent research demonstrated that antagonists of muscarinic
receptors promote oligodendrocyte differentiation and rescue of the lesions in white matter in EAE
mice [76]. In fact benztropine, a typical muscarinic antagonist used as a drug for Parkinson’s disease
treatment has been proposed for MS treatment considering that MS symptoms in the EAE mouse model
were reverted [76,77]. Moreover, the benztropine appears to favor oligodendrocyte differentiation
and myelination by a specific antagonism of M1 and M3 receptors on oligodendrocyte precursor
cells (OPCs) [76]. Another important aspect to consider is that muscarinic receptors are able to
modulate pro-inflammatory cytokine production [18,28], so it may be possible to hypothesize that the
antagonism of muscarinic receptors can support not only oligodendrocyte differentiation but also the
neuro-inflammation decrease.

The presence of muscarinic receptors was demonstrated in cultured astrocytes [78] as well as the
expression of functional nAChRs subunits (a4, a7, β2, β3) has been reported in rat astrocytes [39,79].
In particular, the expression of a7 nAChR in astrocytes plays a relevant role in neuroprotection in
several neurodegenerative diseases (i.e., Alzheimer and Parkinson) [80,81].

Finally, microglia also express both muscarinic and nicotinic receptors. Zhang and collaborators [82]
described for the first time the expression of functional muscarinic receptors in human microglia.
Interestingly the upregulated expression of M3 receptor subtype in these cells causes an increase of
MHC-I and MHC-II expression, suggesting the pro-inflammatory microglia phenotype [83]. Microglia
also display nicotinic receptors, with a prevalence of a7 subunit [84–87]. For these reasons, this
nicotinic receptor subtype may be considered an interesting therapeutic target for several neurological
disorders considering its ability to modulate the cholinergic anti-inflammatory pathway and the
synaptic plasticity.

Taking all these into account, it cannot be excluded that cholinergic stimulation in the brain may
influence a complex network controlling both neuronal and glial functions and play a relevant role in
the control of the neuro-inflammation.

7. Conclusions

Understanding the mechanisms leading to aberrant immune response and the severe
neuro-inflammation in MS plays a relevant role in the development of new treatments directed
to decrease pro-inflammatory cytokine production and to ameliorate the clinical symptoms, slowing
the disease outcome and delaying or arresting the onset of the disabilities. In this review we
have presented recent data in EAE mice and in MS patients, supporting the role of ACh in MS.
The dysregulated ACh homeostasis in MS, suggest how its altered functions might represent an
additional pathogenetic mechanism negatively influencing the cytokines production with consequent
disease outcome.

Interestingly, using the EAE mice model, it has also been described as the alteration of ACh
synthesis or degradation may impact on neuron function, contributing to the motor and cognitive
disabilities characteristics of MS patients, also influencing the glia network, the differentiation and
survival of the oligodendrocytes, and triggering the neuro-inflammation.

The relevant role played by ACh in this context, is supported by the evidence that modulating
the cholinergic system activity or cholinergic receptor functions, the clinical disabilities, at least in
mice, are significantly reduced. In fact, the altered balance of ACh also in cholinergic area of the brain
or spinal cord of EAE mice (i.e., basal ganglia or spinal motoneuros), suggested that the decreased
ACh levels may influence the MS motor disabilities both reducing the levels of the neurotransmitter in
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the cholinergic neurons and increasing the neuro-inflammation with consequent impact on myelin
disruption and axonal conduction [63,76,77].

This aspect appears supported by additional studies performed with conventional drugs used in
the treatment of MS, as INFβ or dimethyl fumarate [36,88], that demonstrate a significant amelioration
of the cholinergic activity with a possible consequent reduction of the clinical symptoms-MS associated.
Therefore, further studies will be necessary to evaluate the impact of different immune modulators on
the cholinergic system activity both in the immune system and in the brain.

In conclusion, the data described in this review highlight as ACh and its receptors may be
implicated in MS pathogenesis. However, further investigation on the genetic aspects and epigenetic
modulation of cholinergic markers gene expression could significantly improve the knowledge about
MS onset and progression as well as to contribute to identifying new possible therapeutic strategies.
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Abstract: Multiple sclerosis (MS) is an autoimmune disease in which activated lymphocytes
affect the central nervous system. Increase of reactive oxygen species (ROS), impairment of
mitochondria-mediated apoptosis and mitochondrial alterations have been reported in peripheral
lymphocytes of MS patients. Mitochondria-mediated apoptosis is regulated by several mechanisms
and proteins. Among others, optic atrophy 1 (OPA1) protein plays a key role in the regulating
mitochondrial dynamics, cristae architecture and release of pro-apoptotic factors. Very interesting,
mutations in OPA1 gene, have been associated with multiple sclerosis-like disorder. We have analyzed
OPA1 and some factors involved in its regulation. Fifteen patients with MS and fifteen healthy
control subjects (HC) were enrolled into the study and peripheral blood mononuclear cells (PBMCs)
were isolated. H2O2 level was measured spectrofluorimetrically, OPA1, PHB2, SIRT3, and OMA1
were analyzed by western blotting. Statistical analysis was performed using Student’s t-test. The
results showed that PBMC of MS patients were characterized by a deregulation of OPA1 processing
associated with increased H2O2 production, inactivation of OMA1 and increase of PHB2 protein
level. The presented data suggest that the alteration of PHB2, OMA1, and OPA1 processing could be
involved in resistance towards apoptosis. These molecular parameters could also be useful to assess
disease activity.

Keywords: multiple sclerosis; PBMCs; mitochondria; ROS; OPA1; PHB2; OMA1

1. Introduction

Multiple sclerosis (MS) is a complex neurodegenerative disease that involves immune and central
nervous system (CNS) [1,2]. MS is expressed in different clinical forms including primary progressive
(PP), secondary progressive (SP), progressive relapsing (RP) and relapsing-remitting (RR), which is the
most prevalent form [3]. The pathogenesis of MS involves the loss of blood–brain barrier integrity
with the consequent invasion of lymphocytes into the CNS resulting in tissue damage [4].

Despite the knowledge of genetics, cell biology and immunology, obtained in the last years,
the ultimate etiology or specific elements that trigger MS remain unknown. The etiopathogenesis
and pathophysiology of MS involves different factors, among others mitochondrial dysfunction and
oxidative stress (OS) play a key role and have a further modulatory effect on many aspects of the
disease. OS plays an important role in activation of immune cells, especially T cells [5–7], and recently
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it has been reported that peripheral blood mononuclear cells (PBMCs) of MS patients show impaired
redox status associated with mitochondrial alterations [5]. A number of mechanisms participate in the
maintenance of the immune homeostasis avoiding the development of autoimmune diseases. The
apoptosis is an important anti-autoimmune process that deletes potentially pathogenic autoreactive
lymphocytes, limiting the immune response-dependent tissue damage [8,9]. It has been shown that
deletion of autoreactive lymphocytes by apoptosis is defective in patients with MS, thereby permitting
these cells to perpetuate a continuous cycle of inflammation within the CNS [10,11]. In particular, the
impairment of mitochondria-mediated apoptosis in Cd4+ T lymphocytes [12], as well as, a reduction
of mitochondrial respiration are reported in MS patients [13]. Mitochondria have a main role in both
cell death and life and they are a major source of reactive oxygen species (ROS) production. At the
same time, mitochondria are responsive to OS and are critical in modulating apoptosis in response
themselves to a variety of stress signals.

Several mitochondria parameters such as mitochondrial respiratory chain activity, ROS
production, dynamics (fusion and fission), and mitochondria cristae architecture are involved in
mitochondria-mediated apoptosis [14–16]. Among mitochondrial proteins involved in apoptosis
mechanism, optic atrophy 1 (OPA1) is a mitochondrial dynamin like GTPase that has attracted great
attention for its role in the regulating mitochondrial fusion and fission, the stability of the mitochondrial
respiratory chain complexes, pro-apoptotic cytochrome c release and the maintenance of mitochondrial
cristae architecture [17]. Very interesting, it is reported that mutations in OPA1 gene, resulting in
autosomal dominant optic atrophy (ADOA), are associated with multiple sclerosis-like disorder in
patients [18].

OPA1 undergoes constitutive processing leading to the conversion of the un-cleaved long
OPA1 (L-OPA1) in a cleaved short OPA1 (S-OPA1) forms. Various stress conditions, including
apoptotic stimulation are associated with the conversion of L-OPA1 into S-OPA1. The processing
and activity of OPA1 is regulated by mitochondrial proteases, such as OMA1, cellular energetic
condition [19], post-translational modification, such as acetylation status [20,21], and oxidative
stress [20,22]. OMA1-mediated processing of OPA1 is a cellular stress response, in fact, although OMA1
is constitutively active, it display strongly enhanced activity in response to OS [23]. Furthermore, OPA1
stability is controlled by prohibitin 2 (PHB2) [24] a chaperon like protein, localizes in nucleus, plasma
membrane, and mitochondria. Evidences indicate that mitochondrial PHB2 is over expressed under
conditions of oxidative stress [25]. Interesting, PHB2 has been found up-regulated in lymphocytes
of MS patients [26]. OPA1 processing is also modulated by its acetylation status mediated by SIRT3
enzyme, a mitochondrial deacetylase that also plays an important role in apoptosis [20]. In this work
we have analyzed the protein level, and proteolytic processing of OPA1 and its stress-associated
regulators, OMA1, SIRT3, and PHB2 in PBMCs of MS patients.

2. Experimental Section

2.1. Patients

Fifteen patients with MS according to McDonald criteria [27] and fifteen healthy volunteers
control subjects (HC) were enrolled into the study. The patients and HC subjects were selected by the
Centre of Multiple Sclerosis at Department of Basic Medical Sciences Neurosciences and Sense Organs,
University of Bari. All patients had to be without any immunomodulatory treatment at least 6 months
prior to study entry. All subjects gave their informed consent for inclusion before they participated in
the study. The study was conducted in accordance with the Declaration of Helsinki and the protocol
was approved by the Ethics Committee of Azienda Policlinico di Bari (Project identification code 5275).
Table 1 reports demographic and clinical characteristics of MS patients and healthy subjects. For all
data, no significant difference was observed between males and females as well as between RR and SP
forms of MS.
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Table 1. Demographic and clinical characteristics of patients with multiple sclerosis (MS) and healthy
control subjects (HC) enrolled into the study. (SP: secondary progressive, RR: relapsing-remitting,
EDSS: Expanded Disability Status Scale, SEM: standard error of mean.

MS HC

Subject (number) 15 15
Age (year) 45 ± 2.46 SEM 44.92 ± 3.92 SEM

Gender
12 Females 6 Females

3 Males 9 Males

MS form
11 RR
4 SP

Disease duration(year) 14.4 ± 1.70 SEM
EDSS 4.2 ± 0.34 SEM

2.2. Sample Preparation

Peripheral blood mononuclear cells (PBMCs) were isolated from K3-EDTA blood by centrifugation
on a Ficoll-Hypaque density gradient (density: 1.077 g/mL; Amersham Pharmacia Biotech,
Buckinghamshire, UK), washed twice and resuspended in PBS. Total protein concentration was
determined by Bio Rad protein assay.

2.3. Electrophoretic Procedures and Western Blotting

Protein of PBMCs were resuspended in RIPA lysis buffer, separated by 7.5% SDS-polyacrylamide
gel electrophoresis (PAGE) and transferred into a nitrocellulose membrane. The membrane was blocked
with 5% fatty acid free dry milk in 500 mM NaCl, 0.05% Tween 20, 20 mM Tris, pH 7.4 (TTBS) for 3 h at
4 ◦C and probed over night with antibodies against OPA1 (whole molecule of OPA1 protein was used
as the immunogen) (Thermo scientific, Pierce Antibodies, Lausanne, Switzerland), PHB2 (Invitrogen,
Paisley, UK), OMA1, SIRT3 (Cell Signalling, Danvers, MA, USA) and β-actin (Sigma-Aldrich, St. Louis,
MO, USA). After being washed in TTBS, the membranes were incubated for 60 min with anti-rabbit or
anti-mouse IgG peroxidase-conjugated. Immunodetection was then performed, after further TTBS
washes, with the enhanced chemiluminescence (ECL) (Euroclone, Paignton, UK). Densitometric
analysis, expressed as arbitrary densitometric units (ADU), electrophoretic profile and relative front
(Rf) determinations were performed by Image Lab Touch 2.4 software (BioRad, Milan, Italy). Rf
indicates the relative movement of the band from the top.

2.4. H2O2Assay

H2O2 level was determined by the cell permeant probe 2′-7′-dichlorodihydrofluorescin diacetate
(DCFDA). PBMCs were incubated with 10 μM DCFDA in the dark at 37 ◦C for 20 min, pelleted at
600× g for 5 min, washed and resuspended in the assay buffer (100 mM potassium phosphate, pH 7.4,
2 mM MgCl2). An aliquot was used for protein determination. The H2O2 dependent oxidation of the
fluorescent probe (507 nm excitation and 530 nm emission wavelengths) was measured by a Jasco
FP6200 spectrofluorimeter (Jasco SRL, Cremella, Italy).

2.5. Data Analysis

All presented data are means± standard error of mean (SEM). Statistical difference was determined
by Student’ t-test. p-value of 0.05 was considered as statistically significant (*** p < 0.001; ** p < 0.01;
* p < 0.05).

Correlation plots for controls and MS have been performing with Excel Microsoft software using
Pearson’s correlation analysis. P-values less than 0.05 were considered statistically significant.
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3. Results

Fifteen HC and fifteen MS subjects (see Table 1) were enrolled in the study. The patients group
included 12 females and 3 males and 11 RR forms and 4 SP forms of MS (see Table 1). The PBMC
cellular lysate was used to investigate on the OPA1 protein level and processing by Western blotting
analysis using a specific antibody (Figure 1).

Figure 1. Optic atrophy 1 (OPA1) protein level and processing in peripheral blood mononuclear cells
(PBMCs) from HC and MS patients. (A) Representative images of western blotting analysis. The
PBMC proteins from HC and MS were loaded on 7.5% SDS-PAGE. After separation, the proteins
were transferred on nitrocellulose membranes and immunoblotted with the antibody against OPA1.
Protein loading was assessed with β-actin antibody. (B) The total protein level of OPA1 (L+S forms)
was evaluated by densitometric analysis. The arbitrary densitometric units (ADU) of OPA1 were
normalized to ADU of β-actin and the mean of HC set to 100%. The histograms represent the percentage
values MS patients with respect to HC. The values are means ± SEM of different samples. (C) The
histograms represent the percentage of ADU of long (L) and short (S), forms of OPA1 in each lane. The
values are means ± SEM of samples. (D) Left panel, representative image of electrophoretic mobility of
immune-revealed bands of OPA1 in PBMCs from HC and MS. Right panel, the images of the western
blotting were analyzed by Image Lab Touch 2.4 software (BioRAD) for determination of electrophoretic
profile of each lane and calculation of relative front (Rf) of L-OPA1 and S-OPA1 bands (see Table S1).
Rf indicates the relative movement of the band from the top of the gel. “d” represents the difference
between Rf of S-OPA1 and Rf of L-OPA1 in each lane. (E) The table reports the means values of “d” ±
SEM of different samples. (p < 0.001, Student’s t-test).

The antibody against OPA1 protein, immuno-revealed in both HC and MS groups a long form
(L) and short forms (S) of OPA1 (Figure 1A). Densitometric analysis of immuno-revealed bands of
OPA1 (L+S) showed the same level of total OPA1protein in MS group with respect to HC (Figure 1B).
No difference was observed in percentage of L and S form of OPA1 between HC and SM samples
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(Figure 1C). Interestingly, the image analysis of western blotting revealed two bands of S-OPA1 in HC
and one band of S-OPA1with a different electrophoretic mobility with respect to HC samples in MS
(Figure 1A,D). Analysis by Image Lab Touch 2.4 software confirmed the presence of two S-OPA1 bands
in HC and one S-OPA1 band in MS as shown by curve peaks (Figure 1D). Moreover, the determination
of Rf of L-OPA1 and S-OPA1 bands revealed a significant decrease in Rf of S-OPA1 in MS sample with
respect to HC (see Table S1). No differences were observed in Rf of L-OPA1 between HC and MS
samples (Table S1). Calculation of difference between Rf of S-OPA1 band and L-OPA1 band in each
lane (“d”), revealed a significant decrease of “d” in MS samples with respect to HC (Figure 1D,E). This
suggested that processing of OPA1, in MS samples, generated a S-OPA1 form at a higher molecular
weight with respect to HC.

Processing of OPA1 is regulated by different proteins and cellular conditions such as oxidative
stress. Measurement of H2O2 level, detected by the redox-sensitive fluorescent probe DCFDA, showed
increased ROS production in the PBMCs of MS patients compared to HC (Figure 2).

Figure 2. H2O2 production in PBMC of HC and MS patients. H2O2 level was detected
spectrofluorimetrically by dichlorodihydrofluorescin (DCFDA) probe. The mean of HC was set
to 100% and the mean value of MS expressed as percentage of intensity of fluorescence respect to HC.
The histograms represent the means of values ± SEM. (** p < 0.01; Student’s t-test).

This result prompted to investigate on stress regulated protein OMA1, PHB2 and SIRT3 that are
involved in OPA1 processing and stabilization [20,22,25]. Activation of OMA1 protease is accompanied
by its autocatalytic degradation that results in the complete turnover of protein [22]. Western blotting
analysis of OMA1 did not show the activation of this protease in PBMCs from MS samples as revealed
by the increased ratio between inactive and active forms (Figure 3A,B). We next examined PHB2 level
by western blot analysis with specific antibody. An increased PHB2 protein level was observed in MS
patients (Figure 3C,D) compared to HC samples, while no difference was observed for SIRT3 protein
level (Figure 3C,D).

27



Biomedicines 2020, 8, 85

Figure 3. OMA1, SIRT3, and PHB2 in PBMCs of HC and MS patients. (A,C) Representative images of
Western blotting analysis. Proteins from PBMC from HC and MS were loaded on 7.5% SDS-PAGE.
After separation, the proteins were transferred on nitrocellulose membranes and immunoblotted with
the antibodies against OMA1, SIRT3, and PHB2. Protein loading was assessed with β-actin antibody.
The immunoblotting against β-actin in panel C is the same shown in the Figure 1A, belonging to the
same experiment series (B,D). (B) The histograms represent the means of ratio values ± SEM between
the ADU of inactive and active forms of OMA1 in HC and MS subjects. (D,E) The ADU of PHB2 and
SIRT3 were normalized to ADU of β-actin. The histograms represent the means of values of ADU ±
SEM of samples. (* p < 0.05, ** p < 0.01; Student’s t-test).

To explore whether the alterations in the analyzed molecular parameters can cross correlate with
each other, a correlation analysis was performed for HC and MS groups. The results in HC indicated
a remarkable positive correlation of SIRT3 changes with changes of L- and S-OPA1 balance. This
correlation was lost in MS group. In addition, in MS group, a significant positive correlation was
observed between H2O2 level and PHB2 (Figure 4B), and negative correlations between H2O2 and L-
and S-OPA1 balance (Figure 4C) and between PHB2 and L- and S-OPA1 balance (Figure 4D).
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Figure 4. Correlation plots. Empty squares indicates HC group, full squares indicates MS group
(A)Scatter plot and linear regression of data of relationship between SIRT3 protein level, expressed in
ADU, and L-OPA1/S-OPA1 balance in HC group (correlation coefficient, r = 0.596; P, 0.021). (B) Scatter
plot and linear regression of data of relationship between H2O2, expressed in intensity of fluorescence
(IF), and PHB2 protein level, expressed in ADU in MS group (correlation coefficient, r = −0.691; P, 0.004).
(C) Scatter plot and linear regression of data of relationship between H2O2 and L-OPA1/S-OPA1 balance
in MS group (correlation coefficient r = −0.585, P,0.021). (D) Scatter plot and linear regression of data of
relationship between PHB2 protein expression and cleaved long OPA1 (L-OPA1)/cleaved short OPA1
(S-OPA1) balance in MS group (correlation coefficient, r = −0.652; P = 0.008). Degree of freedom 13.

4. Discussion

The pathogenesis of MS involves autoreactive T lymphocytes that have the capacity to invade
the CNS causing demyelization and axonal damage [4]. The deletion of autoreactive lymphocytes
is normally mediated by apoptosis, however, an escape from mitochondria-mediated apoptosis has
been reported in lymphocytes of MS patients [12]. Mitochondria from MS lymphocytes also show
a decrease of mitochondrial respiration [13] associated with a specific decrease of complex I and
complex IV activities [28], and, of note, mitochondria have been found to range in shape and size and
showed thickened cristae [29]. Mitochondrial dependent apoptosis is also depending on mitochondrial
respiration, shape and structure. A growing body of evidence suggests that OPA1 participates through
several mechanisms in defining mitochondrial shape and structure of cristae [14] and modulating
mitochondrial respiration [17]. This modulates cell susceptibility towards apoptotic stimuli [14].
Augmented level of OPA1, formation of OPA1 oligomers and a correct balance of L and S forms are
considered anti-apoptotic factors [17]. In light of this and the data reporting that OPA1 mutations
are associated with multiple sclerosis-like symptoms [18], in this work, we analyzed OPA1 and its
modulators in PBMCs of MS patients compared to HC. Fifteen healthy controls and fifteen subjects
affected by MS were enrolled in the study. The patients group included 12 females and 3 males and 11
RR forms and 4 SP forms of MS (see Table 1). No significant difference was observed between males
and females subjects as well as between RR and SP forms.

Our results showed the same level of OPA1 total protein (L+S) in HC and SM samples and no
differences were observed in the balance between L and S forms of OPA1 in PBMC of HC and MS
patients. Interesting the analysis of the electrophoretic migration of immune-revealed bands of OPA1
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in lymphocytes of MS samples showed only one S-form at a higher molecular weight in MS with
respect to the two S forms observed in HC, thus suggesting a characteristic processing of OPA1 in
MS samples. The functions of OPA1 are regulated, under stress conditions, by OMA1-dependent
proteolytic cleavage. As expected PBMCs of MS patients show increased level of ROS that, anyway,
not results in the activation of stress-induced OMA1 [22], as shown by the accumulation of inactive
form of OMA1, thus suggesting an adaptation to exposure at chronic OS. Of note, it was reported that
suppression of OMA1 activity strongly prevented cytochrome c release into the cytosol [30] and cells
lacking the protease OMA1 showed an increased resistance to external apoptotic stimuli [31,32]. OPA1,
beyond the proteolytic control, is also under the control of alternative splicing. Eight different OPA1
isoforms, generated by alternative splicing of four exons near the amino terminus (Figure S1), are
characterized for the presence, or absence, of at least three different proteolytic cleavage sites, named
S1, S2, and S3 [33]. The S1 site is cleaved by OMA1 while S2 and S3 by Ymel1 protease. The presence
of isoform 3, which contains S3 and S1 cleavage sites (see Figure S1), together with the inactivation
of OMA1 protease (see also [32]), could explain the shift of electrophoretic mobility observed in MS
patients. Although YME1L and OMA1 constitutively control OPA1, the proteolytic processing of OPA1
is more complex, in fact, other proteases can act on OPA1 under particular stress condition or metabolic
demands [33,34], thus, the involvement of other mitochondrial proteases cannot be ruled out. In this
contest, should be noted that, in MS, several proteases are involved [35,36] and that mitochondrial
proteases are often involved in the pathogenesis of neurological diseases [37].

It has been reported that SIRT3 has an important role in a variety ofoxidative stress-mediated
cellular responses [38], in the regulation of bioenergetic function and antioxidant defense of
mitochondria under OS conditions [39]. OS regulated SIRT3 protein level that, in turn, is involved in
mitochondrial apoptosis by modulating OPA1 acetylation/processing [20]. In particular, sustained
level of SIRT3 protein favors the apoptosis resistance, while a decrease promotes cell death [20]. We
have also investigated on SIRT3 protein level; however, despite the increased ROS production in MS,
no difference has been observed in MS lymphocytes compared to HC samples. Although the SIRT3
protein level was unchanged, this could be interpreted as a loss of response of lymphocytes of MS
patients to OS. The data on SIRT3 and OMA1 suggest a deregulation of normally stress response
mechanisms of these proteins in PBMCs of MS patients.

Furthermore, OPA1 processing and stability is also controlled by PHB2 protein. In mitochondrial
inner membrane, PHB2 protein forms with PHB1 a large membrane-bound complex [40,41]. This
complex is required for OPA1 stability [42], indeed the deletion of PHB2 leads to the impaired
cellular proliferation, aberrant mitochondrial cristae morphogenesis, and apoptosis [24,42], while
an over-expression of PHB2 is reported to protect cells from apoptosis [43]. We show, according
with others [26] and as response to OS [25], a strong increase of PHB2 protein level in MS samples,
thus representing another element of resistance to apoptosis. It worth mentioning that an elevated
autophagic flux has been reported in autoreactive T cells, both in patients and in the mouse model of
experimental autoimmune encephalomyelitis [44]. It has been found that PHB2 participates in the
mitophagy process (selective autophagy) by functioning as mitochondrial receptor in autophagosome
formation [45].

Interestingly, using Pearson’s correlation analysis, we found a positive correlation in HC group
between SIRT3 changes and changes of L- and S-OPA1 balance. This is in agreement with the findings
showing that the SIRT3-dependent deacetylation of L-OPA1 inhibits its proteolytic processing to form
S-OPA1 [20]. This correlation was lost in the MS group, while changes of L- and S-OPA1 balance,
PHB2 protein level and H2O2 correlated each other. In facts, under condition of oxidative stress, an
increased cleavage of L-OPA1 to produce S-OPA1 has been observed [20] as well as an increase of
PHB2 expression [25]. The over expression of PHB2 has been found to protect the cell from oxidative
stress-dependent apoptosis [43].
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5. Conclusions

Our data showed that, in PBMCs of MS patients, oxidative stress is associated with increased
level of PHB2 and stabilization of OMA1. We propose that the alteration of PHB2, OMA1, and OPA1 is
involved in the apoptosis resistance. We hypothesize involvement of specific proteolytic processing of
OPA1 in lymphocytes of MS patients. Other investigations will be needed to define the mechanisms at
the bases of this deregulations and the possible proteases involved in the characteristic processing
of OPA1 in MS samples. The specific OPA1 electrophoretic profile and an increased level of PHB2 in
MS patients could also be taken in account to assess disease activity. Understanding of the molecular
mechanisms underlying these deregulations could shed light on new therapeutic interventions.
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Abstract: Multiple Sclerosis (MS) is a progressive neurodegenerative disease that affects more than
2 million people worldwide. Increasing knowledge about MS in different populations has advanced
our understanding of disease epidemiology and variation in the natural history of MS among White
and minority populations. In addition to differences in incidence, African American (AA) and
Hispanic patients have greater disease burden and disability in earlier stages of disease compared
to White patients. To further characterize MS in AA and Hispanic populations, we conducted a
retrospective chart analysis of 112 patients treated at an MS center in Houston, Texas. Here, we describe
similarities and differences in clinical presentation, MRI findings, treatment regimens, disability
progression, and relapse rate. While we found several similarities between the groups regarding mean
age, disability severity, and degree of brain atrophy at diagnosis, we also describe a few divergences.
Interestingly, we found that patients who were evaluated by a neurologist at symptom onset had
significantly decreased odds of greater disability [defined as Expanded Disability Status Scale (EDSS)
> 4.5] at last presentation compared to patients who were not evaluated by a neurologist (OR: 0.04,
95% CI: 0.16–0.9). We also found that active smokers had significantly increased odds of greater
disability both at diagnosis and at last clinical encounter compared to nonsmokers (OR: 2.44, 95% CI:
1.10–7.10, OR= 2.44, 95% CI: 1.35–6.12, p = 0.01, respectively). Additionally, we observed significant
differences in treatment adherence between groups. Assessment of the degree of brain atrophy and
progression over time, along with an enumeration of T1, T2, and gadolinium-enhancing brain lesions,
did not reveal differences across groups.

Keywords: multiple sclerosis; MS; disparities; minority populations

1. Introduction

Multiple Sclerosis (MS) is an autoimmune inflammatory demyelinating condition that affects
more than 2 million people worldwide [1,2]. A recent study estimates that in 2017, nearly 1 million
adults had MS in the United States [1]. MS leads to an accumulation of disability over time,
although disease-modifying therapies (DMT) may lessen long-term disability severity in most
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patients [3]. MS is considered a heterogeneous disease thought to result from a complex
interaction among genetic predisposition, sex, and environment [4]. Increasing evidence suggests
that racial disparities are important factors that may explain differences in the disease course,
prevalence, incidence, and outcomes [5–8]. Despite comprising 13.4% and 18.3% of the American
population, African-Americans (AA) and Hispanics, respectively, remain largely underrepresented
and understudied in clinical trials [9–11]. Fortunately, an accumulating body of work characterizes
MS in diverse populations. This development could improve our understanding of disease course
and epidemiology and uncover disparities across various racial/ethnic groups. Better understanding
disparities in MS clinical course and outcomes will allow for the development of more effective disease
management in patients of diverse backgrounds.

Historically, it had been widely accepted that MS incidence was higher in the White population
compared to the AA population [12]. However, population-based cohort studies have challenged
this paradigm. A 2013 retrospective cohort study found that AA had a 47% increased risk of MS
compared to Whites [13]. Disparities in MS clinical course in minority populations also encompass
disability progression, disease burden, symptom presentation, and relapse rates. AA and Hispanics
with MS have a higher disease burden and more severe disability in earlier stages of disease than White
patients [10,14–16]. Additionally, AA patients commonly have multi-symptomatic presentation and
early motor system involvement [14,17]. AA also experience inadequate recovery from symptoms and
have shorter intervals between clinical attacks [7,8]. Furthermore, amongst MS individuals admitted
to US nursing homes, AA patients are younger and more disabled than White patients [18]. Studies
comparing MRI findings between AA and White patients revealed that the former show an increased
degree of T2 hyperintense lesions and T1 hypointense lesions, which correlate with greater MS-related
disability [19].

Clinical data for MS in the Hispanic population is comparatively limited. The few studies on
Hispanics suggest a more rapid disability accumulation over time compared to White patients [20–22].
Interestingly, Hispanics were found to have a 50% decreased risk of developing MS compared to
Whites [13]. However, several studies concur that Hispanics may have an earlier age of disease onset
compared with other patient cohorts [13,20]. Hispanics and AA with MS are less likely than their White
counterparts to visit a neurologist or MS specialist for disease management and have decreased rates of
DMT usage due to noncompliance or inappropriate understanding of the treatment plan [23,24]. DMTs
are critical for effective management and reduction of long-term disability in MS patients. In assessing
these data, it is essential to consider that the Hispanic population is multiethnic and diverse. Other
compounding factors that should be considered include socioeconomic status, place of birth, age of
migration to the US, health literacy, systemic biases and systematic racism in healthcare, and access to
care [5,20,25].

Much of our understanding of MS manifestation and clinical course in minority populations have
come from a limited set of studies. Clinical trials on DMTs mostly lack data for minorities despite
mounting evidence that these groups are at higher risk for a more aggressive disease course [26].
Approximately only 1% of the MS literature focuses on minority populations [10]. The purpose of this
study was to address this lack of information by describing the clinical presentation, MRI findings,
treatment regimens, disability progression, and relapse patterns in a racially and ethnically diverse
population of MS patients in Houston, Texas. Given that the data for this study were collected from a
clinic that predominantly serves patients of low socioeconomic status (SES), this study captures ethnic
and racial disparities in MS among patients with a similar SES, potentially decreasing the possible
effects of confounding factors. This study is critical and timely because it adds to an emerging literature
that explores disparity in MS disease progression in AA and Hispanic MS patients compared to their
White counterparts.
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2. Patients and Methods

2.1. Study Design and Setting

Subjects were identified by a retrospective chart review of patients treated at the Smith Clinic
Multiple Sclerosis Center. Smith clinic is a unique center that is part of a network that specifically cares
for underserved and low socio-economic groups in Harris County, which includes the city of Houston.
Additionally, Harris County is the third most populous county in the US. The majority of the patient
population seen in the clinic are Non-Hispanic Black (NH-Black) or of Hispanic descent, and Mexicans
constitute the majority of the Hispanic population served at the clinic. There is also a small percentage
of Non-Hispanic White (NH-White) patients seen in the clinic. For the purposes of this study we are
using the terms NH-Black and NH-White to account for the racial diversity of Hispanics seen in our
clinic. Patients are attended to irrespective of insurance status or ability to pay.

2.2. Cohort Identification and Selection

Information from all patients who visited Smith clinic from March 2019 to March 2020 was
identified through chart review and included in this retrospective study. All patients with a diagnosis
of Relapsing Remitting MS (RRMS), Secondary Progressive MS (SPMS), or Primary Progressive MS
(PPMS) were included.

2.3. Outcome Measurements

The following pre-selected information was abstracted for each patient: year and age of first
symptoms, age at diagnosis, the amount of time that elapsed between onset of symptoms and
diagnosis, disease subtype, estimated Expanded Disability Status Scale (EDSS) at diagnosis and last
encounter, Disease Modifying Therapy (DMT) history (adverse reactions, relapses, and changes in
immunomodulatory therapy), radiological findings, number of clinical relapses, smoking status,
and autoimmune comorbidities. Escalation therapies included Glatiramer Acetate, Interferons,
Teriflunomide, Dimethyl Fumarate and Fingolimod. High efficacy therapies included Rituximab,
Ocrelizumab, Alemtuzumab and Natalizumab. Symptoms at disease onset were recorded and included
motor, sensory, cerebellar, brainstem, bowel, and bladder function among others.

2.4. Data Collection and Management

Two neurologists extracted patient data from medical records and the study protocol was approved
by an Institutional Review Board. Information from the most recent clinical encounter and from the
clinical encounter at diagnosis was included. The EDSS at presentation was estimated based on the
first documented neurologic examination by a neurologist and was not indicative of the maximal
neurologic deficit during the demyelinating episode that led to the diagnosis. Severe disability was
defined as an estimated EDSS score > 4.5. MRI interpretations were collected from radiology reports.
Lesion quantification and atrophy scoring were extracted directly from radiology reports and raw
images were not independently interpreted by the neurologists gathering the data. A relapse was
defined as a new, documented, neurological complaint lasting more than 24 h with objective findings
in the documented neurological exam, or a follow-up MRI showing new enhancing lesions.

2.5. Statistical Analysis

The statistical analyses were performed using R (version 3·6·1, Vienna, Austria) and RStudio
(Version 1·2·5001, Boston, MA, USA). Based on the race and ethnicity information of the patients,
we created a composite variable called ‘race/ethnicity’ and categorized the responses as Non-Hispanic
(NH) White, NH-Black, Hispanic and ‘others’. We conducted descriptive statistics on patient
socio-demographic and disease characteristics stratified by race/ethnicity. We conducted Fisher’s
exact tests (for categorical variables) and ANOVA (for continuous variables). We examined the usage
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and impact of DMTs across racial/ethnic groups. We also examined various markers of disease
progression including lesions and atrophy in the brain as well as the thoracic and cervical spine
stratified by race/ethnicity using Fisher’s exact test. Applying adjusted Exact logistic regression models,
we evaluated the association between various patient characteristics and a high EDSS score (EDSS > 4.5).
Models were adjusted for different covariates based on the literature and context, along with experts’
recommendations. All analyses were based on two-tailed probabilities with a type 1 error rate set
at 5%.

3. Results

Data from a total of 114 patients were analyzed in this study. Two patients were excluded due to a
substantial amount of missing information. Of the included 112 patients, most were diagnosed with
Relapsing Remitting MS (RRMS). About 73% of NH-White, 92% of NH-Black, and 95% of Hispanic
patients had RRMS, whereas only 18% of NH-White, 5% of NH-Black, and 2.5% of Hispanic patients
were diagnosed with Primary Progressive MS (PPMS) (Table 1). One Hispanic patient had a diagnosis
of SPMS. There were no significant differences among the groups with regard to MS type at diagnosis
(p = 0.1859), or smoking status (p = 0.3079). All groups had a similar female to male ratio, with a
greater proportion of female MS patients (Table 1, p = 0.3675). Average age at diagnosis (p = 0.9918)
and mean time to diagnosis (p = 0.9934) were also similar across all groups (Table 1). Interestingly,
between the groups, we found significant differences in the percentage of patients who were adherent
or experienced relapse while on escalation or high efficacy therapies. Specifically, 63.2% of NH-White,
73% of NH-Black, and 61.8% of Hispanic patients were adherent to escalation therapy (Table 1,
p = 0.0252). 100% of NH-White, 84.2% of NH-Black, and 50% of Hispanic patients were adherent
to high efficacy therapy (Table 1, p = 0.0252). 26.3% of NH-White, 31.1% of NH-Black, and 36.4%
of Hispanic patients relapsed while on escalation therapy (Table 1, p = 0.000151). 0% of NH-White,
10.5% of NH-Black, and 0% of Hispanic patients relapsed while on high efficacy therapy (Table 1,
p = 0.00015). Of note, one of the reasons for relapse includes non-adherence; thus interpretation of
relapse data must consider the adherence percentages presented.

Notably, only 28% of the NH-Black population had received an evaluation by a neurologist at
symptom onset, whereas 53% of Hispanic and 45% of NH-White patients had, although this was
not statistically significant (Table 1, p = 0.1778). In this cohort, there were no statistically significant
differences in receipt of a medical evaluation at symptom onset; 63–70% of patients from all groups
were able to access medical evaluation. Additionally, NH-White, NH-Black and Hispanic patients
exhibited no differences in symptoms at diagnosis or mean EDSS score at diagnosis and last encounter
(Table 2). There was a significant difference in the percentage of patients with severe disability (EDSS
score > 4.5) at diagnosis and at last encounter; 14.3% of NH-White MS patients had severe disability at
diagnosis compared to 50% of NH-Black and 31.6% of Hispanic patients (Table 2, p < 0.001). This was
also true at last encounter with 32.5% of NH-White, 45.5% of NH-Black and 41% of Hispanic MS
patients with severe disability at their most recent clinical visit (Table 2, p < 0.001).

Assessment of degree of brain atrophy and progression over time revealed that NH-White,
NH-Black and Hispanic patients in this cohort had a similar degree of brain atrophy at diagnosis and
over time (Figure 1). Enumeration of T1, T2, and gadolinium-enhancing brain lesions at diagnosis also
showed no significant differences between the groups (data not shown). Spinal atrophy and quantity
of T2 and gadolinium-enhancing lesions in the spine at diagnosis and at last presentation were also
similar between groups (Figure 2).
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Table 1. Diagnosis Characteristics of patients with MS stratified by race/ethnicity.

Characteristics
NH-White

(n = 11)
NH-Black

(n = 61)
Hispanic
(n = 40)

p Value

Multiple Sclerosis (MS) type at diagnosis p = 0.1859
Relapsing remitting MS 82% 95% 95%
Primary progressive MS 18% 5% 2.5%

Secondary progressive MS 0% 0% 2.5%
Mean Age at diagnosis (years) 39.9 (11.3) 36.7 (11.4) 32.4 (11.5) p = 0.9918

Female/Male ratio 1.70/1 2.33/1 1.22/1 p = 0.3765
Active smokers 55% 44% 30% p = 0.3079

Mean time from symptom onset to
diagnosis (months)

30.8 (38.9) 32.9 (32.1) 13.7 (15.4) p = 0.9934

Medical Evaluation at symptom onset 64% 63% 70% p = 0.8597
Neurological Evaluation at symptom onset 45% 28% 53% p = 0.1778

Adherence (Adherence/Ever used) p = 0.0252
Escalation therapy 63.2% 73% 61.8%

High efficacy therapy 100% 84.2% 50%
Relapse (Relapse/Ever used) p = 0.00015

Escalation therapy 26.3% 31.1% 36.4%
High efficacy therapy 0% 10.5% 0%

EDSS score at diagnosis and EDSS score at last clinical visit were compared within each group. Standard deviation
is shown in parentheses. p = 0.4253 (NH-Black), p = 0.1757 (Hispanic), p = 0.0324 (NH-White), (paired sample
t-test). For adherence and relapse data, chi-squared test and Fisher’s-exact test were used respectively. Escalation
therapies included Glatiramer Acetate, Interferons, Teriflunomide, Dimethyl Fumarate and Fingolimod. High efficacy
therapies included Rituximab, Ocrelizumab, Alemtuzumab and Natalizumab.

Table 2. Clinical characteristics of MS patients by race/ethnicity.

Clinical Characteristics
NH-White

(n = 11)
NH-Black

(n = 61)
Hispanic
(n = 40)

p Value

EDSS scores
Mean EDSS score at diagnosis (SD) 2.6 (2.1) 2.2 (1.1) 3.8 (1.9) p = 0.9328

Mean EDSS score at last presentation (SD) 2.9 (2.8) 4.2 (2.9) 3.8 (2.3) p = 0.9950
Severe disability at diagnosis (EDSS > 4.5) 14.3% 50% 31.6% p = < 0.001

Severe disability at last presentation (EDSS > 4.5) 32.5% 45.5% 41% p = < 0.001

Symptoms at Presentation p = 0.1473
Motor 72.7% 57.4% 47.5%

Brainstem 27.3% 24.9% 25%
Cerebellar 27.3% 37.7% 37.5%

Gait 27.3% 26.2% 15%
Sensory 72.7% 37.7% 52.5%
Visual 9.1% 27.9% 30%

Cognitive 9.1% 9.8% 5%
Other or unknown 36.4% 18.1% 15%
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Figure 1. Degree of brain atrophy at diagnosis and worsening of brain atrophy from diagnosis to most
recent MRI scan. Presented as the total percentage of each group, is the proportion of patients who had
none (A), mild (B), or moderate (C) brain atrophy at the time of diagnosis, as well as the proportion of
patients who had increased brain atrophy in their most recent MRI scan compared to diagnosis (D).
Only patients who had MRI scans on file were included in this analysis. p = 0.5155 for comparison
between degree of brain atrophy (none, mild, moderate) (Fisher’s exact). p = 0.3387 for comparison
of total percentage of patients who had worsening brain atrophy on most recent MRI compared to
diagnosis (Fisher’s exact).

Figure 2. The total percentage of patients in each group who had spinal atrophy, T2, or gadolinium-
enhancing lesions in the spine as determined by MRI findings at diagnosis. Only patients who had
MRI scans on file were included in this analysis. p = 0.6974, p = 0.5128, p = 0.2957 for comparison
of total percentage of patients in each group that had spinal atrophy, spinal T2 lesions, and spinal
gadolinium-enhancing lesions respectively (Fisher’s exact).

Patient usage of escalation or high efficacy therapies did not significantly impact the patient’s
likelihood of having an EDSS score > 4.5 at last clinical encounter after adjustment for adherence,
smoking, race, age, prior exposure to escalation therapies, and EDSS at diagnosis (Table 3). Active
smokers were 2.44 times as likely to have an EDSS score > 4.5 at their last clinical encounter compared
to non-smokers after adjustment for age and race (OR: 2.44, 95% CI: 1.36–6.12, p = 0.01) (Table 3).
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Interestingly, after adjustment for race and age, patients who were evaluated by a neurologist at
diagnosis had significantly lower adjusted odds of an EDSS score > 4.5 at last presentation compared
to patients who were not evaluated by a neurologist (OR: 0.40, 95% CI: 0.16–0.90, p = 0.04) (Table 3).

Table 3. Association between various patient characteristics and high EDSS score (>4.5) at
last presentation.

High EDSS Score at Last Presentation

OR p-Value

Usage of escalation therapies a

No reference
Yes 1.60 (0.45–6.14) 0.48

Usage of high efficacy therapies b

No reference
Yes 2.64 (0.87–8.33) 0.09

Smoker c

No reference
Yes 2.44 (1.36–6.12) 0.01

Medical evaluation by Neurologist c

No reference
Yes 0.40 (0.16–0.90) 0.04

Adherence to DMT c

Yes reference
No 0.73 (0.31–1.62) 0.43

Time to diagnosis c

<=12 months reference
>12 months 1.73 (0.75–4.01) 0.2

a adjusted for adherence, smoking, race and age and EDSS at diagnosis; b adjusted for prior exposure to escalation
therapies, adherence, smoking, race, age and EDSS at diagnosis; c adjusted for age and race.

Active smokers were 2.79 times as likely to have an EDSS score > 4.5 at diagnosis compared to
non-smokers after adjustment for age and race (OR: 2.79, 95% CI: 1.10–7.10, p = 0.01) (Table 4). There
was no significant association between time to diagnosis and having a high EDSS score at diagnosis
(Table 4). There were no significant differences in total relapse occurrence for patients on escalation
therapy vs. high efficacy therapy for each racial/ethnic group (data not shown). Of 24 NH-white
patients, 19 had ever used escalation therapy, and 5 had used high efficacy therapy. Of 93 NH-Black
patients, 74 had used escalation therapy, and 19 had used high efficacy therapy. For the Hispanic
patients group of 63 patients, 55 had ever used escalation therapy while 18 had documented high
efficacy therapy use. We found no differences between the groups concerning the usage of escalation
vs. high efficacy therapies.

Table 4. Association between various patient characteristics and high EDSS score at diagnosis (>4.5).

High EDSS Score at Diagnosis

OR p-Value

Smoker c

No reference
Yes 2.79 (1.10–7.10) 0.01

Time to diagnosis c

<=12 months reference
>12 months 1.15 (0.46–2.83) 0.77

c adjusted for age and race.
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4. Discussion

The goal of this retrospective cohort study was to describe MS patient characteristics in a
multi-ethnic population in Houston and compare findings between racial/ethnic groups. Our study
demonstrates several racial/ethnic similarities and a few differences in multiple sclerosis presentation
and disease course. We found that the groups had a similar mean age at diagnosis, mean EDSS score
at diagnosis and last presentation, and a similar degree of brain and spinal atrophy at diagnosis as
well. MRI spinal findings were also comparable between NH-White, Black and Hispanic groups.
The average time from symptom onset to diagnosis, and overall symptom presentation, were also
similar between the groups. The clinic that these patients were treated at is a hub for the underserved
and low socioeconomic communities. Thus, we suspect that many of the patients in this cohort were
of a similar socioeconomic background, which undoubtedly can influence disease manifestation and
outcomes. It is plausible that these similar environmental factors, along with the small sample size
may explain the many similarities detected between the groups. However, further studies are required
to evaluate this hypothesis.

Interestingly, after adjustment for race and age, patients who were evaluated by a neurologist at
diagnosis had 60% lower odds (OR = 0.40, 95% CI: 0.16–0.90) of an EDSS score > 4.5 at last presentation
compared to patients who were evaluated by a non-neurology specialist. This suggests a logical
protective effect of treatment by a neurologist at symptom onset and highlights the importance of
access to treatment for all patients. Indeed, a national descriptive study found that people with MS
who saw a neurologist were more likely to receive appropriate DMT treatment and see rehabilitation
and urologist specialists compared to people who saw other providers [27]. A 2017 study on racial
disparities in neurologic health care access revealed that Black patients were 30% less likely to see an
outpatient neurologist and were more likely to be cared for in the emergency department compared to
their White counterparts [23]. Similarly, Hispanic patients were 40% less likely to see an outpatient
neurologist compared to NH-Whites [23].

We found that actively smoking patients were 2.44 times as likely (95% CI: 1.36–6.12) to have severe
disability at diagnosis and at the last clinic follow up. A recent systematic review and meta-analysis
found evidence supporting the causal involvement of smoking in the development and progression of
MS [28]. Altogether, these data suggest that smoking prevention and cessation education programs
and early intervention by a neurologist should be implemented to achieve optimal MS care in diverse
patient populations.

Consistent with published reports, a greater proportion of NH-Black patients had early severe
disability (defined in our study as an estimated EDSS score > 4.5) when compared to NH-White and
Hispanic patients [29,30]. In our present study, treatment modality did not impact the risk of having an
estimated EDSS score > 4.5 at the last visit. Nonetheless, we observed a trend towards a higher relapse
rate in escalation therapies vs. high efficacy therapies, especially in NH-Blacks. We also observed
significant differences in adherence between the groups. Interestingly, a greater percentage of NH-Black
patients relapsed while on high efficacy therapy compared to Hispanic patients, despite having greater
adherence. Other studies have found that NH-Black patients treated with interferons experienced more
relapses and new MS lesions on T2-weighted brain magnetic imaging than NH-Whites [31]. However,
further studies on the interaction between race/ethnicity and DMT response for MS are necessary.

Several studies have shown that African Americans have significantly higher CNS lesion burden,
more frequent relapses, worse ambulatory disability, worse post-relapse recoveries, and higher overall
disability at diagnosis [5,10,19,29]. Overall, our findings did not confirm these prior observations and
we believe that the similar socioeconomic background of this patient cohort, along with the small
sample size, may have contributed to this. Nevertheless, it is evident that further studies are needed to
investigate the various environmental and social factors contributing to divergent MS clinical course
outcomes between diverse populations.

Limitations of this study include its retrospective nature, the variable periods of follow-up and
the selection of therapy by the treating physician (nonrandomized). The study was also constrained by
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a small sample size, which could have induced a type 2 error leading to the inability to reject the null
hypothesis in some of our comparisons. Additionally, our interpretation of the relapse data is limited
because one of the possible reasons for relapse is non-adherence. Thus, relapse data are not corrected
for the degree of non-adherence and should be assessed accordingly. Lastly, it is important to note that
we did not analyze the imaging data ourselves. Instead, we collected information from MRI reports.
Often, the number of lesions was documented as a range, thereby limiting data precision. Moreover,
the atrophy measurements were subjective rather than objective quantification, and some patients were
missing MRI information at diagnosis (e.g., performed at a different institution). These limitations may
have impacted the capability to show radiological differences at presentation between groups.

Our study is important because it adds to emerging literature describing disease characteristics in
minority populations with MS. The disparities in MS progression, onset, and disease course warrants
further study. Of 60,000 published articles on MS, only 113 focused on NH-Black and only 23 focused
on Hispanic American patients with MS as of 2014 [10]. This demonstrates a need for studies that are
intentionally inclusive of these populations. Since 2014, there has been a modest but steady increase in
studies focused on these populations. There is a clear disparity in MS treatment access for patients
from different racial and ethnic backgrounds. Drivers of disparity are often comprised of complex
interactions among factors such as socioeconomic status, access to healthcare and wellness resources
(clinics, hospitals, grocery stores, fitness centers), systemic racism and biases in healthcare, and limited
health literacy. This systemic web of disparity can be challenging to disentangle, but understanding it
is necessary for improving the care of minority patients with MS.

Future prospective randomized controlled trials in different racial/ethnic groups with MS are
essential to better understand the disease progression, management and treatment outcomes for
diverse patient populations.
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Abstract: Blood neurofilament light chain (NfL) is a marker of neuro-axonal injury showing promising
associations with outcomes of interest in several neurological conditions. Although initially discovered
and investigated in the cerebrospinal fluid (CSF), the recent development of ultrasensitive digital
immunoassay technologies has enabled reliable detection in serum/plasma, obviating the need
for invasive lumbar punctures for longitudinal assessment. The most evidence for utility relates
to multiple sclerosis (MS) where it serves as an objective measure of both the inflammatory and
degenerative pathologies that characterise this disease. In this review, we summarise the physiology
and pathophysiology of neurofilaments before focusing on the technological advancements that have
enabled reliable quantification of NfL in blood. As the test case for clinical translation, we then
highlight important recent developments linking blood NfL levels to outcomes in MS and the next
steps to be overcome before this test is adopted on a routine clinical basis.

Keywords: neurofilament light chain; biomarkers; multiple sclerosis

1. Neurofilament Structure and Function

Neurofilaments are neuronal-specific heteropolymers conventionally considered to consist of a
triplet of light (NfL), medium (NfM) and heavy (NfH) chains according to their molecular mass [1].
More recent discoveries show that α-Internexin in the central nervous system [2] and peripherin in
the peripheral nervous system [3] can also be included in neurofilament heteropolymers. These five
proteins co-assemble into the 10 nM intermediate filaments in different combinations and concentrations
depending on the type of neuron, location in the axon and stage of development [4].

Each of the neurofilament proteins consists of an amino-terminal domain that is thought to regulate
the formation of oligomers [5], a central helical rod domain, and a variable carboxy-terminal domain.
The chain-specific C-terminal domains are the main determinants of differences in molecular mass
and phosphorylation between subunits. Following synthesis and assembly in the neuron cell body,
tetramers of neurofilament proteins are transported bidirectionally along axons by the microtubular
apparatus prior to forming a continuously overlapping array that runs parallel to axons. Once formed,
in the healthy state, they are remarkably stable for months to years [6].

In mature myelinated axons, neurofilaments are the single most abundant protein [7]. They perform
key roles as part of the neuroaxonal scaffold to resist external pressures, determine axonal diameter,
indirectly moderate conduction velocity, and act as an attachment for organelles and other proteins [4].
Beyond their primary structural role in axons, mounting evidence indicates that a unique pool
of synaptic neurofilament proteins serves dynamic functions beyond static structural support [8].
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Changes in neurofilament phosphorylation may be involved in long term potentiation that underpins
memory [9] and NMDA receptor stability is dependent on a synaptic scaffold of neurofilament proteins.

2. Neurofilament Pathophysiology

Damage to central nervous system (CNS) neurons and physiologic turnover causes neurofilament
release. This translates to elevated levels in the cerebrospinal fluid (CSF) and eventually blood, where the
concentration reflects the rate of release from neurons (Figure 1, where we focus on NfL). Physiologic
degradation of neurofilaments within neurons is proposed to be a combination of ubiquitin-mediated
proteasomal and apophagocytotic pathways [10]. Based on the trafficking of other proteins degraded
in the CNS, it is likely that partially degraded fragments of neurofilaments drain directly into CSF and
blood via multiple routes. These include direct drainage into CSF and blood via arachnoid granulations
as well as lymphatic drainage into the subarachnoid spaces and perivascular spaces [11,12]. Several
studies have demonstrated strong correlations between blood and CSF NfL, with r values typically
ranging from 0.7 to 8 (e.g., [13]). However, our understanding of the kinetics of neurofilament release,
distribution and metabolism is incomplete.

Figure 1. Pathophysiology of neurofilament light chain in blood and cerebrospinal fluid (CSF).

Blood–brain barrier permeability itself may be a confounder; neurofilament quotient in blood
compared to CSF could be selectively increased following periods of inflammation such as that seen
in MS relapse, positively skewing blood NfL levels. Two recent studies on this topic in MS patients
present conflicting results [14,15].

Once NfL enters the blood, the half-life is a key consideration with implications on the frequency
of disease activity monitoring. In a longitudinal study of NfL levels before and after intrathecal catheter
insertion, NfL in both CSF and serum peaked at 1-month post-surgery, returning to baseline after 6 to
9 months [16]. In longitudinally sampled MS patients around the time of relapse, levels increasing
5 months before, peaking at clinical onset, and recovery within 4–5 months [17]. Therefore, quarterly
measurement is likely sufficient, a frequency that our group is currently investigating in longitudinal
prospective studies of serum NfL.

Age is the principal physiologic covariate of NfL levels. Levels in healthy controls increase by 2.2%
per year [18,19]. Furthermore, an inflection point is observable above the age of 60, after which both
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sNfL levels, as well as the inter-individual variability in levels, increase greatly [20]. It is speculated
that these changes are attributable to both aging itself as well as the accumulation of subclinical
comorbidities. Other factors outside of neurological disease itself that may alter neurofilament levels
include BMI [21] as well as vascular risk factors [22].

Although the primary focus of this review is the pathophysiologic relevance of NfL concentrations
as they relate to neurological diseases such as MS, the vital role of neurofilaments is underlined
by various human mutations that interfere with their function and homeostasis. Mutations of
gigaxonin, a key component in the ubiquitin-dependent intermediate filament degradation, results in
the pathological aggregation of neurofilaments in neurons and a severe neurodegenerative condition
called giant axonal neuropathy [23]. Mutations in the neurofilament light chain gene itself result in
axonal forms of hereditary motor sensory polyneuropathy [24] and variants of the heavy neurofilament
subunit are associated with the development of amyotrophic lateral sclerosis [25].

Intriguingly there is evidence that autoimmunity can be directed against neurofilament proteins
themselves [26–30]. CSF from MS patients contain anti-NfL antibodies [26] and these antibodies
co-localise with neurons in human MS pathological lesions [27]. The pathogenic potential of anti-NfL
antibodies is a topic of debate as the neurofilament light chain is intracellular and presumably not
amenable to immune surveillance or targeting in the healthy state. However, intrathecally transferred
anti-NfL antibodies in rodent models of experimental autoimmune encephalomyelitis (EAE) results in
disability progression [28]. Anti-NfL antibody concentration also appears to correlate with MRI tissue
damage, particularly lower brain volumes [29]. Following effective treatment of MS with natalizumab,
anti-NfL antibody concentrations decrease [30]. Although the pathogenic potential of antibodies
directed against an intracellular antigen such as NfL remains debatable, these circulating antibodies
could also have important and unexplored implications on neurofilament metabolism in the periphery
as well as interference in NfL assays which are antibody-based immunoassays.

3. Measurement of Blood Levels of Neurofilament Light Chain

Of the family of neurofilament proteins, neurofilament light chain (NfL) has gained the most
interest as a candidate marker of outcomes in neurological diseases. This was not without contention.
While the neurofilament light chain is the most abundant and soluble of the neurofilament proteins,
phosphorylated neurofilament heavy chain (NfH) was initially thought to be more resistant to protease
activity [31–33]. NfL was thought to be unstable in vitro [34] and initial research focused on NfH
quantified by enzyme-linked immunosorbent assay (ELISA) or electrochemiluminescence (ECL) as a
biomarker of axonal damage in MS [35,36]. However, in 2013, a comparative study of NfL and NfH
found both proteins showed equivalent stability after several days at room temperature and through
freeze–thaw cycles [37]. Moreover, although some of the differences observed may correspond to
analytical methodologies, this study found that NfL levels were higher than NfH and NfL was a better
discriminator of MS patients from controls.

Initial studies looking at NfL in association with neurological disease outcomes focused on CSF
measurements. Although CSF is “closer” to the CNS pathologies (e.g., MS) and NfL concentration is
approximately 500-fold higher, the inconvenient and invasive lumbar puncture required severely limits
its clinical utility as a frequent serial biomarker. Concentrations in the blood however were too low to
be reliably measured with conventional immunoassays such as ELISA or ECL assays. It was not until
recently, with the development of the Single-Molecule Assay (SiMoA), that analytical methods become
sufficiently sensitive to measure the single-digit picogram per milliliter levels present in blood [38].
This SiMoA technology, similar to other immunoassays, is based on fluorescent microbeads coated
with high-affinity capture antibodies that bind NfL followed secondly by a fluorescently labelled
detector antibody [39]. The increased analytical sensitivity of the SiMoA assay is due to its unique
method of detection. Assay beads with captured NfL and fluorescent detector antibody, are loaded
onto an assay disk containing >200,000 microwells capable of holding only a single bead. At high
analyte concentration, the total fluorescence can be captured in the traditional manner (analog) and
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correlated to the analyte concentration. At low analyte concentrations, rather than detecting total
fluorescence, a digital image is captured that enumerates individual fluorescent microwells in a binary
fashion, effectively lowering the limit of quantitation to the femtomolar range. Although there are
several neurofilament assays in development based on other technologies, including widely used
chemiluminescent-based assay [40], the data we present here were exclusively generated using the
SiMoA platform.

4. Blood NfL in Neurological Diseases

As a neuron-specific marker of neurological injury, elevated NfL levels can be found in a variety of
conditions that involve neuroaxonal injury in both the central and peripheral nervous system (reviewed
by Khalil et al., 2018 [41]). In purely neurodegenerative diseases, NfL could serve as both a prognostic
marker of decline but also an efficacy biomarker of experimental therapies. In a meta-analysis of
Alzheimer’s disease, frontotemporal and amyotrophic lateral sclerosis [42], plasma NfL levels were
elevated in patients compared to controls with utility in differentiating neurodegenerative conditions
from non-neurodegenerative mimics. However, due to a lack of specificity to any particular flavor of
neurodegeneration, its role as a diagnostic marker is limited. The exception to this is in amyotrophic
lateral sclerosis where the uniquely rapid neurodegeneration that characterises this condition results
in blood NfL levels several times higher than both controls and other forms of neurodegeneration,
and hence may play are role in diagnosis.

In more indolent neurodegenerative processes, early prognostication is an important clinical role.
In a study of carriers and non-carriers of autosomal dominant Alzheimer’s disease, the trajectory of NfL
in affected individuals compared to controls became segregated during their 30’s, long before clinical
onset [43]. Conversely, in Parkinson’s, a condition characterised by particularly slow neurodegeneration,
differences between controls and patients are especially small, and the separation NfL trajectories
only become apparent after the age of 70 [44] at which point marked disability is usually apparent.
Meanwhile, for more acute neuronal injury, neurofilament may also have utility in stroke and traumatic
brain injury prognostication. Following a stroke, blood NfL takes several hours to rise, limiting their
utility in the hyperacute setting, however, the presence of elevated NfL may have utility in diagnosing
subacute strokes as well as in the prognostication of outcomes [45,46]. Similarly, following traumatic
brain injury, the extent of NfL increase acutely is predictive of the severity of injury, and while NfL
decreases over time, it remains elevated relative to controls several years after the injury. Of recent
topical interest, NfL was found to be subtly elevated in the serum of mild-moderate COVID-19
patients [47]. While some have used this evidence to bolster theories of direct neuronal invasion
by the virus, these subtle differences could also be attributed to cerebral hypoxia induced by the
respiratory virus.

5. Blood NfL in MS

Multiple sclerosis is the most common neurological autoimmune disease, known for its varied
clinical presentations and unpredictable clinical course [48]. Over the last few decades, there has been a
dramatic expansion in the number of immunosuppressive therapies on offer to prevent damaging bouts
of focal inflammation and demyelination that characterise this condition. However, a victim of its own
success, objective disease monitoring biomarkers are lacking, and adjuncts that can help neurologists
track and personalise treatments are sorely needed. Regular MRI scanning remains the gold standard
means of detecting sub-clinical inflammatory lesions [49,50], but this costly and inconvenient test
has a number of shortcomings. It is poorly predictive of future activity (Ontaneda and Fox, 2017),
lacks sensitivity [51], tends to be focused mainly on the brain (leaving out the spinal cord and optic
nerves) and entails a large degree of technical variation and subjective interpretation. Notable examples
of fluid biomarkers that are already in clinical use in MS include oligoclonal bands [52] (now part of
MS diagnostic criteria), antibodies against aquaporin-4 [53] and myelin oligodendrocyte protein [54]
(which define pathologically discrete disease entities which previously fell under the umbrella of MS),

50



Biomedicines 2020, 8, 523

as well as serological assays for JC virus [55] (pre-immunosuppression risk stratification). However,
as of yet, no fluid biomarker has established clinical use in routine disease monitoring and prediction.
As a result of this unmet need, associations of blood neurofilament have been intensely studied in MS.
In the last two years, more than 200 studies have contributed to a groundswell of evidence associating
NfL with outcomes related to disease activity, progression, treatment response and prognosis.

As a cross-sectional measure in groups of MS patients, the strongest evidence links high NfL
levels with inflammatory endpoints such as relapses and MRI lesions [19,56–61]. This is perhaps
counter-intuitive, as one might expect this neuroaxonal protein to associate most strongly with outcomes
to neurodegeneration and disease progression. However, axonal damage and loss are hallmarks of
demyelinating MS lesions even early-on [62], presumably reflected in a transient marked elevation
of NfL.

Other than inflammatory disease activity, an interrelated facet of MS pathology is
neurodegeneration and progressive disability accrual. Conveniently, this facet of MS pathology
is also objectified with NfL measurement. Patients with progressive MS have higher levels than age and
sex matched patients with relapsing disease [63]. Associations can be found between high blood NfL
levels and poorer disease progression outcomes including disability scores, conversion to a secondary
progressive phenotype, MRI atrophy, and measures of cognitive function [13,18,57,61,64–69].

Several groups have also studied the longitudinal significance of blood NfL as a serial disease
monitoring/treatment response measure in prospective cohorts from clinical trials. Studies exploring
the relationship of NfL kinetics with clinical relapse showed elevations beginning approximately
5 months prior to relapse with a peak at clinical onset and recovery within 4–5 months of remission [17].
When profiled longitudinally, “peaks” of NfL (more than three standard deviations above steady-state)
were associated with nearly 80% of MRI and clinical disease activity.

In response to treatment, often related to the availability of retrospective sample sets from
well-characterised groups of patients involved in seminal studies, longitudinal NfL reductions
have been reported for most established treatments for relapsing MS. These include injectable
therapies [18,56,59,70], dimethyl fumarate [71], fingolimod [61,70,72], natalizumab [73], rituximab [74],
ocrelizumab [75], ofatumumab [76], alemtuzumab [17] and hematopoietic stem cell transplantation [13].
Encouragingly, reductions in NfL seen after different treatments broadly fall in line with the perceived
hierarchy of treatment efficacies, with the greatest reductions seen following the most intensive
treatments. Accordingly, in a recent Swedish cohort study of more than 1000 patients receiving one of
6 treatments, the largest reductions in plasma levels were seen following alemtuzumab (48%), and the
smallest reduction for teriflunomide (7%), with the other agents falling in the middle [56].

For secondary progressive MS, reductions in NfL have been shown following siponimod [77],
ocrelizumab [78] and natalizumab [79]. In primary progressive disease, reductions were seen following
fingolimod [80] and ocrelizumab [78]. Given the lack of useful biomarkers otherwise for progressive
types of MS, NfL is increasingly seen as an important secondary endpoint in phase 2 and 3 studies of
treatments [81].

Many groups have shown the value of NfL in the prediction of future relapses, MRI disease activity,
disability worsening, MRI brain and spine atrophy and poorer cognitive outcomes [18,19,59,60,82–84].
In a 5-year longitudinal study of more than 1200 Swiss MS patients, high age-adjusted NfL was
associated with increased risk of relapse and new MRI activity in the following year [63]. Even in
patients who met criteria for “no evidence of disease activity” [85], higher NfL was independently
associated with increased risk of clinical and/or MRI disease activity in the next year, indicating that NfL
is capable of predicting subclinical disease activity otherwise not captured. NfL may also have utility
in long term prediction, with 2 separate studies finding an association of early NfL measurements with
clinical and MRI disease outcomes more than a decade later [86,87].

While NfL is the closest blood-based disease monitoring marker to clinical translation in MS,
there are also other promising candidates that may provide additional information. For instance,
glial fibrillary acidic protein (GFAP) is a marker of astrocytic turnover or damage that may serve more
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as a marker of disease progression [88]. Although not a fluid biomarker, ocular coherence tomography
(OCT) peripapillary retinal nerve fibre layer thickness also seems to be useful as a biomarker for the
prediction of disability progression [89]. Thus, NfL may represent the first of several fluid biomarkers
with relevance in MS monitoring and prediction; one-day multimodal composite indices could be
used to most accurately objectify different components of an individual patient’s disease and inform
treatment decisions.

6. Conclusions

Measurement of a convenient objective blood marker of neuronal injury in patients is an appealing
prospect for neurologists. Analogous to the cardiologist’s troponin, neurofilament light chain is a
structural axonal protein that can be detected in the blood at elevated levels in a variety of neurological
disease states which can be followed longitudinally. Enabled by recent advancements in assay
technologies, many consider this test to be on the verge of clinical translation in a number of different
settings. Given its neuron-specific nature, but lack of disease specificity, on its own it is not a helpful
diagnostic marker. However, in defined neurological conditions that require monitoring, in particular
MS where we have treatments to offer, NfL is rapidly gaining traction.

It seems likely that MS will represent the test case for the clinical translation of blood NfL, where it
will be a greatly-needed adjunct to clinical and MRI assessment. While we already know that elevated
NfL is concerning and low NfL is reassuring, a number of challenges remain before this test is ready
for widespread adoption. Foremost amongst them is the need for age-adjusted normative datasets
and cutoff values so that physicians can better interpret individual patient results. Key elements of
neurofilament kinetics in the blood, such as blood half-life, need to be delineated to inform optimal
testing frequency in clinical practice. Additionally, the ongoing efforts of multisite validation efforts
will be important in standardising measurement between clinical laboratories and ensuring that any
concerns of analytical validity are allayed. Nonetheless, many are optimistic that NfL could represent
the first of its kind in neurology: a broadly-applicable protein biomarker that objectively reflects
underlying pathology which can be harnessed to improve patient outcomes.
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Kollar, B.; Turcani, P. Neurofilament light chain and MRI volume parameters as markers of neurodegeneration
in multiple sclerosis. Neuro Endocrinol. Lett. 2020, 41, 17–26. [PubMed]

67. Mattioli, F.; Bellomi, F.; Stampatori, C.; Mariotto, S.; Ferrari, S.; Monaco, S.; Mancinelli, C.; Capra, R.
Longitudinal serum neurofilament light chain (sNfL) concentration relates to cognitive function in multiple
sclerosis patients. J. Neurol. 2020. [CrossRef]

68. Bridel, C.; van Wieringen, W.N.; Zetterberg, H.; Tijms, B.M.; Teunissen, C.E.; Alvarez-Cermeño, J.C.;
Andreasson, U.; Axelsson, M.; Bäckström, D.C.; Bartos, A.; et al. Diagnostic Value of Cerebrospinal Fluid
Neurofilament Light Protein in Neurology. JAMA Neurol. 2019, 76, 1035. [CrossRef]

69. Jakimovski, D.; Zivadinov, R.; Ramanthan, M.; Hagemeier, J.; Weinstock-Guttman, B.; Tomic, D.;
Kropshofer, H.; Fuchs, T.A.; Barro, C.; Leppert, D.; et al. Serum neurofilament light chain level associations
with clinical and cognitive performance in multiple sclerosis: A longitudinal retrospective 5-year study.
Mult. Scler. J. 2019. [CrossRef]

70. Reinert, M.C.; Benkert, P.; Wuerfel, J.; Michalak, Z.; Ruberte, E.; Barro, C.; Huppke, P.; Stark, W.; Kropshofer, H.;
Tomic, D.; et al. Serum neurofilament light chain is a useful biomarker in pediatric multiple sclerosis.
Neurol. Neuroimmunol. Neuroinflamm. 2020, 7. [CrossRef]

71. Sejbaek, T.; Nielsen, H.H.; Penner, N.; Plavina, T.; Mendoza, J.P.; Martin, N.A.; Elkjaer, M.L.; Ravnborg, M.H.;
Illes, Z. Dimethyl fumarate decreases neurofilament light chain in CSF and blood of treatment naïve relapsing
MS patients. J. Neurol. Neurosurg. Psychiatry 2019, 90, 1324–1330. [CrossRef]

72. Piehl, F.; Kockum, I.; Khademi, M.; Blennow, K.; Lycke, J.; Zetterberg, H.; Olsson, T. Plasma neurofilament
light chain levels in patients with MS switching from injectable therapies to fingolimod. Mult. Scler. J. 2017.
[CrossRef]

73. Gunnarsson, M.; Malmeström, C.; Axelsson, M.; Sundström, P.; Dahle, C.; Vrethem, M.; Olsson, T.; Piehl, F.;
Norgren, N.; Rosengren, L.; et al. Axonal damage in relapsing multiple sclerosis is markedly reduced by
natalizumab. Ann. Neurol. 2011, 69, 83–89. [CrossRef] [PubMed]

74. de Flon, P.; Laurell, K.; Sundström, P.; Blennow, K.; Söderström, L.; Zetterberg, H.; Gunnarsson, M.;
Svenningsson, A. Comparison of plasma and cerebrospinal fluid neurofilament light in a multiple sclerosis
trial. Acta Neurol. Scand. 2019, 139, 462–468. [CrossRef] [PubMed]

75. Cross, A. Ocrelizumab treatment reduced levels of neurofilament light chain and numbers of B cells in the
cerebrospinal fluid of patients with relapsing multiple sclerosis in the OBOE study S56.008. Neurology 2019,
92, 52.

76. Hauser, S.L.; Bar-Or, A.; Cohen, J.A.; Comi, G.; Correale, J.; Coyle, P.K.; Cross, A.H.; de Seze, J.; Leppert, D.;
Montalban, X.; et al. Ofatumumab versus Teriflunomide in Multiple Sclerosis. N. Engl. J. Med. 2020, 383,
546–557. [CrossRef]

77. Kuhle, J.; Kropshofer, H.; Barro, C.; Meinert, R.; Haring, D.A.; Leppert, D.; Tomic, D.; Dahlke, F.; Kuhle, J.;
Kropshofer, H.; et al. Siponimod Reduces Neurofilament Light Chain Blood Levels in Secondary Progressive
Multiple Sclerosis Patients. Neurology 2018, 90 (Suppl. 15), S8.006.

56



Biomedicines 2020, 8, 523

78. Bar-Or, A. Blood neurofilament light levels are lowered to a healthy donor range in patients with RMS and
PPMS following ocrelizumab treatment. ECTRIMS Online Library, 9 December 2019.

79. Kapoor, R.; Sellebjerg, F.; Hartung, H.-P.; Arnold, D.L.; Freedman, M.S.; Jeffery, D.; Miller, A.; Edwards, K.R.;
Singh, C.M.; Chang, I.; et al. Natalizumab reduced serum levels of neurofilament light chain in secondary
progressive multiple sclerosis patients from the phase 3 ASCEND study. Mult. Scler. J. 2018, 24, 988.
[CrossRef]

80. Kuhle, J.; Kropshofer, H.; Haring, D.A.; Barro, C.; Dahlke, F.; Leppert, D.; Tomic, D. Neurofilament light
levels in the blood of patients with secondary progressive MS are higher than in primary progressive MS
and may predict brain atrophy in both MS subtypes. Mult. Scler. J. 2018, 24, 111. [CrossRef]

81. Kapoor, R.; Smith, K.E.; Allegretta, M.; Arnold, D.L.; Carroll, W.; Comabella, M.; Furlan, R.; Harp, C.; Kuhle, J.;
Leppert, D.; et al. Serum neurofilament light as a biomarker in progressive multiple sclerosis. Neurology
2020. [CrossRef]

82. Kuhle, J.; Nourbakhsh, B.; Grant, D.; Morant, S.; Barro, C.; Yaldizli, Ö.; Pelletier, D.; Giovannoni, G.;
Waubant, E.; Gnanapavan, S. Serum neurofilament is associated with progression of brain atrophy and
disability in early MS. Neurology 2017, 88, 826–831. [CrossRef]

83. Jakimovski, D.; Kuhle, J.; Ramanathan, M.; Barro, C.; Tomic, D.; Hagemeier, J.; Kropshofer, H.; Bergsland, N.;
Leppert, D.; Dwyer, M.G.; et al. Serum neurofilament light chain levels associations with gray matter
pathology: A 5-year longitudinal study. Ann. Clin. Transl. Neurol. 2019, 6, 1757–1770. [CrossRef]

84. Manouchehrinia, A.; Stridh, P.; Khademi, M.; Leppert, D.; Barro, C.; Michalak, Z.; Benkert, P.; Lycke, J.;
Alfredsson, L.; Kappos, L.; et al. Plasma neurofilament light levels are associated with risk of disability in
multiple sclerosis. Neurology 2020, 94, e2457–e2467. [CrossRef] [PubMed]

85. Lublin, F.D. Disease activity free status in MS. Mult. Scler. Relat. Disord. 2012, 1, 6–7. [CrossRef] [PubMed]
86. Thebault, S.; Abdoli, M.; Fereshtehnejad, S.M.; Tessier, D.; Tabard-Cossa, V.; Freedman, M.S. Serum

neurofilament light chain predicts long term clinical outcomes in multiple sclerosis. Sci. Rep. 2020, 10, 1–11.
[CrossRef] [PubMed]

87. Chitnis, T.; Gonzalez, C.; Healy, B.C.; Saxena, S.; Rosso, M.; Barro, C.; Michalak, Z.; Paul, A.; Kivisakk, P.;
Diaz-Cruz, C.; et al. Neurofilament light chain serum levels correlate with 10-year MRI outcomes in multiple
sclerosis. Ann. Clin. Transl. Neurol. 2018, 1478–1491. [CrossRef]

88. Novakova, L.; Axelsson, M.; Khademi, M.; Zetterberg, H.; Blennow, K.; Malmeström, C.; Piehl, F.;
Olsson, T.; Lycke, J. Cerebrospinal fluid biomarkers as a measure of disease activity and treatment efficacy in
relapsing-remitting multiple sclerosis. J. Neurochem. 2017, 141, 296–304. [CrossRef]

89. Bsteh, G.; Hegen, H.; Teuchner, B.; Amprosi, M.; Berek, K.; Ladstätter, F.; Wurth, S.; Auer, M.; Di Pauli, F.;
Deisenhammer, F.; et al. Peripapillary retinal nerve fibre layer as measured by optical coherence tomography
is a prognostic biomarker not only for physical but also for cognitive disability progression in multiple
sclerosis. Mult. Scler. J. 2019, 25, 196–203. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

57





biomedicines

Review

Spinal Cord Involvement in MS and Other
Demyelinating Diseases

Mariano Marrodan, María I. Gaitán and Jorge Correale *

Neurology Department, Fleni, C1428AQK Buenos Aires, Argentina; mmarrodan@fleni.org.ar (M.M.);
migaitan@fleni.org.ar (M.I.G.)
* Correspondence: jcorreale@fleni.org.ar or jorge.correale@gmail.com; Tel.: +54-11-5777-3200 (ext. 2704/2456)

Received: 29 April 2020; Accepted: 20 May 2020; Published: 22 May 2020

Abstract: Diagnostic accuracy is poor in demyelinating myelopathies, and therefore a challenge
for neurologists in daily practice, mainly because of the multiple underlying pathophysiologic
mechanisms involved in each subtype. A systematic diagnostic approach combining data from the
clinical setting and presentation with magnetic resonance imaging (MRI) lesion patterns, cerebrospinal
fluid (CSF) findings, and autoantibody markers can help to better distinguish between subtypes.
In this review, we describe spinal cord involvement, and summarize clinical findings, MRI and
diagnostic characteristics, as well as treatment options and prognostic implications in different
demyelinating disorders including: multiple sclerosis (MS), neuromyelitis optica spectrum disorder,
acute disseminated encephalomyelitis, anti-myelin oligodendrocyte glycoprotein antibody-associated
disease, and glial fibrillary acidic protein IgG-associated disease. Thorough understanding of
individual case etiology is crucial, not only to provide valuable prognostic information on whether
the disorder is likely to relapse, but also to make therapeutic decision-making easier and reduce
treatment failures which may lead to new relapses and long-term disability. Identifying patients
with monophasic disease who may only require acute management, symptomatic treatment,
and subsequent rehabilitation, rather than immunosuppression, is also important.

Keywords: myelitis; spinal cord; multiple sclerosis; neuromyelitis optica; acute disseminated
encephalomyelitis; myelin oligodendrocyte glycoprotein; glial fibrillary acidic protein

1. Introduction

Diagnostic accuracy in myelopathies is poor and therefore a challenge for neurologists in daily
practice, mainly due to the multiple underlying pathophysiologic mechanisms observed in this group of
disorders. In an initial approach, temporal profile (time to symptom nadir) contributes to differentiate
vascular or traumatic causes from those of metabolic, neoplastic, and infectious or inflammatory etiology.
To further assist in the identification of patients with acute vascular myelopathies for whom specific
treatment strategies may be indicated, patients whose symptoms reach maximal severity in <4 h from
onset are currently presumed to have an ischemic pathology unless proven otherwise [1]. By contrast,
inflammatory processes affecting the spinal cord produce symptoms in a subacute manner, typically
over hours or days. However, despite extensive patient work-up, a significant number of myelopathy
cases are ultimately considered idiopathic [2]. Unfortunately, the term inflammatory myelitis is still
applied to a complex and heterogeneous subgroup of post-infectious, rheumatologic, granulomatous,
paraneoplastic, and demyelinating diseases, commonly affecting the spinal cord in which substantial
overlap in clinical and imaging findings subsists. Identifying relapsing forms of disease has prognostic
implications and can guide preventive treatment. Failure to indicate appropriate treatments may
lead to new relapses and long-term disability. In contrast, patients in whom monophasic disease is
suspected may only require acute management, symptomatic treatment, and subsequent rehabilitation
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rather than immunosuppression. In the case of demyelinating disorders, although multiple sclerosis
(MS) is the main cause of inflammatory myelitis, other important differential diagnoses need to be
ruled out to select the best treatment strategy in individual patients [3,4]. Thorough understanding
of individual case etiology is therefore crucial, not only for correct treatment, but also to determine
patient outcome.

In this review, we describe the epidemiologic characteristics, pathophysiology, clinical and
(magnetic resonance imaging) MRI findings, treatment options and prognostic implications in MS and
other demyelinating disorders including: neuromyelitis optica spectrum disorder (NMOSD), acute
disseminated encephalomyelitis (ADEM), anti-myelin oligodendrocyte glycoprotein (MOG)-antibodies
(ab) associated disease, and glial fibrillary acidic protein (GFAP)-IgG associated disease, to provide
guidance in the diagnosis of these conditions.

A Pubmed search was conducted for articles published between 2000 and 2020, that included
the terms: “acute disseminated encephalomyelitis; “demyelinating diseases”; “glial fibrillary acidic
protein”; “multiple sclerosis”; “myelin oligodendrocyte glycoprotein”; “myelitis”; “neuromyelitis
optica”; and “spinal cord diseases”. Only those originally in English were considered. Earlier
publications were identified from references cited in the articles reviewed.

2. Multiple Sclerosis

MS is a chronic inflammatory disease of the CNS leading to demyelination, neurodegeneration,
and gliosis. It is by far the most common demyelinating disease, affecting over 2 million people
worldwide [5]. Although its etiology remains elusive, environmental factors and susceptibility
genes are now known to be involved in the pathogenesis [6]. Results from immunological, genetic,
and histopathology studies of patients with MS support the concept that autoimmunity plays a major
role in the disease [7]. In the majority of cases, the disease follows a relapsing remitting course (RRMS)
from onset, which may later convert into a secondary progressive form (SPMS). Less often, patients
show continued progression from disease debut (primary progressive MS, PPMS) [8].

Spinal cord abnormalities are common in MS and include a variety of pathological processes,
such as demyelination, neuroaxonal loss and gliosis. Ultimately these result in motor weakness with
accompanying difficulties in deambulation, spasticity, sensory disturbances, as well as bladder and
bowel dysfunction [9]. Relapsing remitting MS can cause acute myelitis presenting with sensory
loss, gait impairment, and incoordination, generally worsening over days to weeks, followed by
stabilization or recovery [10]. During progressive phases of the disease however, especially in PPMS,
slowly increasing or stuttering gait impairment due to demyelinating myelopathy is the most frequent
presentation [11]. Once gait impairment has developed, cumulative disability increase will depend on
patient age, clinical, and radiological disease activity and degree of spinal cord atrophy [12–15].

Histopathology findings in the spinal cord are characterized by significant decrease in axonal
density in normal-appearing white matter (NAWM); perivascular T-cell infiltrates are rare, but robust,
and diffuse inflammation is observed both in normal-appearing parenchyma and particularly in the
meninges. Extent of diffuse axonal loss in NAWM correlates with both MHC class II+ microglia cell
density in NAWM, and significant increase in T cell density in the meninges. Interestingly, close
interaction has been observed between T cells and MHC class II+ macrophages in spinal cord meninges
from MS patients, suggesting the meninges may form an immunological niche in which T lymphocytes
become activated and proliferate in response to antigen presentation [16]. In support of this concept,
similar findings have previously been described in experimental autoimmune encephalomyelitis [17],
raising the possibility that activated meningeal T cells, through release of soluble factors such as IFN-γ,
could instruct parenchymal macrophages/microglia to engage in neurotoxic activation programs [18].

Although spinal cord involvement has been difficult both to characterize and to quantify because
current clinical and MRI parameters lack sensitivity and specificity [19], the spinal cord was one of
four anatomical locations incorporated in a revision to McDonald diagnostic criteria for MS in 2017,
to document spatial dissemination in patients presenting clinical isolated syndrome (CIS) suggestive of
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MS. Likewise, new or gadolinium-enhancing spinal cord lesions can be used to document chronological
progression [20].

Poor correlation between spinal cord injury load and clinical disability may be due to several
different factors. Spinal cord MRI is more challenging than brain imaging in patients with MS. The spine
is extremely thin and commonly subjected to ghosting artifacts (due to breathing, swallowing, and/or
pulsation of blood and cerebrospinal fluid (CSF)) [21]. The amount of bone and fat may also produce
significant artifacts, greater than those observed in brain imaging. Conventional, sagittal proton
density (PD) and T2-weighted scans, with spatial resolution of 3 × 1 × 1 mm, should be considered
the reference standard to detect MS spinal cord lesions [22,23]. Short-tau inversion recovery (STIR)
sequences seem to be more sensitive to lesion detection than T2-weighted sequences and may be
used to substitute PD sequences [24]. Contrast-enhanced T1-weighted images are recommended if T2
lesions are detected.

Conventional spine MRI has low sensitivity and specificity in relation to the pathological
changes observed in MS [25]. Use of sagittal sections alone may underestimate lesion numbers [25].
Axial imaging may detect more lesions than sagittal imaging [26], especially smaller ones in the spinal
cord periphery [27] and 2D or 3D T2-weighted sequences should be included in MRI protocols [21].
Axial multiple-echo recombined gradient echo (MERGE) seems to provide greater sensitivity for cord
lesion detection and may represent a good alternative [28]. Ultimately, combined use of sagittal and
axial images can facilitate identification and location of spinal lesions (Figure 1A–F) [26].

 

Figure 1. Multiple Sclerosis myelitis. (A–F) 32-year-old woman diagnosed with relapsing remitting
course (RRMS) 2 years earlier, EDSS 0. (A,B) Sagittal short-tau inversion recovery (STIR) showing small,
focal, chronic, peripheral lesions. (C) Sagittal post-contrast T1 weighted, absence of enhancement,
T2 lesions are isointense. (D–F) axial T2 multiple-echo recombined gradient echo (MERGE). (D) right
paramedian posterior lesion corresponds to lesion framed by a box in (A). (E) left paramedian posterior
lesion corresponds to lesion framed by a dotted box in (A). (F) posterior lesion corresponds to lesion
framed by a dotted line in (A). (G) 46-year-old man diagnosed with primary progressive multiple
sclerosis (PPMS) in 2011, EDSS 6. Sagittal T2-weighted, framed area shows multiple sclerosis (MS)
lesions and spinal cord atrophy.

Often more than one demyelinating plaque is present in spinal cord MRIs from patients with MS.
The cervical spine (53–59%) is the most common location, followed by the thoracic region (20–47%) [10].
Lesions usually present as hyperintense on T2-weighted and isointense on T1-weighted sequences.
Gadolinium enhancement is variable and depends mainly on acquisition timing, with acute lesions
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usually enhancing during 4–8 weeks [29,30]. Most MS lesions are small in size, wedge-shaped in axial
and ovoid-shaped in sagittal views, and predominantly found in ascending sensory (i.e., posterior
column), and descending motor (i.e., corticospinal) spinal cord tracts, because of the high myelin
concentration within these fascicules [31]. Rarely, they may extend to involve central grey matter,
occupying over half the cross-sectional area of the cord. Small focal lesions may coalesce to form
more extensive ones, involving three or more segments, particularly in cases of progressive MS.
High-resolution axial MRI demonstrates these images actually result from the confluence of multiple
discrete lesions [25,32].

Spinal cord lesions, when present, are particularly helpful to discriminate MS from its radiological
mimics, which include conditions such as migraine and cerebrovascular disorders. They can also
present together with multifocal T2 lesions in brain white matter [33].

In addition to their diagnostic value, spine lesions contribute prognostic information in MS.
Asymptomatic lesions are present in approximately 35% of patients with radiological isolated
syndrome [34], in one-third of patients with CIS [35], and 83% of patients with early RRMS [36].
Interestingly, the number of asymptomatic lesions found in patients with CIS has been linked to risk of
a second clinical event at 2 and 5 years [37,38], making spine MRI advisable in CIS patient workup.
However, detection of asymptomatic spinal cord lesions during follow-up of RRMS patients was less
common than detection of asymptomatic lesions in the brain, suggesting spinal cord MRI may be less
useful than brain MRI for monitoring patients with RRMS [39]. Some authors have observed that
greater number of spinal cord lesions at MS time of diagnosis and lesional topography at time of relapse
were associated with increased relapse rates and higher risk of developing secondary progressive
MS [10,11,39].

Spinal cord atrophy (Figure 1G) present in early stages of the disease may correlate with degree
of disability and predict long term outcome [38,40]. Measuring changes in cross-sectional area
at the cervical level yields the most reproducible results and shows closest correlation to clinical
findings [41,42]. Grey matter atrophy on the other hand correlates more strongly with degree of
physical disability than other MRI parameters of brain and cord atrophy [43–45]. Notably, a significant
association between reduced cervical cord sectional diameter and disability progression has been
demonstrated in different studies, independent of brain atrophy [46–48]. Cord atrophy has also been
associated with reduction in retinal nerve layer thickness [48], suggesting it is probably part of a global
pathological process and not just determined by local damage.

Rate of atrophy is more accelerated in the spinal cord than in the brain (1.5–2.2% per year vs.
0.5–1% per year) [49,50], and in patients with SPMS than in patients with CIS or RRMS. In RRMS, cord
atrophy presents primarily in the posterior spinal cord, while in SPMS, atrophy is generalized [49].
Interestingly, regional atrophy does not seem to be influenced by focal lesion presence [51–53]. A recent
study reported that a 1% increase in the annual rate of spinal cord volume loss was associated with
a 28% risk of disability progression in the subsequent year [50]. Unfortunately, widespread use of
this parameter has so far been limited by poor reproducibility and lack of sensitivity to small changes
in the cord cross-sectional area. Since the rate of spinal atrophy over time appears to be associated
with disability progression, atrophy has been considered a secondary outcome measure in phase 3
clinical trials of progressive MS [50,51]. When it was later analyzed more thoroughly, results were
inconclusive [54–56]. This may have been due to lack of treatment efficacy, inadequate patient selection,
poor reproducibility of cord atrophy quantification, or low sensitivity of MRI techniques used to
detect small changes in cord cross-sectional area [30]. Eventually, spinal cord atrophy could also be
considered a primary outcome in phase 2 clinical trials of progressive MS. However, this will require
adequate patient selection and more precise MR imaging techniques for exact assessment.

It should be noted that neuronal loss in MS is not limited to white matter only, post mortem
studies have also shown extensive neuronal loss in gray matter of the spinal cord as well, generating
considerable interest in detection of gray matter abnormalities in MS [57]. The use of a combination of
axial fast-field echo (FFE) and phase-sensitive inversion recovery (PSIR) sequences has been proposed
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to identify gray matter abnormalities in the upper cervical spinal cord [58]. However, further studies
are still necessary to verify the sensitivity of this technique. Although both double inversion recovery
(DIR) and PSIR can help distinguish focal gray matter lesions from normal-appearing tissue on sagittal
views [59,60], these are often confounded by artifacts [61,62]. Use of 3T and higher field-strength (4.7 T)
scanners as well as dedicated imaging sequences have increased MRI sensitivity for MS-associated
gray matter lesion detection in the spinal cord [63,64]. Nevertheless, greater knowledge of spinal cord
lesion pathogenesis, as well as its relationship to disability progression, still need to be established to
better define the role of spinal cord assessment in MS diagnosis and follow-up [30].

More sensitive and better standardized methods are needed to assess clinical manifestations
related to spinal cord atrophy over time, as well as monitor disease course and response to therapy.
Promising MRI techniques to study the spinal cord include myelin water imaging, magnetization
transfer imaging, diffusion tensor imaging, and magnetic resonance spectroscopy. At present however,
use of these modalities is mostly restricted to research. Automated image-acquisition techniques,
increased precision, and reduced quantification variability over time still need to be developed,
and application in the clinical setting will likely be limited to select sites with experience using
advanced imaging techniques.

Several studies have demonstrated that residual deficits persist after MS relapses affecting the
spinal cord, contributing to stepwise progression of disability. For this reason, prompt and adequate
treatment of relapses is key, although optimal regimens have to be better defined [65,66]. Unfortunately,
despite significant advances in disease-modifying treatment, management of acute MS relapses with
intravenous or oral corticosteroids has remained largely unchanged for the past 20 years [67].

Since the first prospective trial demonstrated superiority of high-dose intravenous
methylprednisolone use (IVMPS; up to 1000 mg daily) over placebo, acute MS relapses are initially
treated with IVMPS during three to five days [68]. Although faster recovery of relapses has been
documented, clinical improvement is insufficient in approximately 25% of patients after the first course
of IVMPS [69]. Aside from increasing steroid treatment dose and prolonging treatment (up to 2000 mg
daily for five additional days), use of plasma exchange (PLEX) has also been considered an alternative
option [70]. One recent study in a group of patients receiving PLEX within 6 weeks of a relapse
showed not only significantly better response rates than those of patients receiving extended IVMPS
treatment, but also lower risk deterioration 3 months after discharge [71,72]. For long-term treatment
of MS, the last 2 decades have seen the development of numerous drugs aimed at correcting the
different pathogenic mechanisms proposed in multiple sclerosis, most of which have been compounds
targeting immune system dysfunction. Several clinical trials are currently ongoing, some using
neuroprotective therapies to halt progression, others aimed at reversing neurological disability, at least
in part, by repairing damaged brain and spinal cord tissue. Discussion of particular disease-modifying
therapies for MS is beyond the scope of this manuscript, however, several comprehensive reviews on
the subject have recently been published [73–76].

3. Acute Disseminated Encephalomyelitis

Acute disseminated encephalomyelitis (ADEM) is an autoimmune demyelinating disorder of
the CNS, commonly affecting brain and spinal cord white matter, although deep grey matter nuclei
(e.g., thalamus and basal ganglia) may also be involved [77,78]. ADEM is more common in children
(mean age 5 to 8 years), but can occur at any age [79] with an estimated annual incidence of 0.23 to
0.40/100,000 children [80–82]. Although no clear gender predominance has been identified, slight male
preponderance has been described in some pediatric ADEM cohorts [79]. Most pediatric ADEM cases
appear to be preceded by symptoms of viral or bacterial infection, usually of the upper-respiratory tract.
Vaccination has also been reported to precede ADEM, although at much lower rates [83]. Some cases
have been linked to specific vaccines produced in neural tissue cultures (rabies and Japanese B
encephalitis). However, a marked drop in post vaccination ADEM has occurred since CNS tissue
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culture-derived production was replaced by recombinant protein-based vaccines. Nevertheless in up
to 26% of patients, no triggering event can be observed [84].

Histopathology findings in ADEM show perivenular inflammatory infiltrates consisting of T
cells and macrophages, associated with perivenular demyelination and relative preservation of axons
in most cases. In hemorrhagic variants, demyelination is often more widespread through the CNS,
with important neutrophilic infiltrates [79].

The pathogenesis of ADEM is still unclear. Two main hypotheses have been proposed. One,
the molecular mimicry hypothesis, suggests partial structural or amino-acid sequence homology
may exist between certain pathogens or vaccines and host CNS myelin antigens, which in turn may
activate myelin-reactive T cells, thereby eliciting a CNS-specific autoimmune response [85]. The second
hypothesis proposes CNS infection may directly prompt a secondary inflammatory cascade, leading to
blood-brain barrier rupture, exposure of CNS-antigens, and breakdown of tolerance resulting in an
autoimmune attack driven mainly by T cells [86].

Criteria for ADEM diagnosis, established in 2013 by the International Multiple Sclerosis Study
Group (IPMSSG), require the following to be present: (1) an initial polyfocal clinical CNS event of
presumed inflammatory demyelinating cause; (2) encephalopathy (alteration in consciousness or
behavior unexplained by fever, systemic illness, or post ictal symptoms); (3) brain MRI abnormalities
consistent with demyelination during the acute phase (first 3 months); (4) no new clinical or MRI
findings 3 months or more after onset [87].

Depending on the series, spinal cord involvement has been described in 20% to 54% of ADEM
patients, predominantly affecting the thoracic region [88]. Coincident brain and spinal cord lesions
are more common; isolated spinal cord ADEM is exceptional [89] and typically extends over multiple
segments, cause cord swelling, and showing variable enhancement in the acute phase. In most
ADEM patients, partial or complete resolution of MRI abnormalities occurs within a few months of
treatment [84,90]. Interestingly, ADEM patients with anti-MOG antibodies show large, more widespread
brain lesions with ill-defined borders and longitudinally extensive spinal cord lesions on MRI [91].
Lesions involving more than two segments are more frequent in adults than in children (50% vs. 27%,
respectively) [92].

No specific studies on CSF have been conducted in ADEM. Pleocytosis is typically mild, with a
high percentage of lymphocytes and monocytes [92,93] and increased protein levels (up to 1.1 g/L) in
23% to 62% of pediatric patients [94–96]. OCBs are only present in 0% to 29% of cases [79]. However,
they are usually transient as opposed to those observed in MS.

Although ADEM usually has a monophasic course, multiphasic forms have been reported
in 10–31% of patients [84,97], making differential diagnosis with MS more difficult in these cases.
Multiphasic forms are defined as new encephalopathic events consistent with ADEM, separated by a
3-month interval from the initial illness but not followed by any further event [98]. Relapsing disease
following ADEM occurring beyond a second encephalopathic event is no longer consistent with
multiphasic ADEM, but rather indicates a chronic disorder such as MS, NMOSD, or ADEM-optic
neuritis [98,99], and should prompt testing for anti-MOG ab. It is worth highlighting that progression
from ADEM to MS is relatively low, estimated at 0% to 17% in studies with follow-up periods lasting
several years [88].

Clinical presentation and outcome of ADEM in adults differs from that of children. Disease course
is worse in adults, with more than one-third of patients requiring admission to an ICU, and duration
of hospitalization can be twice as long. Outcome is also less favorable, complete motor recovery is
observed in only 15% of adults compared to 58% of children and more adult patients die, although
no difference in the occurrence of relapses or conversion to MS has been reported [92,100]. Poorer
outcomes in adults cannot be explained by differences in clinical presentation (preceding factors,
symptoms, blood and CSF parameters or radiological features are all similar). Perhaps reduced
plasticity in ageing CNS tissue is the cause, rather than a difference in pathophysiology from onset [92].
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No randomized-controlled studies have been conducted on ADEM treatment. Despite the lack of
conclusive evidence, a widely accepted regimen in use today is administration of IV methylprednisolone
(30 mg/kg/day in children or 1000 mg/day in adults) for 5 days, followed by oral taper with
dexamethasone at a starting dose of 1–2 mg/kg/day, for 4–6 weeks [101,102]. Plasma exchange
is recommended for therapy-refractory patients with fulminant disease [103,104]. Beyond treatment
of the initial event, it is important to have a plan for long term follow-up to exclude a multiphasic
disorder, which would warrant further diagnostic evaluation and a different therapeutic approach.

4. Neuromyelitis Optica Spectrum-Disorder

Neuromyelitis optica (NMO) is an inflammatory disorder, traditionally considered monophasic,
although relapsing cases have been described in which patients present optic neuritis and transverse
myelitis [105]. NMO had been considered a variant of MS until an autoantibody against the water
channel protein aquaporin-4 (AQP4), expressed abundantly on astrocyte end-feet, called AQP4-IgG
(also called NMO-IgG), was discovered in patients with NMO, and found to be absent in patients
with MS [106,107]. Incorporation of AQP4-IgG serology to revised NMO diagnostic criteria broadened
the clinical and radiological spectrum of NMO [108]. The term NMO spectrum disorders (NMOSD)
was introduced to include AQP4-IgG seropositive patients with limited forms of NMO, and at risk
of future attacks, as well as patients with cerebral, diencephalic, and brainstem lesions, or coexisting
autoimmune disease (e.g., systemic lupus erythematosus [SLE] or Sjögren syndrome [SS]) [109].
Accordingly, NMOSD was recognized as a humoral disease entity distinct from MS, and diagnostic
criteria were revised in 2015 unifying the terms NMO and NMOSD [110].

Evidence supporting a pathogenic role of AQP4-IgG comes from different sources. Complement- as
well as ab-dependent cytotoxicity [101,102] has been associated to AQP4-IgG, which when administered
along with complement and/or pathogenic T cells, promotes development of NMOSD-like CNS lesions
in rodents [111,112]. Inflammatory damage is characterized by astrocyte loss and deposition of both
immunoglobulins and complement, followed by neutrophil, monocyte, phagocyte and eosinophil
infiltration [113]. Importantly, AQP4 distribution coincides with deposition patterns of IgG, IgM, and
products of complement activation present in active NMO tissue [114,115], and MRI lesions of patients
with NMO overlap with sites of high AQP4 expression [116]. AQP4-IgG is believed to determine
internalization of the glutamate transporter EAAT2, limiting glutamate uptake from the extracellular
space into astrocytes, also resulting in oligodendrocyte damage and myelin loss [117]. Although most
strongly expressed in the CNS, AQP4 is also present in the collecting duct of the kidney, parietal cells
of the stomach, as well as in airways, salivary glands, and skeletal muscle [118]. However, peripheral
organ damage does not typically occur, probably due to the presence of complement inhibitory proteins
in these secondary target organs [119].

Despite caveats in knowledge on NMOSD epidemiology, prevalence has been estimated depending
on the study population at 0.1–4.4 cases/100,000 individuals, and annual incidence at 0.20–4.0 per
1,000,000 [120,121]. Initial clinical manifestations occur at around 40 years of age, although children
and the elderly account for 18% of cases. Female/male predominance is around 9:1, but not in children,
where equal gender distribution has been observed [32,122].

According to the most recent diagnostic criteria, core clinical characteristics can involve 1 of 6 CNS
regions, namely: optic nerve, spinal cord, area postrema of the dorsal medulla, brainstem, diencephalon,
or cerebrum [110]. Clinical presentation particularly suggestive of NMOSD diagnosis includes: bilateral
ON involving the optic chiasm with poor recovery compared to MS-ON, complete spinal cord syndrome
determining paroxysmal spasms, and area postrema clinical syndrome characterized by intractable
hiccups, or nausea and vomiting. No single clinical characteristic is pathognomonic of NMOSD,
however [110]. In AQP4-IgG seronegative patients, diagnostic criteria are more rigorous. Patients must
present at least 2 of the core clinical characteristics, and at least one of these must be: ON, longitudinally
extensive transverse myelitis (LETM), or area postrema syndrome.
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Given the focus of this review, in the following sections, only aspects related to NMOSD-related
to spinal cord involvement will be addressed.

Acute transverse myelitis symptoms in NMOSD patients (motor, sensitive, and frequently
sphincter) are usually severe and bilateral, and recovery is incomplete compared to MS. Although
overlap of clinical characteristics in MS and NMOSD myelitis does occur, symptom magnitude and
disease history frequently contribute to establish differential diagnosis [30,32,120], as do certain MRI
findings. LETM is the most specific neuroimaging characteristic found in NMOSD, and is uncommon in
MS (Figure 2) [108]. Mirroring severe underlying tissue damage, lesions are generally hyperintense on
T2-weighted, and hypointense on T1-weighted sequences [30]. Extending over three or more complete
vertebral segments, they tend to localize in the center of the cord, because of the abundant AQP4
channel expression in grey matter. Lesions will usually occupy over 50% of the cross-sectional surface
area of the spine, representing a complete, rather than incomplete, form of transverse myelitis which is
more characteristic in MS. However, they also may be lateral, anterior, or posterior over the length of
the lesion and be accompanied by cord swelling. The latter, when present, can generate concern over
presence of a spinal cord tumor [123]. Chronic necrosis caused by NMOSD can in some cases result in
spinal cord cavitation and cystic myelomalacia. Small areas of strong hyperintensity, higher than that of
the surrounding cerebrospinal fluid (CSF), so-called bright spotty lesions, may be observed and could
be useful to distinguish NMOSD from MS [124]. Acute NMO lesions extensively enhance following
IV gadolinium administration. Lens-shaped ring-enhancement is detected in up to 32% of NMOSD
patients [29,125,126]. Rostral extension of cervical lesions to the area postrema is another characteristic
of NMOSD and can be helpful to distinguish it from other causes of longitudinal extensive myelopathy
such as sarcoidosis, spondylotic myelopathy with enhancement, dural arteriovenous fistula, spinal
cord infarct, and paraneoplastic myelopathy [127]. Although LETM is the most frequent form, 7–14% of
NMO-myelitis involve <3 vertebral segments. However, short forms of NMO-myelitis are followed by
LETM in ninety percent of cases. Short cord lesions should be suspected in patients with tonic spasm,
coexistence of autoimmune disease, grey matter involvement and absence of OCB. As in MS, in 7–14%
of cases, variation in presentation will be linked to time at which MRI scans are obtained [128–130].
Lesions limited to less than three segments will be detected at the beginning of disease or during
remission [131]. In contrast, patients with longstanding disease may present short but coalescing
lesions suggesting a LETM pattern [22]. Presence of a longitudinally extensive segment of cord atrophy
is another characteristic finding in support of prior NMOSD myelitis [131].

Although in NMOSD the relationship between spinal cord atrophy, disease activity and disability
is not fully known, two observations deserve mention. First, NMOSD patients predominately show
spinal cord atrophy with only mild brain atrophy, while MS patients demonstrate more brain atrophy,
especially in gray matter, suggesting a different underlying pathogenic mechanism [132]. Second, spinal
cord atrophy can occur in patients without a clinical history of myelitis or visible spinal cord lesions on
MRI, suggesting cord atrophy may be due to a diffuse underlying process. Alternatively, or perhaps in
co-contributory fashion, patients may have experienced transient or subclinical inflammatory events
not evident on conventional MRI [133].

Serum AQP4-IgG assay is the most useful test for NMOSD diagnosis. Based on criteria proposed
by the International Panel for NMOSD, approximately 73–90% of patients with NMOSD express
AQP4-IgG [134,135]. A cell-based assay (CBA) is recommended whenever possible because of its higher
sensitivity (76.7%) and very low false-positive rate (0.1%) [136,137]. Indirect immunofluorescence
assays and ELISA have less sensitivity (63–64% each), and can yield false-positive results (0.5–1.3%
for ELISA) particularly at low titers [135,137]. Ultimately, 10–27% of patients with typical clinical
and radiological features of NMOSD will not have detectable AQP4-IgG despite use of the best
available assay. Lack of a diagnostic biomarker makes management of these patients more challenging
especially of patients with monophasic disease [121,136]. Notably, using CBA, approximately 15–40%
of AQP4-IgG seronegative NMOSD patients have been reported to have detectable antibodies against
myelin oligodendrocyte glycoprotein (MOG) [137,138]. Aside from causing optico-spinal disease
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resembling NMOSD, anti-MOG antibodies have been identified in patients with clinical characteristics
unlike those of patients with AQP4-IgG [32,137,139] (see below), suggesting a different underlying
pathogenesis. Occasionally, patients without detectable serum AQP4-IgG are later found to be positive,
possibly related to assay timing (antibody levels increase during exacerbations), or to impact of
immunosuppressive treatment.

 

Figure 2. Neuromyelitis optica (NMO) myelitis. Images from a 58-year-old woman with acute
longitudinally extensive myelitis (C1–C7). (A) Sagittal STIR showing an extensive lesion, involving
more than 3 segments, that widens the cervical spinal cord. (B) Sagittal T1-weighted sequences show
an extensive T1-hypointense lesion. (C) T1-weighted images after contrast administration, extensive
enhancement of cervical lesion. (D,E) Axial T2-MERGE hyperintense area that involves more than half
the diameter of the spinal cord. (E,F) Axial T1-weighted, intense contrast enhancement of lateral (E)
and central-posterior (F,G) areas.

Serum AQP4-IgG concentration is much higher than that found in CSF. The hypothesis behind
this is that most AQP4-IgG is produced in peripheral lymphoid tissues and that a favorable serum/CSF
antibody gradient is needed for penetration into the CNS, a concept supported by the fact that
commercial CBA and flow cytometry detection of AQP4-IgG is more sensitive in serum than in CSF.
Serum is therefore the optimal specimen for AQP4-IgG testing [140].

Some patients with NMOSD produce other autoantibodies in addition to AQP4-IgG, as occurs in
patients with SLE or SS [118]. Since LETM has also been described in patients with these conditions,
the possibility exists that NMOSD symptoms arise secondary to SLE or SS. Limited existing data in
this regard shows that in such patients, AQP4-IgG detection rates are similar to those observed in
patients with NMOSD without associated rheumatic disease, suggesting LETM in NMOSD is not
secondary to SLE or SS, and these patients suffer from two independent, coexisting autoimmune
diseases [118,141–143].

CSF pleocytosis (>50 cells/μL) or presence of neutrophils or eosinophils during NMOSD attacks
may help to distinguish NMOSD from MS [123,137].CSF OCBs are usually absent, although they may
sometimes be transiently detectable during an attack [123,144].Given the high morbidity associated
with NMOSD exacerbations, the goals of pharmacotherapy are to aggressively treat acute attacks,
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(including the initial episode) and prevent future relapses, minimizing CNS damage and long-term
disability [145,146]. Different pathophysiologic mechanisms are known to characterize MS and NMOSD,
a finding at least partially demonstrated by the fact that exacerbations can be precipitated by fingolimod,
IFNβ and natalizumab, treatments that are effective in MS. Aside from the need for accurate diagnosis,
evaluation of occult infection or metabolic disturbances should be carried out to identify pseudo-relapses
Although there are no randomized controlled trials in large cohorts examining treatment of acute
relapses, NMOSD exacerbations are typically treated with 1 g of IVMP for 3–5 consecutive days [147,148].
Severe NMOSD relapses or patients who do not respond to treatment with IVMP may benefit from
plasma exchange (PLEX) [72,147–149]; which targets specific antibodies, complement and several
pro-inflammatory proteins [150] Early (≤5 days), aggressive treatment with PLEX is linked to better
outcome [151]. Interestingly, positive results of PLEX are obtained both in seropositive as well as
seronegative NMOSD patients [152–154]. In order to avoid relapses, different immunosuppressive
strategies are used in daily neurological practice including: oral corticosteroids, mycophenolate
mofetil or azathioprine (both oral purine analog anti-metabolites), rituximab (IV anti-CD20 monoclonal
antibody) and tocilizumab (anti-IL-6 receptor monoclonal antibody [146,147]. However, none of these
agents have been specifically approved for NMOSD treatment, and off-label use has arisen based almost
entirely on results from uncontrolled observational studies [146,147]. Recently, three new monoclonal
antibodies with different mechanisms of action and routes of administration have shown efficacy in
NMOSD patients: eculizumab (anti-complement protein C5) [155], inebilizumab (anti-CD19) [156],
and satralizumab (anti-IL-6R) [157], significantly reducing risk of new relapses compared to placebo,
particularly in AQP4-ab-positive patients, with clinical stabilization or improvement in most cases.
All these drugs demonstrated good safety and tolerability profiles with limited side effects. Future
evaluation in real-life studies will be needed though, to estimate annual relapse rates and compare
results to those of older drugs.

5. Myelin Oligodendrocyte Glycoprotein Antibody-Associated Disease

Myelin oligodendrocyte glycoprotein, a member of the immunoglobulin superfamily, is exclusively
expressed on the surface of oligodendrocytes and on the outermost lamellae of myelin sheaths in the
CNS. Given its structure and location it could potentially function as a cell surface receptor, or cell
adhesion molecule. Furthermore, its extracellular location makes it a target for autoimmune ab- and
cell-mediated responses, in inflammatory demyelinating diseases. Interesting results from animal
studies on MOG ab-associated demyelination lead to this antibody being considered a marker for
MS [158,159]. However, subsequent studies in large populations of MS patients found seropositivity
prevalence in this condition was similar to that detected in other inflammatory neurological diseases,
as well as to levels in control subjects, generating skepticism over whether these ab could be considered
a true biomarker of MS [160–162]. Seminal studies using murine anti-MOG ab have highlighted the
fact that ab target epitopes of native MOG are biologically relevant in their conformational state, rather
than in linearized or denatured MOG. Therefore, CBA, which maintains the native conformational
form of the extracellular portion of MOG, is the most recommended technique to study ab levels.

There is current international consensus that anti-MOG ab are important in both pediatric and
adult demyelination. Different research groups have identified seropositive MOG ab populations in
children with ADEM, particularly in recurrent forms of the disease [163–166]. Other studies later
confirmed presence of MOG ab in 25% to 30% of AQP4 seronegative NMOSD patients with recurrent
ON. Substantial differences between both diseases in histopathology, as well as in vivo and vitro studies
demonstrating a direct pathogenic role for MOG-IgG, suggest it represents a separate individual entity.
Anti-MOG ab are already present at disease onset, both in serum and CSF, in some patients, persisting also
during remission in the majority of patients, which argues against anti-MOG ab presence as a secondary
epiphenomenon [167–170]. Notably, serum anti-MOG ab detection is more sensitive than CSF assay.

Since these observations, an increasing number of patients with diverse phenotypes related to these
antibodies have been described. A comparison of patients with MOG ab disease to AQP4 NMOSD cases
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showed the former were younger [68,169–171], did not show significant female predominance [172],
and were more commonly Caucasians; whereas AQP4-seropositive NMOSD was found predominantly
in non-Caucasian populations [173,174].

The most commonly reported presentation of anti-MOG ab-associated disease is ON, which can be
bilateral and recurrent in up to 61% of cases. Interesting, imaging of the optic nerve frequently shows
peri-optic nerve sheath contrast enhancement, extending into the surrounding soft tissue, a radiological
characteristic not observed in MS or AQP4 positive patients [175,176].

Approximately half the patients with MOG ab-associated disease present episodes involving the
spinal cord [177,178]. The most common symptoms include paraparesis, and sensory and sphincter
dysfunction. On MRI, LETM is frequent and short myelitis less common. Any segment of the spinal
cord can be affected, although lesions are more frequent in the thoracolumbar and/or conus medullaris
regions, as opposed to the more common cervicothoracic involvement observed in AQP4 ab positive
and MS myelitis cases [178,179]. Anti-MOG ab associated myelitis is hyperintense on T2-weighted
and iso-hypointense on T1-weighted sequences, showing contrast enhancement during acute phases
in up to 70% of cases [172]; Figures 3 and 4. MOG ab-related disease does not commonly result in
cord necrosis or cavitations as observed in AQP4-mediated cases [134,175,178]. Due to the predilection
for conus localization, bladder, bowel, and erectile dysfunction is observed in approximately 70%
of patients [167]. In comparison to AQP4-IgG+ NMOSD, MOG ab disease myelitis appears to more
focal and with better clinical outcome, although poor outcome with permanent disability has been
described for both conditions [156]. Notably, anti-MOG ab serum titers follow disease activity levels,
with significantly higher concentration during acute attacks than remission, further supporting the
concept of their pathogenic role [172].

Although ON and myelitis are the two most frequent forms of presentation of anti-MOG ab
disease, coexistence of brain, brainstem, or cerebellar involvement is frequent, and may even be
extensive. Nausea, vomiting, and respiratory disturbances are some of the symptoms that can be
present in cases of brainstem involvement [177].

 

Figure 3. Anti-myelin oligodendrocyte glycoprotein (MOG) antibody myelitis. (a) Sagittal T2-weighted
spinal MRI performed at disease onset revealed a large longitudinal centrally-located lesion extending
over the entire spinal cord, as well as swelling of the cord. (b) Longitudinally extensive central spinal
cord T2 lesion in another patient. (c) T2-hyperintense lesions extending from the pontomedullary
junction throughout the cervical cord to C5, in a third patient. Insets in (a) and C show axial sections of
the thoracic cord at lesion level [172]. Figure is extracted from Jarius, S. et al., J Neuroinflammation 2016,
13, 280 (http://creativecommons.org/licenses/by/4.0/).
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Figure 4. Anti-MOG antibody myelitis. A 12-year-old girl with relapse in the cervical spine. (A) sagittal
STIR, subtle and diffuse hyperintensity of the cervical spinal cord. (B) Sagittal T1-weighted, spinal
cord is isointense without contrast enhancement. (C–E) axial T2-weighted images showing subtle and
diffuse spinal cord hyperintensity (Courtesy Dr. Angeles Schteinschnaider).

Different study groups have developed MRI diagnostic criteria to differentiate MS, from NMOSD
and from anti-MOG ab-associated disease, showing 91% sensitivity distinguishing MS from AQP4+
NMOSD, and 95% from anti-MOG ab-associated disease [173,179]. More recently, the criteria were
subtly modified to include spinal cord in the analysis, increasing sensitivity to 100% and specificity to
79%, reflecting the crucial importance of spinal cord findings in anti-MOG-ab disease. Interestingly,
this radiological criterion was particularly useful in patients with ON, a clinical presentation common
to all three diseases [180].

Patients with anti-MOG ab-associated disease were initially described as experiencing a
monophasic disease [91,140,178]. However, recent studies found a high proportion of patients presenting
relapsing disease [173,181]. Anti-MOG ab-positive patients exhibited better motor and visual outcome
compared to AQP4-IgG positive patients after the first episode [170,181].

Anti-MOG ab are present in approximately 40% of children with ADEM. In this group, most patients
develop LETM, and similar to patients without anti-MOG ab, show large, ill-defined, bilateral lesions in
the brain, which typically resolve completely, in correlation with improved clinical outcome [165,177].

MOG ab-positive patients show rapid response to steroids and plasma exchange [177], but tend
to relapse quickly after steroid withdrawal or cessation [182,183]. Therefore, slow steroid taper is
recommended to minimize chances of early relapses. In adult patients, persistent seropositivity
following initial treatment and clinical resolution is one of the main reasons to consider long
term immunosuppression with steroid-sparing agents including mycophenolate, azathioprine or
rituximab [135,169,170,184–186]. The significance of this finding is less clear in pediatric patients with
ADEM and persistence of serum anti-MOG abs.

6. Glial Fibrillary Acid Protein Antibody-Associated Myelitis

A novel autoimmune CNS disorder characterized by the presence of antibodies specific for
glial fibrillary acidic protein (GFAP) has recently been described. In the largest series published to
date, median symptom onset age was around 40 years, with similar incidence in both women and
men [187,188]. All patients with GFAP-IgGs reacted against the mature (α) GFAP isoform, with
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only a few patients showing immunoreactivity against the immature (ε) isoform [188]. GFAP is a
cytoplasmic protein not accessible to IgG in intact cells, therefore, it is possible that immune cells
also contribute to the tissue damage observed in this condition, for example GFAP peptide-specific
CD8+ T lymphocytes [189]. Eventually other immune cells sensitive to steroids, such as microglia and
macrophages, can also play a role in the disease, acting directly, or through the release of molecules
modulating the immune response such as cytokines or chemokines [187,190–192].

Clinical phenotype of GFAP-IgG astrocytopathy is heterogeneous and still poorly defined.
The predominant clinical syndrome includes meningitis, encephalitis, and myelitis, or all three
(meningoencephalomyelitis) with or without optic disc edema [188,193,194].

Myelitis occurs in up to 68% of patients with GFAP-IgG. However, its presentation as isolated
clinical manifestation is infrequent. Despite the fact that autoimmune GFAP astrocytopathy and
NMOSD-related myelitis share some clinical features, certain differences are worth mentioning [195].
Influenza-like prodromal symptoms and bowel/bladder dysfunction are common features in GFAP-IgG
myelitis, while numbness and weakness followed by tonic spasms, frequent NMOSD symptoms, are
rare. Notably, sensory level and Lhermitte’s phenomenon are usually absent in GFAP-IgG myelitis,
which is found in the cervical or thoracic spinal cord, in central location, usually involving at least
three vertebral segments [195]. Lesions are hyperintense on T2-weighted sequences and may show
a thin and linear pattern of contrast enhancement along the course of the central canal, different to
the patchy or ring-like contrast uptake seen in NMOSD [187]. GFAP-IgG lesions have poorly-defined
margins and less cord swelling compared to AQP4-IgG myelitis [195]. Short myelitis has also been
reported in association with brain symptoms [187,194,195].

Notably, brain MRI findings significantly contribute to discriminate GFAP-IgG from other
pathologies. A striking pattern of linear radial periventricular contrast enhancement is highly specific
for GFAP-IgG-associated disease. Similar radial enhancement patterns have been described in the
cerebellum in a lower percentage of patients [184,185,193].

Anti-GFAP abs can be detected in serum in 45% of patients, but sensitivity increases to 92%
when ab are assayed in CSF [187]. Up to 50% of cases coexist with N-methyl-d-aspartate receptor
(NMDAr) antibodies or anti-AQP4 ab, and up to 34% of patients may present concomitant neoplasms,
with ovarian teratoma as the most prevalent [187]. These associations explain the diverse phenotypes
reported [187,188,194]. Marked elevation of white cells and protein are common findings in CSF, and
intrathecal oligoclonal bands may be present in 50% of patients [187].

Most reported GFAP-IgG cases show improvement in clinical, radiological, and CSF abnormalities
after receiving high-dose intravenous methylprednisolone for 3–5 days [184,192]. Although
nonresponsive-patients have been described, need for plasma exchange is significantly less frequent
compared to patients with NMOSD [193,195,196]. In one study, 50% of patients with long-term
follow-up (>24 months) had a relapsing course, 27% had a monophasic course and 23% had progressive
disease in spite of adequate treatment. Clinical relapses were frequently associated with recurrent
gadolinium enhancement on MRI and elevated CSF white cell count, with further remission observed
after restarting steroids [187].

GFAP-IgG is unlikely to be directly pathogenic, as GFAP is an intracellular protein. However,
it could be an excellent biomarker, identifying a neoplasm early on, leading to prompt and efficient
treatment and prevention of long-term disability in GFAP-IgG myelitis cases.

7. Conclusions

Overall, demyelinating myelopathies belong to a complex and heterogeneous group of diseases,
in which differential diagnosis can be difficult (Table 1). Clinical features, time-course, CSF
characteristics, specific serum assays, and brain and spinal cord MRI findings all contribute to
determine diagnosis, select the best treatment option and establish prognosis for each subtype. Early
treatment with IV steroids and PLEX is accepted in all etiologies, but more specific treatment strategies
may subsequently be adopted based on final diagnosis.
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Abstract: Sphingosine-1-phosphate (S1P), via its G-protein-coupled receptors, is a signaling molecule
with important regulatory properties on numerous, widely varied cell types. Five S1P receptors
(S1PR1-5) have been identified, each with effects determined by their unique G-protein-driven
downstream pathways. The discovery that lymphocyte egress from peripheral lymphoid organs is
promoted by S1P via S1PR-1 stimulation led to the development of pharmacological agents which are
S1PR antagonists. These agents promote lymphocyte sequestration and reduce lymphocyte-driven
inflammatory damage of the central nervous system (CNS) in animal models, encouraging their
examination of efficacy in the treatment of multiple sclerosis (MS). Preclinical research has also
demonstrated direct protective effects of S1PR antagonists within the CNS, by modulation of S1PRs,
particularly S1PR-1 and S1PR-5, and possibly S1PR-2, independent of effects upon lymphocytes.
Three of these agents, fingolimod, siponimod and ozanimod have been approved, and ponesimod
has been submitted for regulatory approval. In patients with MS, these agents reduce relapse risk,
sustained disability progression, magnetic resonance imaging markers of disease activity, and whole
brain and/or cortical and deep gray matter atrophy. Future opportunities in the development of more
selective and intracellular S1PR-driven downstream pathway modulators may expand the breadth of
agents to treat MS.

Keywords: multiple sclerosis; sphingosine-1-phosphate modulators

1. Introduction

Although it was long thought that sphingosine, largely generated from hydrolysis of ceramides
within lysosomes [1,2], served primarily as a component of the structural sphingolipid family of
molecules, it is now recognized for its importance as a component of sphingosine-1-phosphate (S1P),
a crucial messenger molecule. S1P is generated by sphingosine kinase 1 or 2 (sk1, sk2), primarily
in red blood cells, platelets and endothelial cells [3,4] (Figure 1). Their G-protein-coupled receptors
are widely distributed in many organs and tissues, on cell surface plasma membranes, and on the
endoplasmic reticulum and cell nuclei, but it is cytoplasmic membrane-bound receptor sites that have
attracted the greatest attention [4]. Five S1P receptor (S1PR-1-5) subtypes have been identified [5,6]
(Figure 2a). The translational intracellular pathways activated by S1P-receptor (S1PR) interaction are
highly varied because of the multiplicity of receptor subtypes, the varied G-proteins to which they are
coupled, the multiple downstream pathways linked to G proteins, and the wide variety cells which
express S1PRs (Figure 2b; Table 1). Investigations into the physiological impact of S1P and its receptors,
as well as its potential contribution to disease pathogenesis, have revealed important opportunities for
therapeutic interventions. This is particularly the case in the treatment of multiple sclerosis (MS). In the
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past 10 years, three disease modifying therapies (DMT)s which modulate S1PRs, fingolimod (FGM),
siponimod (SPM), and ozanimod (OZM), have been approved for treatment of MS, and a fourth agent,
ponesimod (PNM) is under regulatory review.

The first part of this article describes the results of preclinical research, which has expanded
the knowledge of the physiological roles of S1P and its receptors, and a discussion of the specific
mechanisms of action of the S1PR modulators. This work did not only reveal important insights
into S1PR-based DMT mechanisms of action, but also widened the perspective on future therapeutic
opportunities for this class of molecules. The second part of this chapter summarizes the results of the
pivotal clinical trials of FGM, SPM, OZM, and the phase II and phase III trials of PNM upon clinical
efficacy, as well as the reported adverse events (AE) of these S1PR modulators.

Fingolimod (FGM) was the first S1PR modulator to be approved for the treatment of relapsing
forms of MS (RMS). Preclinical and clinical studies demonstrated that its use results in the sequestration
of lymphocytes, particularly central memory and naïve T and B cell lymphocytes in peripheral
lymphoid organs [7–11]. Pathological studies also demonstrated reduced pro-inflammatory cells
within the CNS following treatment with this class of agents, and it had been widely believed that the
sequestration of these potentially pro-inflammatory cells within lymphoid organs accounted for their
therapeutic efficacy in MS [7–10]. However, preclinical investigations, further detailed below, strongly
suggest that these agents may also act directly within the CNS, where there is an abundance of S1PR
expression, to ameliorate the impact of inflammatory disease.

Figure 1. Metabolic Pathway to Sphingosine-1-phosphate Synthesis and Migration from the Intracellular
to Extracellular Space via Sphingosine-1-phosphate Transmembrane Transporters.
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Figure 2. (A) Five G protein-coupled Sphingosine-1-phosphate receptors have been identified. (B) Each
of the S1PRs is coupled to one or more G proteins, resulting in multiple different downstream messaging
targets (See Table 1). S-1-P = Sphingosne-1-phosphate (S-1-P), S1PR = Sphingosine-1-phosphate Receptor.

Table 1. G protein-coupled Sphingosine-1-phosphate receptor subset modulation of downstream
signaling pathways.

S1PR G Protein Downstream Signaling Pathways

S1PR 1–5 Gαi/o→ Akt→Ras→MAPK→Rac
S1PR 2–5 Gαq11→ DAG→PKC→Ca2+

S1PR 2 and 3 Gα12/13→ Rho→ROCK

S1PR = Sphingosine-1-phosphate Receptor, Akt = serine/threonine kinase (protein kinase B), Ras = small GTPase,
MAPK =mitogen-activated protein kinase, Rac =member of Rho family of small GTPases, DAG = Diacyl Glycerol,
PKC = protein kinase C, Rho = ras homolog gene family, ROCK = Rho kinase.

2. Preclinical Studies

As noted above, S1P is a major intracellular signaling molecule via its G-protein-coupled membrane
bound receptors [12–15]. Because the S1PR subsets are coupled to different G-proteins, they can
modulate multiple downstream intracellular pathways (Table 1).

Although S1P is critically essential for normal CNS development and maturation [3,4,16,17] and
may regulate synaptic function [18], it may also be cytotoxic at elevated concentrations, such as when
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there is a genetic deficiency in its degradative enzymes, producing neuronal apoptosis [19–24]. S1P also
regulates calcium signaling [25], and may promote presynaptic calcium overload and cell death [26].

It is now known that S1P, through its interaction with S1PR-1, expressed on the surface of CCR7+
naïve, central memory B, and T cell lymphocytes, regulates the trafficking of these cells from peripheral
lymphoid organs [27–30]. The S1PR-1-expressing lymphocytes egress in response to the S1P gradient
(Figure 3). This effect of S1P makes its metabolic and translational pathways attractive potential
therapeutic targets for the treatment of cell-mediated immunologic disorders such as MS.

Figure 3. The effect of Sphingosine-1-phosphate on lymphocyte mobilization from peripheral lymphoid
organs. Sphingosine-1-phosphate interaction with S1PR1-expressing lymphocytes over-rides CCR7-induced
retention signaling, which results in mobilization and egress of naïve and central memory lymphocytes
into circulation in response to the S-1-P gradient. Non-CCR7-expressing lymphocytes, such as effector
memory cells, are not S-1-P dependent for their entry into the peripheral circulation. B Cells = B cell
lymphocytes, T Cells = T cell lymphocyte, NK cells = natural killer cells, pDC Cells = plasmacytoid dendritic
cell, S-1-P = Sphingosine-1-phosphate, S1PR1 = Sphingosine-1-Phosphate Receptor, CCR7 = Chemokine
Receptor 7.

2.1. S1P Receptors

Fingolimod, approved for the treatment of relapsing forms of MS, is a non-selective S1PR
modulator, which once phosphorylated (FGM-P) by sk2 [31], has affinity for S1PRs 1, 3, 4, and 5 [7,31].
The interaction of FGM-P with the S1PR-1 on the surface of CCR7+ lymphocytes results in the
internalization and degradation of S1PR-1 [32,33] (Figure 4), promoting the sequestration of naïve,
central memory T, and central memory B cell lymphocytes in peripheral lymphoid organs [34].
The circulation of central effector B and T cells, which do not express CCR7, are unaffected by FGM-P.
When used in patients with relapsing forms of MS, FGM results in robust clinical and MRI evidence of
efficacy, in parallel with marked reduction in circulating B and T cell numbers.

88



Biomedicines 2020, 8, 227

Figure 4. The effect of fingolimod-phosphate upon lymphocyte Sphinogosine-1-phosphate receptor-1.
Although initially acting as an agonist, sustained exposure of sphingosine-1-phosphate receptor
to fingolimod-phosphate results in receptor internalization and intracellular degradation. As a
consequence of sphingosine-phosphate receptor-1 internalization, CCR7-expressing lymphocytes are no
longer capable of responding to the sphingosine-1-phhosphate gradient. This results in naïve and central
memory cell retention in peripheral lymphoid organs. S1PR1 = Sphingosine-1-phosphate receptor-1.

It has been well-established that the CNS also expresses S1PRs, on neurons, astrocytes,
microglia, and oligodendroglia (OLG) during development, maturation, and adult cell states [35–37].
Furthermore, FGM-P, and the newer S1PR modulators SPM, OZM, and PNM, readily cross the
blood brain barrier (BBB), and are selectively accumulated within the CNS. Unlike FGM, these latter
3 agents do not require prior phosphorylation to be pharmacologically active. It is possible that
some of the therapeutic benefits of S1PR modulators result directly from their effects upon CNS
receptors, and in the discussion that follows, we present evidence that supports such a role for
these agents. Furthermore, there is evidence to suggest that the therapeutic effects of these agents
depends, at least in part, upon their interaction with CNS S1PRs [38].

The use of whole animal inflammatory CNS models, such as experimental allergic encephalitis
(EAE), non-inflammatory models of CNS demyelination using in situ cuprizone or lyolecithin, in whole
animal, brain tissue slice, and CNS cell culture models [39–42] have all provided important insights
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into fundamental S1P and S1PR physiology. They have also expanded knowledge of the mechanisms
by which S1PR modulation regulates CNS development [4,17], and may protect the CNS during
inflammatory insult [38]. What follows is a description of preclinical research which has provided
important insights into the role of selective S1PR subtypes, the effects of their modulation/inhibition,
and also the use of selective S1PR agonists and antagonists to further clarify the physiological roles of
these receptors, and their impact on inflammatory CNS insults.

Although multiple S1PRs are expressed in the mammalian CNS, S1PR-1, 2 and 5 have attracted
the most interest because of the pivotal roles they play in the development and myelinating function of
OLGs, the regulation of astrocytes and microglia, and in maintaining the integrity of the BBB.

2.1.1. S1PR-1

During CNS inflammation, both S1PR-1 and S1PR-3 are up-regulated by astrocytes and are
associated with astrocyte activation and increased production of glial acidic fibrillary protein (GFAP) [3].
The up-regulation of S1PR-1 is seen on activated GFAP-expressing astrocytes in or near active MS
lesions [43–45]. During active inflammation there is also S1PR-1-dependent up-regulation of microglia
(MGL) that is enhanced in the presence of S1P to further increase inflammation [46]. By contrast,
in EAE produced in astrocyte S1PR-1 knockdown mice, there is an inhibition of astrocyte activation [38].
Furthermore, selective S1PR-1 blockade enhances maturation of OLGs [40]. Thus S1PR-1 blockade is a
potentially important pharmacological target to reduce astrogliosis and promote remyelination in MS.
Although S1PR3 up-regulation occurs in activated astrocytes, the role of S1PR-3 in producing significant
cardiovascular effects, via its regulation of the KACh potassium channel [47–50], has diminished
interest in it as a target for modulation in MS.

2.1.2. S1PR-2

S1PR-2 is expressed on oligodendroglial progenitor cells (OPC) and macrophages (MPG) [51,52].
In mice with EAE, S1PR-2 activation promotes breakdown of BBB, which is prevented by the use
of selective endothelial cell S1PR-2 blocking agents [53], and in endothelial S1PR-2 knockout EAE
mice. In these latter models there is also an inhibition of fibrinogen extravasation into the CNS,
as well as the inhibition of MPG and MGL recruitment into CNS lesions [41]. To eliminate the
potentially confounding effects of systemic inflammation in EAE, models employing in situ injection of
lyolecithin-induced demyelination, have produced the same results: S1PR-2 knockout or pharmacologic
S1PR-2 inhibition reduced MCP and MGL infiltration of the lesions [41]. S1PR-2 is also a negative
regulator of oligodendroglial progenitor cell (OPC) maturation into OLGs. Following demyelination,
the inhibition of S1PR-2 promoted maturation of OPCs, increased re-myelination and increased the
number of mature myelinated axons [41]. In addition to being a receptor for S1P, S1PR-2 has a high
affinity for NOGO A, which also inhibits remyelination [54], providing a second S1PR-2 pathway for the
inhibition of re-myelination [55–57]. Consistent with these observations, the pharmacological inhibition
of S1PR-2, or use of S1PR-2 knockout mice, results in improved EAE scores, reduced BBB leakage,
less fibrinogen extravasation, reduced macrophage (MPG) and MGL recruitment, as well as increased
OLG accumulation and re-myelination [53]. Although not a target of any current clinically employed
S1PR modulators, S1PR-2 activation, because of its effects on BBB integrity, macrophage/MGL activation,
and myelination, could be an important potential therapeutic target of future drug development.

2.1.3. S1P Neurotropism and S1PR-1/S1PR-2 Synergy

Sphingosine-1-P, by stimulating both S1PR-1 and S1PR-2, may induce gene expression encoding
for the production of protective astrocyte neurotrophic factors, not achieved by S1PR-1 modulation
alone [58]. Bi-receptor S1PR-1 and S1PR-2 stimulation [59] appears to be necessary to up-regulate
neurotrophic mRNA expression, which only takes place in astrocytes [60,61]. To date there are no
pharmacological agents of which we are aware that operate jointly or exclusively at both S1PR-1 and
S1PR-2 under investigation as potential medications for MS, yet the importance of regulating astrocyte
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proliferation and astrogliosis would be reasons enough to examine agents that can synergistically
modulate both receptor subsets.

2.1.4. S1PR-5

The S1PR-5 is mainly expressed on OLGs in white matter tracts, and on brain endothelial
cells [51,62]. S1P5 receptor mRNA has been found primarily in the white matter of the CNS, but has
not been detected in neurons, microglia, or astrocytes [63,64]. S1PR-5 is expressed throughout the
development timeline of OLGs, from immature stages to the mature myelin-forming cell [62,65,66].
In mature OLGs, S1P5 receptors co-localize with myelin basic protein exclusively on myelinated axons
and not on OLG cell bodies [64].

Although S1P5 appears to mediate S1P-induced survival of mature OLGs, it may also induce
cell process retraction on immature OLGs [51,62], thus regulating a dual-signaling developmental
pathway. It appears that activation of S1PR-5 may be important in the maturation and survival of
OLGs by playing a role in their modulation, formation, and myelin repair [62].

As has been shown for S1PR-2, S1PR-5 influences BBB integrity and is highly expressed on human
brain endothelial cells. Studies have demonstrated that S1PR-5 plays a key role in BBB maintenance and
modulation of endothelial cell inflammatory state. S1PR-5 knockdown endothelial cells have reduced
barrier integrity [67]. Activation of S1PR-5 reduces the expression of inflammatory cell adhesion
molecules on their surface, and enhances the capacity of brain endothelial cells to prevent monocyte
penetration. It has been suggested [67] that the role of S1PR-5 may include induction of specific BBB
properties such as low paracellular permeability and increased expression of key brain endothelial
proteins such as tight junction, ATP binding cassette and glucose transporter molecules. These results
point out the potential importance of investigating pharmacological agents which have high affinity
and selectivity to promote S1PR-5 preservation in maintaining BBB integrity and protecting OLG
maturation and myelination.

2.2. Direct Pharmacological Actions of the S1PR Modulators in the CNS

Established and approved S1P agonists include fingolimod (FGM), siponimod (SPM),
and ozanimod (OZM). Ponesimod (PNM) has recently been submitted for regulatory approval
based upon Phase III clinical study outcomes. Because it has been available the longest, most data on
modulation of S1P receptors by these agents come from studies utilizing FGM. At low doses, FGM has
been shown to cause process extension of human OPCs via interaction with S1PR-1, but at high doses,
causes process retraction via S1PR-3 and S1PR-5 [42]. Furthermore, short-term FGM treatment causes
retraction and prevention of migration of OPCs via an S1PR-3 and S1PR-5-mediated pathway, whereas
long-term exposure led to increased cell survival via an S1PR-1-driven pathway [42,51]. Fingolimod
also enhances BBB integrity, probably by modulation of S1PR-5, reducing transendothelial migration
of monocytes in vitro, the latter being an initial step in the formation of new MS lesions [67].

2.2.1. Fingolimod

As noted above, the therapeutic effects of FGM appear to result at least in part from control of
lymphocyte trafficking via down-regulation of lymphocyte S1PR-1 (Figure 4) [68,69]. There is also
growing evidence from preclinical studies, that some of FGM’s therapeutic effects may be independent
of lymphocyte sequestration in peripheral lymphoid organs [38,69]. FGM readily crosses the BBB,
potentially enabling its subsequent modulation of S1PRs [35,69,70].

There is up-regulation of S1PR-1- and S1PR-3-expressing astrocytes [71] during active inflammation,
and there is growing evidence that astrocytes expressing S1PR-1 may be a primary FGM therapeutic target
in the CNS [72]. Consistent with this view has been the demonstration of diminished therapeutic benefit
of FGM in EAE in the absence of S1PR-1 expression on astrocytes in genetic knock down mice [38].

Fingolimod, which causes the internalization and destruction of astrocytic S1PR-1 [38] also
enhances remyelination in a number of different in vitro models and in EAE mice [40,45,73–75],
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prevents OLG death, reduces the number of reactive astrocytes and reduces the number of reactive MGL.
These beneficial effects are mimicked by the selective S1PR-1 antagonist CYM5442, which also prevents
the up-regulation of S1PR-1 on astrocytes [45]. As further evidence of the importance of the astrocyte
S1PR-1 receptor, the S1PR-1 gene is primarily expressed in astrocytes, its coupled-G-protein-regulated
pathway promotes astrocyte proliferation, and its selective blockade inhibits astrogliosis, potentially
reducing OLG death and demyelination. These results are supporting evidence that at least some of
the protective effects of FGM are mediated via S1PR-1 negative modulation in the CNS [45]. As further
support, deletion of the astrocyte S1PR-1 gene reduces production of the pro-inflammatory cytokines
IL-1β, IL-6 and IL-17, reduces demyelination, and eliminates any additive benefit of CNS protection by
FGM treatment [38].

2.2.2. Siponimod

Siponimod is a selective modulator of S1PR-1 and S1PR-5 [76,77], and was originally synthesized to
reduce cardiovascular effects by eliminating S1PR-3 affinity [78,79]. Its structure favors avid penetration
of the BBB. It has a short T1/2 elimination, and lymphocyte counts may return to baseline within 48 h of
the last dose (see Table 2) [78]. Recent studies in both human and rodent astrocytes have demonstrated
that SPM modulates cellular pro-survival pathways [80–82], primarily via S1PR-1 [82]. SPM also
demonstrates anti-inflammatory effects, reducing phosphatidyl choline, TNFα and IL-17-induced IL-6
production by via S1PR-1 modulation. In an in-situ injected curpizone mouse model, SPM treatment
reduces myelin breakdown-associated proteins, decreases the number of damaged axons, decreases
OLG loss, increases the number of myelinated axons, and reduces MPG and MGL infiltration [83].
In studies of EAE-induced excitotoxic synaptic degeneration, SPM treatment preserves gabaergic
neurons in the striatum, and reduces microgliosis, even in the absence of pro-inflammatory lymphocyte
affects. These results have been replicated in brain slices, further supporting a direct SPM affect
upon the CNS. It has been hypothesized that SPM, via its actions on S1PR-1, reduces MGL activation,
which in turn reduces pro-inflammatory lymphocyte recruitment into the CNS [83]. Lastly, since SPM
is also a modulator of S1PR-5, preservation of OLGs and myelinated axons in demyelination models
following its use is not unexpected. Although, to our knowledge, not yet reported, SPM may also
preserve BBB function via S1PR-5 modulation.

Table 2. Pharmacokinetics and pharmacodynamics of the S1PR antagonists.

S1PR
Antagonist

T 1
2

Elimination

Time to Max
Concentration

Median Decrease in
Maximum

Lymphocyte Count

Maximum Decrease
in Steady State

Lymphocyte Count

Median recovery
Time to Normal

Lymphocyte Count

fingolimod 6–9 days * 12–26 h 60% of baseline in
4–6 h 18–30% of baseline 1–2 months

siponimod 30 h 4 h 20–30% of baseline 20–30% of baseline
10 days, but up to

3–4 weeks for
some patients

ozanimod
CC112273 **

21 h
11 days 6–8 h 30% of baseline 45% 30 days ***

ponesimod 21–33 h 2.5–5 h Not available 70% 4 days

* Increased by 50% in patients with moderate to severe heart disease, ** CC112273 the major ozanimod active
metabolite, *** 90% recovery to baseline lymphocyte count with 3 months.

2.2.3. Ozanimod

Ozanimod has a high affinity for S1PR-1 and to a lesser extent for S1PR-5. It selectively crosses the
BBB with brain to blood ratio of 10-16:1 [30] and its affinity for the S1PR-1 is comparable to FGM-P and
SPM [30]. Like FGM-P and SPM, it induces rapid internalization and degradation of S1PR-1 in rodents
and produces reduction in circulating B and T cell lymphocytes [30,84]. Compared to FGM and SPM,
there is more rapid lymphocyte reconstitution after it is discontinued. The t1/2 elimination of its major
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active metabolites, cc112273 and cc1084037, is only 11 days (see Table 2) [85]. Of note, OZM treatment
significantly improves EAE scores in mice, even in the presence of restored blood lymphocyte
counts [30], supporting a direct CNS therapeutic role. We are unaware of extensive preclinical studies
of OZM modulation of S1PR-5, its effects on OPCs, OLGs or myelination, or BBB integrity.

2.2.4. Ponesimod

Ponesimod is a selective S1PR-1 modulator [86,87], with a t1/2 elimination of 21-33 h [87], which like
FGM, SPM and OZM, reduces circulating B and T cell lymphocytes by up to 70%, with return to
baseline values within 4 days of cessation (see Table 2) [84,88–90], PNM readily crosses the BBB and
reduces EAE scores in mice [84].

3. Clinical Trial Results

3.1. Fingolimod

Fingolimod was the first oral medication, approved in patients with relapsing forms of MS.
The therapeutic efficacy of FGM for RMS was initially established in two pivotal, phase III, double-blind,
randomized clinical trials of adults, comparing FGM to placebo (FREEDOMS) and comparing FGM
to IFN-β-1a (TRANSFORMS). This was followed by the phase III extension studies FREEDOMS II
and extended TRANSFORMS. The regulatory approval for use of FGM in the treatment of RRMS in
children ages 10–17 years of age in 2018 [91] followed the results of the pivotal trial, PARADIGM [92].

3.1.1. FREEDOMS

FREEDOMS was a phase III double-blind, placebo-controlled trial with 1272 patients that
demonstrated superior efficacy of FGM in RMS when compared to placebo [93]. Inclusion criteria
included a diagnosis of RMS, Expanded Disability Status Scale (EDSS) score ≤5.5, and evidence of
active disease over the previous 2 years. The median disease duration was 6.7 years, and median EDSS
at baseline was 2.0. Patients were randomized in a 1:1:1 ratio to receive placebo, FGM 0.5 mg, or 1.25 mg
once daily. The primary endpoint was annualized relapse rate (ARR) and the main secondary endpoint
was time to three-month confirmed disability progression (CDP). Other secondary endpoints included:
time to first relapse, change in EDSS score and the MS Functional Composite (MSFC) z-score at baseline
compared to 24-months, conventional MRI measurements, drug tolerability, and safety. Because the
1.25 mg dose of FGM did not demonstrate therapeutic superiority to the 0.5 mg dose, it was the latter
that received regulatory approval, and for that reason only the data for the 0.5 mg dose are presented.

The ARR was 0.18 for 0.5 mg FGM, and 0.40 for placebo-treated patients (p < 0.0001), a relative
reduction of 54% in favor of FGM. Time to first relapse was significantly longer in FGM than in
placebo-treated patients and more FGM patients remained relapse free over 24-months. Cumulative
probability of three months of CDP was 17.7% for FGM and 24.1% for placebo (Hazard ratio 0.70).
During the 24-month study period, EDSS score and MSFC z-scores remained stable in the FGM-treated
group and minimally worsened in the placebo group. FGM treatment was associated with a significant
relative decrease in the number of new or enlarging T2 lesions (74%), gadolinium-enhancing (Gd+)
lesions (79%) and a relative reduction in brain volume loss (36%), all MRI comparisons being significant
at 24 months (p < 0.001).

3.1.2. TRANSFORMS

TRANSFORMS was a Phase III clinical trial, enrolling 1292 patients, comparing efficacy of FGM
to intramuscular IFNβ-1a in a 12-month, randomized, double-dummy, parallel group study in patients
with active RMS over the previous 24 months [94]. The inclusion criteria included a diagnosis of RMS,
EDSS ≤ 5.5. Patients were randomized 1:1:1 to oral FGM 0.5 mg or 1.25 mg once daily, or IFNβ-1a 30 μg
IM once weekly, and we only report on the FGM 0.5 mg vs. IFNβ-1a results. The primary endpoint
was ARR and major secondary endpoints included number of new or enlarging T2 MRI lesions at
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one year and 3-month CDP during the 12-month duration of the study. At 12 months, ARR was 0.16
for FGM, and 0.33 for IFNβ-1a patients (p < 0.001), a relative reduction in ARR of 52%. In the FGM
arm time to first relapse was longer and more patients remained relapse free than the IFNβ-1a treated
patients. FGM treatment was associated with a relative reduction in the mean number of new and
enlarged T2 lesions (FGM 1.7 and IFNβ-1a 2.6; p < 0.004), a 54% relative reduction in Gd+ lesions
(p < 0.001), a 31% relative reduction in percent brain volume loss from baseline (p < 0.001). In contrast,
there was no significant difference observed between the treatment arms with respect to 3 month CDP.

3.1.3. FREEDOMS II

FREEDOMS II, a phase III trial to evaluate the efficacy and safety of FGM [95] was a 24-month,
randomized, double-blind, placebo-controlled, evaluating the efficacy of FGM compared to placebo
in 1083 patients. Inclusion criteria included: a diagnosis of RMS, evidence of active disease over the
previous 24 months, and an EDSS ≤ 5.5. Patients were randomized in a 1:1:1 ratio to receive FGM
0.5 mg, or 1.25 mg, or placebo once daily but only the FGM 0.5 mg and placebo data are reported;
patients randomized to the FGM 1.25 mg arm were switched to 0.5 mg a day at the recommendation
of the data and safety committee. The primary endpoint of the trial was ARR. Secondary endpoints
included the effect of FGM upon time to 3-month CDP, change in MSFC score, and effect on MRI
measurements in comparison to placebo.

The ARR over 24 months was 0.21 for FGM and 0.40 for placebo (p < 0.0001), a relative reduction
of 48%. The percent change in brain volume from baseline to 24 months, was 0.9% for FGM and 1.3%
for placebo, a relative reduction of 31% (p < 0.001). The mean number of new and enlarged T2 lesions
at 24 months was 2.3 for FGM, and 8.9 for placebo, a relative reduction of 74%; there was a 70% relative
reduction in number of Gd+ lesions. There was no significant difference between FGM and placebo
in 3- or 6-month CDP. The time to first confirmed relapse was longer, and more patients remained
relapse-free in the FGM treated arm compared to placebo-treated patients at 24-months. MSFC scores
were also improved at month 24 in the FGM versus the placebo-treated arm.

3.1.4. Extended TRANSFORMS

Extended TRANSFORMS reported long-term results (up to 4.5 years) for the core TRANSFORMS
patients [96]. A total of 92% (n = 1027) of patients completing TRANSFORMS entered and 75.2%
completed the extension phase. Patients randomized to FGM 0.5 mg or FGM 1.25 mg in the core
study continued at the same dose in the extension study, whereas patients receiving IFNβ-1a were
re-randomized 1:1 to either FGM 0.5 mg or FGM 1.25 mg daily. Following the sponsor’s decision to
discontinue FGM 1.25 mg in 2009, all patients subsequently received FGM 0.5 mg until completion of
the extension phase. It is only the 0.5 mg FGM results vs. IFNβ-1a which are reported below.

The primary endpoint, ARR at 4.5 years, was significantly reduced in patients who initiated
FGM treatment in TRANSFORMS compared to those patients switching from IFNβ-1a to FGM during
Extended TRANSFORMS: (0.17 versus 0.27), a 35% relative reduction in risk of relapse (p < 0.001).
Patients initially treated with IFNβ-1a who switched to FGM, experienced a subsequent 50% reduction
in ARR, 0.4 to 0.2, by the end of the extension study. MRI outcomes in the extended TRANSFORMS
revealed a 63% reduction in new or newly-enlarged T2 lesion count in the group switching from
IFNβ-1a to FGM. The proportion of patients with no evidence of disease activity (NEDA: no relapses,
no MRI worsening, and no sustained disability progression) increased by 50% in the first year after
switching to FGM (43% to 66%). During the extension phase, there was no statistical difference in
the number of patients in either group who remained without Gd+ lesions. The relative reduction
in brain volume loss observed during the core study in patients continuously treated with FGM was
maintained through the extension study, whereas the patients switched from IFNβ to FGM experienced
a reduction in the rate of brain volume loss during the extension phase.
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3.1.5. PARADIGM

PARADIGM [92] was a 24 month randomized double-blind, active-controlled, parallel group
phase III study of 215 patients with RRMS between the ages of 10 and 17 years of age randomized to
either daily oral FGM (107) 0.5 mg (0.25 mg for those weighing 40 kg or less), vs. IFNβ-1a 30 μg IM
weekly. All patients had evidence of disease activity in the previous 2 years. The primary outcome,
ARR, was 0.12 in FGM versus 0.67 in the IFNβ-1a treated patients, a relative decrease of 82% (p < 0.001).
The mean percentage of relapse-free patients was 85.7 versus 38.8 favoring the FGM treatment arm.
Secondary outcomes included the total number of new and enlarged T2 lesions, which was 4.39 in
FGM versus 9.27 in IFNβ-1a treated patients, a 53% relative decrease (p < 0.001). The mean number of
Gd+ lesions/scan was 0.44 in FGM versus 1.28 in IFNβ-1a treated patients. The mean rate in brain
volume change was -0.48% in FGM versus −0.8% in IFNβ-1a treated patients.

3.2. Siponimod

As previously indicated, SPM is a selective S1P1R and S1P5R modulator that readily crosses the
BBB [78]. Preclinical studies indicate that it may preserve neurons by preventing excitotoxic synaptic
degeneration [83], enhancing cell survival pathways [80,82], and promoting remyelination in the
CNS [83]. Given the results of these preclinical studies, and because of the need to develop DMTs that
might slow disability worsening in patients with secondary progressive multiple sclerosis (SPMS),
it was decided to evaluate SPM efficacy in this patient population.

EXPAND

EXPAND [97] was a double-blind, randomized phase III study of 1645 adults, age 18–60, with SPMS
and an EDSS score of 3.0–6.5. Patients were assigned (2:1) to once daily oral SPM 2 mg or placebo for up
to three years, or until the occurrence of a pre-specified number of CDP events. The primary endpoint
was time to three-month CDP. At baseline, the mean time since first MS symptoms was 16.8 years and
time since conversion to SPMS was 3.8 years. Sixty-four percent of patients (n = 1055) had not had
a relapse in the previous two years; 56% (n = 918) needed walking assistance. Twenty-six percent
(288/1096) of patients receiving SPM and 32% (173/545) receiving placebo had three-month CDP
(hazard ratio 0.79, 95% CI 0.65–0.95), a relative risk reduction of 21% (p = 0.013). Of the secondary
endpoints, there was no significant difference between SPM and placebo-treated patients in the time to
three-month confirmed worsening of at least 20% in Timed 25 Foot Walk (T25FW). The increase in T2
lesion volume from baseline was significantly lower in SPM-treated versus placebo-treated patients,
with a between group difference of −695.3 mm3 (95% CI –877.3 to –513.3; p < 0.0001). Numerically more
patients receiving SPM were free of Gd+ lesions (89% vs. 67%) and of new or enlarging T2 lesions
(57% vs. 37%) than their placebo-treated counterparts. Siponimod was approved for the treatment of
“active forms” of SPMS, defined as patients having had a relapse in the previous 2 years, because this
was the only subgroup in which the primary end-point was achieved. Following completion of the
core EXPAND trial, an open label extension was initiated which is expected to conclude in 2024.

3.3. Ozanimod

Ozanimod, a S1PR1 and S1PR5 modulator, that has been studied in two phase III clinical trials,
RADIANCE Part B and SUNBEAM, the most recent agent in this class to receive regulatory approval.
Each of these trials was a randomized, double-blind, double-dummy, parallel group, active-controlled
study, evaluating the efficacy and safety of daily oral OZM 0.5 mg or 1 mg versus weekly IFNβ-1a
30 μg IM in patients with RRMS. Following its ingestion, OZM is partly transformed into 2 primary
metabolites, CC112273 and CC1084037, which account for the bulk of OZM pharmacological effects,
each with a t1/2 elimination of approximately 11 days, compared to 19–22 h for OZM itself [85].

95



Biomedicines 2020, 8, 227

3.3.1. RADIANCE Part B

RADIANCE Part B [98], a 24 month trial, included 1,313 patients with RRMS randomized to daily
oral OZM 0.5 mg (n= 439), OZM 1 mg (n= 433) or weekly IFN β-1a 30 μg IM (n= 441). Inclusion criteria
were ages 18–55 years, EDSS 0.0–5.0, diagnosis of RRMS, and evidence of active disease over the
prior 24 months. Exclusion criteria included recent myocardial infarction, TIA, stroke, prolonged QTc
interval, resting heart rate < 55 bpm, Type I diabetes, or uncontrolled Type II diabetes.

The primary endpoint in RADIANCE Part B was ARR at each OZM dose versus interferon β-1a
over 24 months of treatment. Key secondary endpoints included number of new or enlarging T2
brain lesions, number of Gd+ brain lesions, and time to three-month CDP. Other secondary endpoints
included relative rate of whole brain volume loss. Exploratory outcomes included relative changes
in cortical grey matter and thalamic volumes over the 2 years of observation. Because of its superior
efficacy, regulatory approval was only given the 1.0 mg dose. The 0.5 mg data are not presented.
ARR at two years was 0.172 for OZM and 0.276 for IFN β-1a, a relative reduction of 38% favoring
OZM (p < 0.0001). There was a 42% relative reduction in new and enlarging T2 lesions with OZM
treatment compared to IFNβ-1a (p < 0.001). The relative reduction in number of Gd+ enhancing brain
lesions at two years was 53% in OZM-treated patients (p = 0.0006) compared to patients treated with
IFNβ-1a. There were no statistically significant differences between OZM and IFNβ-1a treatment in
time to three-month CDP. Relative reduction in brain volume loss at 2 years was 27% less in OZM
(p < 0.0001) than in IFNβ-1a treated patients. Relative cortical gray volume loss was reduced by 58%
in patients treated with OZM (p < 0.0001) and relative thalamic volume loss at 2 years was reduced by
32% (p < 0.0001) in patients receiving OZM.

3.3.2. SUNBEAM

The SUNBEAM phase III study [99] included 1,346 patients with RRMS, randomized to daily oral
OZM 0.5 mg (n = 451) or 1 mg (n = 447) versus weekly intramuscular 30 μg IFNβ-1a IM (n = 448).
Inclusion criteria included ages 18–55 years, EDSS 0.0–5.0, diagnosis of RRMS, with the same remaining
inclusion and exclusion criteria as RADIANCE Part B. Only the data for 1 mg OZM is presented.

The primary endpoint in SUNBEAM was ARR with OZM treatment versus IFNβ-1a over
12 months of observation. Key secondary endpoints included number of new or enlarging T2 brain
lesions, number of Gd+ brain lesions at one year, and time to three-month CDP. Other secondary
endpoints included whole brain volume loss. Exploratory endpoints included cortical grey matter
and thalamic volume changes at one year. ARR at one year was 0.181 for OZM and 0.35 for IFNβ -1a
treated patients, a relative risk reduction of 48% (p < 0.0001) favoring OZM treated patients. There was
a 48% relative reduction in the number of new or enlarging T2 brain lesions favoring OZM-treated
patients (p < 0.001) and total number of Gd+-brain lesions reduced by 63% in the OZM treatment arm
(p < 0.0001) compared to IFNβ-1a. There was no statistically significant difference between OZM and
IFNβ-1a for time to three-month CDP. There was a 33% relative reduction (p < 0.0001) in percentage
whole brain volume decrease for OZM treated patients, as well as an 84% (p < 0.0001) relative reduction
in cortical grey matter loss and a 39% (p < 0.0001) relative reduction in thalamic volume loss in OZM
treated patients. It is of particular interest to learn the results of on-going studies which are focused on
cognitive functioning and patient reported outcome status [100] in light of the demonstrated relative
reduction in cortical gray matter and thalamic volume loss in OZM treated patients.

The regulatory approval for the higher OZM dose is a 92 mg capsule, as opposed to the 1.0 mg
OZM hydrochloride tablets used in the clinical trials [85].

3.4. Ponesimod

Ponesimod (PNM), a selective S1PR-1 modulator without known effect on the remaining four
S1PRs, has been studied in one phase III clinical trial.
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OPTIMUM

OPTIMUM [101], was a 108 week multicenter, randomized, double-blind, parallel group, and active
controlled study, evaluating the efficacy, safety, and tolerability of daily oral PNM 20 mg versus daily
oral teriflunomide (TFM) 14 mg in adults with RRMS. OPTIMUM enrolled 1,133 patients, randomized
to receive PNM (n = 567) or TFM (n = 566). Inclusion criteria included ages 18 to 55 years, EDSS 0.0-5.0,
diagnosis of RRMS, and active disease in the 24 months prior to screening. The primary end-point
was ARR over 108 weeks. Key secondary end-points included change from baseline to week 108 in
fatigue-related symptoms, as measured by the symptoms domain of the FSIQ-RMS. Other secondary
endpoints included the mean number of combined unique active lesions (CUAL) per year, defined as
new Gd+1 lesions and any new or enlarging T2 lesions. In addition, time to 12-week and 24-week
CDP was also determined.

There was a 30.5% relative reduction (p = 0.0003) in ARR in PNM treated patients (0.202 versus
0.290) compared to TFM treated patients. Ponesimod demonstrated superior improvement in fatigue
scores at week 108 compared to TFM as measured by the FSIQ-RMS weekly symptom score (mean
difference −3.57, p = 0.0019). There was a 56% relative reduction in CUALs per year (1.405 versus 3.164)
in patients treated with PNM. No significant differences between PNM and TFM seen for 12-week or
24-week CDP.

4. Safety

4.1. Fingolimod

In FREEDOMS, 94% of patients receiving FGM compared to 93% of patients receiving placebo had
an AE. The majority of these events were mild to moderate with 7.5% of patients on FGM stopping due
to side effects compared to 7.7% on placebo. In TRANSFORMS, 86% of FGM 0.5 mg patients compared
to 92% of patients on IFNβ-1a had an AE. However, 6% of patients on FGM versus 4% or patients on
IFNβ-1a discontinued due to an AE [93,94].

In FREEDOMS, overall, incidence of infections was the same in all treatment groups;
however, lower respiratory infections were more common in patients receiving FGM. There were
two deaths in the 1.25 mg FGM group, one each of disseminated primary varicella zoster and herpes
simplex encephalitis. The overall rate of herpes infections receiving FGM was 0.01 (10/854) and
0.01 (4/418) in placebo treated patients. As of this writing, there have been 36 confirmed cases of
PML in greater than 746,700 patient years since FGM approval. In an analysis of 21 PML cases, age at
treatment initiation was not a risk factor for the development of PML; however, longer duration
of exposure to FGM increased the risk of developing PML [102]. As of February 2019, 46 cases of
cryptococcal infections have been reported. (Novartis data on file), the majority of whom were
treated for 2 or more years

Macular edema was slightly more common in patients on 0.5 mg of FGM compared to placebo,
0.5 verses 0.4%, and typically occurred within the first 3 to 4 months of therapy. Because patients with
diabetes and uveitis are at higher risk of developing macular edema, they were excluded from the
clinical trials. Given the risk of macular edema, a baseline eye exam is recommended within 6 months
of starting and then 3 to 4 months after beginning FGM [91].

Fingolimod, on average, lowered the heart rate by eight beats per minute. Following the first
dose, 0.6% of patients receiving FGM developed symptomatic bradycardia compared to 0.1% in the
placebo group, with rare cases of second degree AV block reported. Nonetheless, patients are required
to undergo an ECG prior to the first dose observation (FDO), and then at least a 6 h FDO, during which
time hourly pulse and blood pressure are obtained, followed by an additional ECG at the end of
monitoring. Medications which can cause bradycardia or prolong the QT interval, such as beta blockers.
Selective serotonin and norepinephrine reuptake inhibitors are to be used with caution and may prompt,
overnight or more prolonged ambulatory cardiac rhythm monitoring. Fingolimod is contraindicated in
patients with recent myocardial infarction, unstable angina, stroke, transient ischemic attack, or heart
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failure within the last 6 months [91]. There was also an average 3 mm Hg increase in systolic blood
pressure and 2 mm Hg increase in diastolic pressure in patients on FGM. Elevation in liver enzymes
was more commonly seen in the patients receiving FGM, with elevations of three times the upper
limit of normal (ULN) or greater were seen in 14% of patients treated with FGM and in 3% of patients
on placebo, typically occurring within 6 to 9 months of starting FGM. Peripheral lymphocyte counts
dropped by 73% on average in patients receiving FGM, and typically return to baseline values 1–2
after stopping FGM (Novartis data on file). To date, there has been no evidence that lower lymphocyte
counts are predictive of increased infection risk [103].

Skin cancer, particularly basal cell carcinoma, may be more common in patients on FGM [91].
Post-marketing studies have also reported rare cases of cutaneous melanoma and squamous cell
carcinoma [104,105].

In the pediatric population (PARADIGM), the incidence of AEs was 88.8% in FGM and 95.3% in
IFNβ-1a treated patients. The most common side effects in the FGM treated patients were headache
(31.8%), viral upper respiratory infections (21.5%), Upper respiratory infections (15.9%), leukopenia
(14%), influenza (1.2%), cough (9%), and pyrexia (7.5%). Serious AEs occurred in the FGM treated
cohort and 4.7 % of FGM treated patients discontinued the trial because of SAEs. These AEs included
convulsions (5.6%), and 3.7% of patients had serious infections, including one case each of appendicitis,
cellulitis, oral abscess, and viral pharyngitis. Single SAE cases also included agranulocytosis, arthralgia,
auto-immune uveitis, gastrointestinal necrosis, vasculitis, second degree AV conduction block, and small
bowel obstruction.

Fingolimod is not recommended during pregnancy and lactation, based upon its teratogenicity,
increased fetal loss and its presence in the milk of lactating animals. Prescribing information currently
recommends stopping FGM 3-months prior to planning conception; however this recommendation
may require revision in light of recent reports of increased MS breakthrough activity, occurring in
10–25% of patients within 12 weeks of discontinuing FGM [106,107]. Patients with a higher annualized
risk of relapse or higher EDSS prior to starting FGM may be at greater risk of rebound disease once
stopping FGM [108].

4.2. Siponimod

The SPM safety profile is similar to that of FGM. In EXPAND [97], 89% of patients receiving SPM
and 82% of patients receiving placebo had an AE. Non-serious adverse events leading to discontinuation
in the study was 4% versus 3% respectively. Serious adverse events occurred in 18% of the SPM group
compared to 15% in the placebo group.

Rate of infections were also similar in both groups, but upper and lower respiratory infections,
as well as herpes zoster reactivation, were more common in the SPM treated group. The risk of herpes
infection was 2.5% in SPM versus 0.7% in placebo treated patients. No cases of PML or cryptococcal
infections were reported, although these opportunistic infections may emerge as larger populations are
treated for longer durations, given the similar mechanism of action compared to FNM. The reduction
in the peripheral lymphocyte count was between 20 to 30% which is less than that observed in
patients treated with FGM [93,94], but whether this impacts the comparative rate of infection is yet to
be determined.

Liver function abnormalities were observed in 10.7% of SPM treated patients and 3.7% in the
placebo group.

Rate of macular edema was 1.8% in patients on SPM and 0.2% of patients treated with placebo.
This is higher than 0.4% reported in the phase III clinical trials with FGM [93,94].

Seizures occurred in 1.7% of SPM treated patients and was 0.4% in the placebo group.
The reduction in heart rate was a mean of six beats per minute in the SPM treated group, with the

maximum reduction occurring on average 4 h after the first dose. Bradycardia was reported as an
AE in 6% of patients receiving SPM compared to 3% receiving placebo. Cases of Mobitz type II or
higher degree atrio-ventricular (AV) block were not observed. As a result, first dose observation is not
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required except for patients with recent history of myocardial infarction, unstable angina, recent stroke,
TIA or baseline heart rate of less than 55 beats per minute [109]. Clinicians may also recommend first
dose observation for patients on medication which may lower heart rate, particularly those medication
that slow AV conduction.

Elevation in liver enzymes was 10.1% in patients on SPM, versus 3.7% of patients on placebo.
Overall, rate of malignancies was the same in each group.

Medications which inhibit the hepatic enzymes CYP2C9 and CYP3A4 can result in elevated
concentration of SPM, and the opposite is true for hepatic enzyme inducers. Furthermore, in patients
with the CYP2C9 genotype variants CYP2C9 1*/3* or 2*/3* should receive only 1.0 mg a day maintenance
dosing and those with the 3*/3* genotype should not receive SPM at all due to their inhibition of SPM
degradation in the liver [109].

4.3. Ozanimod

In RADIANCE and SUNBEAM, overall AEs and AEs leading to discontinuation were lower in
both groups of patients taking OZM compared to interferon beta-1a. Nasopharyngitis, elevated liver
enzymes, hypertension, and urinary tract infections were commonly seen in the OZM groups in both
clinic trials. No serious opportunistic infections were reported, and the rate of herpes infections were
the same across the three treatment groups.

There was one case of posterior reversible encephalopathy syndrome (PRES) in a patient receiving
1.0 mg OZM, occurring 10 months after starting the medication. Of note, post-approval cases have also
been reported in patients treated with FGM [110,111]. Mean absolute lymphocyte count in patients on
OZM 1.0 mg were reduced by approximately 45% by 3 months, and maintained at that level thereafter.
The rate of macular edema was 0.3% in each OZM and the IFNβ-1a group. Maximum mean reduction
in heart rate on day 1 was 0.6 bpm at 5 h in RADIANCE. Four patients treated with OZM had a
heart rate less than 45, but had baseline heart rates of 55-64 bpm, and no symptoms were reported.
In SUNBEAM, the maximum mean reduction was 1.8 bpm at 5 h, with no rate below 45 bpm reported.
No second- or third-degree heart block was observed in either study. Given the minimal reduction in
heart rate, FDO is not required for most patients.

As with the other S1PR-1 modulators, mild elevations in liver function enzymes were observed.
In RADIANCE, 6.7% of patients on 1.0 mg of OZM had an ALT of 3 X ULN normal, as did 3.9% of
patients on IFNβ-1a. In SUNBEAM, the rate was 4.3% for OZM and 2.2% for IFNβ-1a treated patients.

4.4. Contraindications and Cautions

The use of FGM, SPM, and OZM is contraindicated in patients with recent (within the past
6 months) myocardial infarction or stroke, unstable angina, class III/IV heart failure4.4, recent transient
ischemic attack and in patients receiving class I and Class III anti-arrhythmics, patients with Mobitz
type 2 s or third degree heart block, sino-atrial block, or sick sinus syndrome without a functioning
pacemaker. In addition, specifically for OZM there is a contraindication for the concomitant use of
monoamine oxidase inhibitors and in patients with untreated severe sleep apnea. The concomitant use
of SSRIs, SNRIs and narcotics is not recommended for any of the S1PR modulators [85,91,109].

4.5. Ponesimod

The proportion of patients experiencing at least one treatment emergent AE (TEAE) in OPTIMUM
was similar for both PNM and TFM, although discontinuation due to TEAE was higher in the PMN
than the TFM group, 8.7% vs. 6.0% respectively. Premature discontinuations due to elevated liver
enzymes and respiratory events were relatively higher in the PNM than TFM groups. The most
common AEs of special interest were elevated liver function tests in the PNM group, (22.7% vs. 12.2%),
hypertension (10.1% vs. 9.0%), and pulmonary events (8.0% vs. 2.7%). Most ALT increases ≥3X
ULN were single transient asymptomatic events that spontaneously resolved on treatment or resulted
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in protocol mandated discontinuation. Eight seizures were reported in patients treated with PMN
compared to one patient on TFM.

Skin malignancies occurred in five patients treated with PMN and in one patient in the TFM
group. Four cases of bradycardia (0.7%) occurred in the PMN 20 mg group and an additional three
patients experienced first degree atrioventricular block. None of the events were serious or led to
treatment discontinuation.

5. Potential Therapeutic Opportunities

As is evident from the data presented, the S1PR modulators are an important addition to the list of
DMTs for the treatment of MS. In addition to their oral route of administration, an important addition
to patient quality of life, with a higher likelihood of compliance and persistence, they offer significant
improvement in clinical efficacy at acceptable levels of risk in studies in which they have been compared to
“platform” injectable or oral therapies. Important questions and research opportunities remain. Will agents
with more potent S1PR-5 modulation improve remyelination, as a result of improved maturation of OPCs
and enhanced myelin formation by OLGs? Will their use reduce inflammatory impact of MS by the
enhancement of BBB integrity? Will selective S1PR-2 inhibition stimulate remyelination by blocking the
NOGO/LOGO membrane complex, and will simultaneous S1PR-1 and S1PR-2 provide greater synergistic
regulation of astrocytes than either agent alone? Since S1PR-3 is up-regulated on astrocytes during
CNS inflammation [112] can CNS selective S1PR-3 modulators be developed which do not also increase
cardiovascular side effects? Lastly, as more is learned about the intracellular pathways activated or
inhibited by S1P and its receptors, the development of pharmacological agents which can manipulate these
pathways, and the development of agents that can interact with intracellular S1PRs, offer highly specific,
potentially fruitful therapeutic opportunities for MS and numerous other diseases, including rheumatoid
arthritis [113–115], systemic lupus [116,117], polymyotisis [118], ulcerative colitis [119], psoriasis [120],
colon cancer [121–123], breast cancer [124–126], lung cancer [127,128] and atherosclerosis [129,130].
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Abstract: Serum neurofilament light chain (NfL) has been shown to correlate with neuroaxonal
damage in multiple sclerosis (MS) and various other neurological diseases. While serum NfL is
now regularly reported in clinical approval studies, there is a lack of longitudinal data from patients
treated with established basic immunotherapies outside of study conditions. In total, 34 patients
with early relapsing-remitting MS (RRMS) were included. The follow-up period was 24 months
with regular follow-up visits after 3, 6, 9, 12 and 18 months. Therapy with glatiramer acetate was
initiated in 20 patients and with interferon-beta in 12 patients. The disease course was monitored by
the events of relapses, Expanded Disability Status Scale (EDSS) score and MRI parameters. Overall,
serum NfL levels were higher at time points with a current relapse event than at time points without
relapse (12.8 pg/mL vs. 9.7 pg/mL, p = 0.011). At follow-up, relapse-free patients showed significantly
reduced serum NfL levels starting from 9 months compared to baseline (p < 0.05) and reduced levels
after 12 months compared to baseline (p = 0.013) in patients without EDSS progression for 12 months.
In this explorative observational study, our data suggest that the longitudinal measurement of serum
NfL may be useful in addition to MRI to monitor disease activity and therapy response.

Keywords: multiple sclerosis; serum neurofilament; immunomodulatory therapies;
therapy-response marker

1. Introduction

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system (CNS)
characterized by demyelination and axonal loss [1]. The current concept of MS pathology is based
on infiltrating immune B- and T-cells via the blood–brain barrier, local antibody production and
activation of glial cells [2,3]. These processes are thought to lead to primary demyelination followed
by neurodegeneration [2]. In recent years, several neurochemical markers have been established for
the characterization of pathological molecular processes. One of the most extensively investigated
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markers for neuroaxonal loss is neurofilament light chain (NfL) [4–6]. NfL is one of four neurofilament
subunits and the most abundant one, making it a popular target for neurological diseases [7]. Here,
NfL showed superior sensitivity for MS than the phosphorylated subunit of neurofilament [8].

Initially investigated using standard immunoassays, NfL in the cerebrospinal fluid (CSF) from MS
patients was found to correlate with disease course and activity [9,10]. In the early phase of the disease,
it has a prognostic value [5,11,12] and can be used as a treatment response marker [13]. However, NfL is
not specific for MS, is rather a general marker for neurodegenerative processes [14,15] and changes
with the normal aging brain [16], which needs to be considered when looking at NfL changes over time.

As detection methods were developed over the years, highly sensitive immunoassays became
available and allowed the analysis of brain-derived proteins, not only in the CSF, but in serum as
well [17]. Beyond showing a good correlation with CSF values, serum NfL has already thoroughly
been investigated in MS [18], i.e., it has been shown to correlate with clinical and radiological disease
activity (relapses, new/enlarged T2 lesions and gadolinium-enhancing lesions in magnetic resonance
imaging (MRI)) [19–22]. The most important advantage of serum analyses is the possibility of serial
sampling and consecutive analysis of biomarkers. Thus, NfL is regularly used in clinical trials to
monitor therapy efficacy, and it is on the footsteps of being used as a secondary outcome parameter in
clinical trials [23].

In most studies, group effects of treatments on neurofilaments are investigated, which already
indicate the applicability of serum NfL as a therapy response marker [22,24] and as a prognostic marker
for long-term clinical outcomes in MS [25]. However, longitudinal data of intraindividual NfL levels
over disease course under immunomodulatory therapies in well-characterized MS patients are widely
missing and only described rarely [26,27].

In this study, we analyzed consecutive samples of MS patients in the early phase of the disease,
before and after the initiation of disease-modifying treatment with either glatiramer acetate or
interferon-beta over a follow-up period of 24 months. Serum NfL levels at each visit were correlated to
clinical outcome parameters (relapse and Expanded Disability Status Scale (EDSS)), serum cytokine
profile, cognitive functions and MRI parameters of disease activity and progression.

The aim of this study was (a) to show the effect of immunomodulatory therapies on serum NfL
levels in MS patients over disease course, (b) to evaluate the relationship between NfL and MRI
parameters reflecting disease progression, such as T2 lesion load, (c) to evaluate possible correlation
with cognitive functions and (d) to compare serum NfL levels with the serum cytokine profile.

2. Experimental Section

2.1. Patients

In total, 34 patients who attended the Department of Neurology at the University Hospital Ulm
between 2002 and 2004 before initiation of disease-modifying treatment (DMT) were included in the
study. Initially, the MS diagnosis was made on the diagnostic criteria valid at time of study inclusion
(McDonald 2001), but were adjusted for the most recent updates of the McDonald criteria (McDonald
2017). After study inclusion, 20 patients started treatment with glatiramer acetate, 12 patients were
treated with interferon-beta (Avonex, Betaferon and Rebif) and 2 patients rejected DMT. All patients
were then followed-up for 24 months with visits every 3 months in the first year and every 6 months in
the second year. At all visits, clinical assessments including relapse evaluation, EDSS, Paced Auditory
Serial Addition Test (PASAT), and serum sampling were performed. Relapses were defined as focal
neurological disturbance lasting more than 24 h, without an alternate explanation. Furthermore,
17 patients received magnetic resonance imaging (MRI) scans at baseline, 12 months and 24 months.
Detailed patients’ characteristics are shown in Table 1 and the study schedule is shown in Table 2.
Relapses were treated with high-dose corticosteroids (50–1000 mg) over 3–5 days after exclusion of
contraindications. Age did not differ between patients with and without at least one relapse during
follow-up and did not correlate with serum NfL levels at baseline.
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Table 1. Patients’ characteristics.

Characteristics Median Values with IQR, n = 34

Age 33 (29–40)

EDSS baseline 1.5 (1.0–2.0)

Serum NfL baseline (pg/mL) 10.2 (8.4–14.7)

Relapse within 12 months (n) 14

Relapse within 24 months (n) 16

Treatment after baseline

Glatiramer acetate 20

Interferon-beta 12

No disease-modifying therapy 2

EDSS = Expanded Disability Status Scale; NfL = Neurofilament light chain; IQR = Interquartile range.

Table 2. Study schedule and number of available data.

Baseline 3 Months 6 Months 9 Months 12 Months 18 Months 24 Months

Clinical
assessment 34 32 32 32 33 34 34

EDSS 31 30 27 30 32 32 32

Serum NfL 34 29 29 32 33 31 24

MRI (T2 lesion
load) 17 17 17

Serum cytokine
profile 29 29 29 29 29 29 29

PASAT 32 32 31 30 32 30 31

EDSS, Expanded Disability Status Scale; PASAT, Paced Auditory Serial Addition Test; NfL, neurofilament light
chain; MRI, magnetic resonance imaging.

2.2. NfL Measurements

Serum samples were stored in the local biobank according to recommended biobanking protocols at
−80 ◦C [28]. Serum NfL was measured using the Simoa technology (Quanterix Corporation, Lexington,
MA, USA). Samples were diluted, as recommended by the manufacturer, and concentrations were
calculated using the corresponding standard curve.

2.3. Cytokines Measurements

Cytokine profiles including IFN-γ, osteopontin (OPN), IL-2, IL-4 and IL-10 were determined
in serum at study onset and at every visit during follow-up using the electrochemiluminescence
detection multiplex technology of Meso Scale Discovery (MSD, Gaithersburg, MD, USA) according to
the manufacturer’s instructions as previously reported [29].

2.4. MRI Scans

MRI scans of the brain and spinal cord were performed on a 1.5 Tesla clinical MRI scanner
(Symphony Siemens, Erlangen, Germany) and the total number of hyperintense lesions in T2-weighted
scans at the different time points were visually quantified by an experienced rater.

2.5. Cognitive Functions

Cognitive functions were assessed at every time point by the Paced Auditory Serial Addition Test
(PASAT). Here, information processing speed and flexibility, as well as calculation ability are tested,
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which also means that this is not a global measure of cognitive dysfunction, but rather targets specific
cognitive executive functions frequently affected in MS.

2.6. Statistical Methods

All statistical tests were performed using the GraphPad Prism 8 software (GraphPad Software Inc.,
La Jolla, CA, USA). Shapiro–Wilk test was used to examine the distribution of the data. Mann–Whitney
U test was used to compare medians in skewed distributed parameters for unpaired samples and
Wilcoxon matched-pairs signed-rank test for paired samples. Correlation analyses were performed
with Spearman’s rank correlation and corrected for multiple testing by the Bonferroni method.
A p-value ≤ 0.05 was considered as statistically significant.

2.7. Ethical Statement

The study was reviewed by the appropriate ethics committee of the University of Ulm (approval
number 79/2001, approval date 14.11.2001) and was performed in accordance with the ethical standards
of the current version of the Declaration of Helsinki. Written informed consent was obtained from all
patients participating in this study.

3. Results

3.1. Serum NfL at Time Points With and Without Active Relapse

We categorized serum NfL levels of all time points accordingly whether an active relapse was
present or not. Additionally, the change of serum NfL values at a time point with an active relapse in
comparison with the previous time point was determined. Here, the absolute change of serum NfL
values (pg/mL) and the percentage change was calculated (tx-tx-1). Significantly higher serum NfL
levels were observed for time points with an active relapse compared with time points with no relapse
(Figure 1A, p < 0.05). This was also true for the percentage change (Figure 1C, p < 0.05), but not for the
absolute change of serum NfL (Figure 1B, p = 0.15).

Figure 1. Serum NfL and time points with or without an active relapse. (A) Comparison of serum NfL
levels during time points with and without an active relapse. (B) Comparison of the change of serum
NfL between a time point with an active relapse and the previous time point. (C) Comparison of the
percentage change of serum NfL between a time point with an active relapse and the previous time
point. * p < 0.05.

3.2. Serum NfL Levels During Follow-Up Period of 24 Months

3.2.1. Patients with Relapses vs. No Relapse

In patients with a relapse-free disease course of 12 months and 24 months, serum NfL decreased
significantly between baseline and time points 12 months and 18 months and time points 9, 12, 18 and
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24 months, respectively (Figure 2A,B, blue triangles facing down, p < 0.05). There were no significant
differences for baseline and follow-up visits of serum NfL levels in patients with at least one relapse
within 12 or 24 months (Figure 2A,B). Furthermore, serum NfL levels in patients with a relapse within
12 months were significantly higher than in patients without a relapse within 12 months at time points
9 and 12 months (Figure 2A, p < 0.05).

Figure 2. Serum NfL levels over 12 and 24 months in patients with (red triangle facing up) and
without relapse (blue triangle facing down) for (A) 12 or (B) 24 months. Symbols show median values,
colored range indicates 95% confidence interval (CI), * p < 0.05 for intragroup differences, # p < 0.05 for
intergroup differences.

3.2.2. Patients with EDSS Progression vs. Stable or Improved EDSS

In patients showing EDSS progression within 12 months and patients with a stable or improved
EDSS for 24 months, no differences concerning their NfL levels were observed. However, in patients
with a stable or improving EDSS within 12 months, serum NfL levels decreased significantly between
baseline and time points 12 and 18 months (Figure 3A, p < 0.05). Considering 24 months of observation,
patients with EDSS progression showed serum NfL levels that differed significantly from baseline
serum NfL levels after 3 and 18 months (Figure 3B, p < 0.05).

Figure 3. Serum NfL levels over 12 and 24 months in patients with (red triangle up) and without EDSS
progression (blue triangle down) within (A) 12 or (B) 24 months. Symbols show median values, colored
range indicates 95% CI, * p < 0.05.

3.3. Correlation of Serum NfL with

3.3.1. Age

There was no significant correlation of serum NfL and age in our cohort (r< 0.3, p> 0.05). However,
age effects on serum NfL have been described [9,16]. As we mainly compared longitudinal sNfL values
from the same individual over a limited period (24 months), no correction for age was made.
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3.3.2. Serum Cytokine Profile in All Patients

We performed correlation analyses for serum NfL and serum IFN-γ, OPN, IL-2, IL-4 and IL-10
and for all time points. There was no significant correlation between serum NfL and the cytokine
profile (r < 0.3, p > 0.05).

3.4. PASAT

To see whether serum NfL is associated with cognitive decline in MS patients, we performed a
correlation analysis of serum NfL and PASAT at all time points (Figure 4). After correcting for multiple
testing, a significant correlation between PASAT at month 24 and serum NfL at time points 3 and
18 remained (Spearman r = 0.64 and 0.57 and adjusted p-value = 0.005 and 0.029, respectively).

 

Figure 4. Correlation matrix of Spearman correlation analysis for serum NfL and PASAT. Numbers in
the cells are showing the respective Spearman correlation coefficient.

3.5. EDSS in Patients with Active Disease within 24 Months

To see whether serum NfL is associated with the disability in MS patients, we performed a
correlation analysis of serum NfL and EDSS at all time points (Figure 5).

 

Figure 5. Correlation matrix of Spearman correlation analysis for serum NfL and EDSS. Numbers in
the cells are showing the respective Spearman correlation coefficient.

We did not observe significant correlations for serum NfL and EDSS at any time point in the group
with active disease (at least one relapse) within 24 months.

3.6. Individual Serum NfL Courses in Patients Treated with Glatiramer Acetate

The serum NfL courses of all patients treated with glatiramer acetate with available MRI scans
(T2 lesions) are illustrated. Additionally, for every available time point, the EDSS and occurred relapses
are shown (Figure 6).
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Figure 6. Cont.
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Figure 6. Illustration of individual serum NfL courses over 24 months in patients with initiation of
disease-modifying treatment with glatiramer acetate after baseline. Green circles, red squares and
blue triangles show serum NfL values (left y-axis), EDSS (right y-axis) and the number of T2 lesions
(left y-axis), respectively. Vertical dashed lines show events of clinical activity in the form of a relapse at
this time point.

4. Discussion

Neurodegeneration and axonal loss are major hallmarks of MS [2]. NfL has been extensively
investigated as a biomarker for those molecular processes [6,9,11]. Initially NfL was exclusively
analyzed in CSF, but with improved analytical sensitivity, serum analyses became possible as well [17].
Serum NfL shows a good correlation with CSF level and thereby offers a window to monitor axonal
loss in MS patients consecutively [18,22]. Therefore, numerous studies including serum NfL in MS
are available and it is used frequently in clinical trials [9,11,23,30]. However, longitudinal serum
NfL assessments are scarce [26,27], especially in individual MS patients before and after initiation of
first-line therapies. For this purpose, we aimed at characterizing the influence of those therapies on
serum NfL levels.

Our data suggested that serum NfL may be suitable as a marker for therapy responsiveness based
on the following findings: (a) sNfL levels stayed at a consistent low level or even dropped significantly
in relapse-free patients over time and (b) sNfL levels after 9 and 12 months were significantly lower in
patients without relapse within 12 months compared with patients suffering from a relapse during this
time period.

However, we want to point out that most MS patients in the early phase of the disease, which
is the case for most of our patients, show serum NfL levels that are within a normal age-adjusted
range [16].

Furthermore, our data showed that serum NfL levels were associated with relapses as they were
higher in time points with a present relapse compared with non-relapse time points.
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The individual serum NfL courses showed that effects that were seen on a group basis did
not always hold for every individual. Although serum NfL levels increased during the event of a
relapse and decreased after high-dose corticosteroid therapy in most patients, there were exceptions
(e.g., patient 16). More consistently, in our cohort, we observed that serum NfL levels stayed at a
constant low level in therapy-responsive patients, which might be helpful in therapy monitoring of
patients treated with first-line therapies. Our data suggested that this effect can be seen after 9 months.
Whereas a sampling interval of 3 or even 6 months seems appropriate in patients without disease
activity, other studies of highly active and more severely affected patients suggest a sampling interval
and serum NfL testing every month [26]. We did not observe a positive correlation between serum
NfL and EDSS for all time points, which is not surprising as this was also not seen in other studies [31]
or only described in larger cohorts and with patients more severely affected by the disease and
accordingly with higher EDSS [22,32]. The same was true for the correlation of serum NfL and PASAT
as cognitive functions are only mildly affected in the early phase of the disease [33]. Even though,
in a previous study, we observed an association of a more active disease course with higher levels of
pro-inflammatory cytokines and lower levels of anti-inflammatory cytokines in a subpopulation of our
study cohort [29], there was no correlation of serum NfL with any of the observed cytokines in the
present study.

We also want to discuss the shortcomings of this study. As this was a retrospective analysis of
serum NfL in a prospectively collected cohort, pre-analytical effects on serum NfL outcomes must
be considered as samples were stored for more than 10 years. However, the observed values were
in the same range as those of comparable patients [30,34,35] and of particular interest as no other
therapies were available at this time and thereby we were able to monitor long-term outcomes of serum
NfL in this specific study population. We can also not completely rule out spontaneous processes or
regression that influences serum NfL (sNfL) levels, as we did not include untreated, stable MS patients.
As this was an explorative study, these findings need to be confirmed in independent studies and it is
desirable to have more detailed MRI data (e.g., number of gadolinium-enhanced lesions, atrophy, etc.)
and complete data sets for every patient in those future studies because, for example, T1-hypointense
lesions explain the severity of clinical disability better than T2-hyperintense white matter lesions and
gadolinium-enhancing lesions correlate better with active disease status. Missing correlation with
EDSS was similar to previous findings [31]. However, we were also unable to detect any correlations
with the analyzed cytokines. This might be due to the small sample size or that inflammatory processes
were either not present in patients or not displayed in the serum of those patients.

Monitoring of subclinical disease activity using MRI is an established procedure in the care of MS
patients. Due to the method’s invasiveness, this is not possible for CSF examination, although CSF
parameters are appropriate to reflect intrathecal inflammatory processes. Serum NfL appears to be
a promising marker for monitoring subclinical disease activity, as demonstrated in this cohort with
longitudinal data collection under the same therapy over 24 months. However, this effect may not
be seen in every patient as shown in our single-patient illustrations. In a heterogeneous disease like
MS, a single biomarker is not sufficient to completely monitor and evaluate therapy efficacy. For this
reason, all available information, clinical and paraclinical, should be gathered and taken into account
for clinical decision making.

In summary, our study presents the first results on the effect of first-line therapies on serum NfL
levels in mildly affected MS patients over 24 months. Here, serum NfL seems especially helpful in
detecting therapy-responsive patients, but we also want to address the need for identifying factors that
might influence serum NfL values. Among others, this includes processes involved in the transport of
NfL from the CSF into serum as well as NfL clearance. The more we know about non-disease-related
mechanisms that affect serum NfL, the better we can model serum NfL courses and identify real
changes that are caused by pathological processes.
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Abstract: The presence of anti-myelin lipid-specific oligoclonal IgM bands (LS-OCMBs) has been
defined as an accurate predictor of an aggressive evolution of multiple sclerosis. However, the detection
of this biomarker is performed in cerebrospinal fluid, a quite invasive liquid biopsy. In the present
study we aimed at studying the expression profile of miRNA, snoRNA, circRNA and linearRNA in
peripheral blood mononuclear cells (PBMCs) from patients with lipid-specific oligoclonal IgM band
characterization. We included a total of 89 MS patients, 47 with negative LS-OCMB status and 42
with positive status. Microarray (miRNA and snoRNA) and RNA-seq (circular and linear RNAs)
were used to perform the profiling study in the discovery cohort and candidates were validated by
RT-qPCR in the whole cohort. The biomarker potential of the candidates was evaluated by ROC
curve analysis. RNA-seq and RT-qPCR validation revealed that two circular (hsa_circ_0000478 and
hsa_circ_0116639) and two linear RNAs (IRF5 and MTRNR2L8) are downregulated in PBMCs from
patients with positive LS-OCMBs. Finally, those RNAs show a performance of a 70% accuracy in some
of the combinations. The expression of hsa_circ_0000478, hsa_circ_0116639, IRF5 and MTRNR2L8
might serve as minimally invasive biomarkers of highly active disease.

Keywords: multiple sclerosis; biomarkers; transcriptome; microRNAs; circular RNAs; oligoclonal
bands
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1. Introduction

Multiple sclerosis (MS) is a chronic, inflammatory, neurodegenerative and demyelinating disease
of the central nervous system (CNS). It is considered an autoimmune disease, in which peripheral
autoreactive lymphocytes enter the CNS and develop an immune response, leading to demyelinating
lesions, both in white and grey matter [1]. It is estimated that about 2–3 million people have MS and it
typically affects young adults, with an onset between 20 and 40 years of age. Moreover, MS is three
times more prevalent in women than men and there is evidence that this ratio has increased in the last
70 years [1], a phenomenon shared with several other autoimmune diseases.

Both the disease course and clinical phenotype of MS are highly variable among patients and also
with time in the same individual. For this reason, biomarkers can aid in the diagnosis, the differentiation
of MS phenotypes and also in the monitoring of disease progression [2,3].

Disease activity biomarkers can be associated with the different pathophysiological processes of
the disease and they could ideally help to distinguish between patients with an aggressive course and
those with a more benign form [2]. In this context, the presence restricted to cerebrospinal fluid (CSF) of
anti-myelin lipid-specific oligoclonal IgM bands (LS-OCMBs) has been defined as an accurate predictor
of an aggressive evolution [4]. However, for this test, cerebrospinal fluid sample is needed, a quite
invasive liquid biopsy. Therefore, a great effort has been done towards the discovery of minimally
invasive biomarkers such as blood biomarkers [5].

In this context, gene expression profiling studies have been widely used for new biomarker
discovery, but also to elucidate the molecular mechanisms underlying the pathogenic processes
occurring in the disease [6,7]. In addition to the classical protein-coding transcriptome, non-coding
transcriptome has gained great interest in the last decades, and several authors, including our group,
have demonstrated that it has a role in MS pathogenesis [8–10]. MicroRNAs are the best studied class
of small non-coding RNAs, although others such as small nucleolar RNAs have also been related
to MS [11,12]. MiRNAs are single-strand small non-coding RNAs that regulate gene expression at a
post-transcriptional level, binding to their target mRNAs, and they participate in almost all known
biological processes [13]. More recently, circular RNAs (circRNAs) have emerged as new players in the
RNA field, with an important role in the post-transcriptional regulatory mechanisms. They have been
found to participate in several processes such as tumor, metabolism and immune-related pathways
and consequently, they have also been linked to various diseases such as neurological and autoimmune
diseases including a few studies in MS [14–18]. Both miRNA and circRNA have been proposed
as promising source of biomarkers in a wide variety of sample types, such as blood, serum, saliva,
urine and CSF [19–21].

In light of these evidences, and due to the increasing need for a solid, reproducible and accessible
biomarker for MS, we hypothesized that a whole-transcriptome study of peripheral blood mononuclear
cells (PBMCs) from patients with LS-OCMBs characterization could reveal new biomarkers that
correlate with this stablished CSF marker. Such a biomarker could be used more easily to monitor
patients on an ongoing basis, since blood sampling is less invasive, with less adverse effects, than doing
a lumbar puncture.

With this in mind, in the present study we analyzed the expression of small non-coding RNA,
circRNA and linear RNAs in peripheral blood mononuclear cells (PBMCs), from 89 patients with
positive (n = 42) and negative (n = 47) LS-OCMBs characterization, and found two circular RNAs and
two linear RNAs, with differential expression between the two groups, that could serve as future blood
biomarkers of highly active disease.

2. Experimental Section

2.1. Patients, Sample Collection and RNA Isolation

MS patients were recruited in the Hospital Ramon y Cajal after giving informed consent.
Blood samples were obtained and PBMCs were isolated following a standard Ficol gradient separation
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protocol and frozen in liquid nitrogen until used. Total RNA was isolated using the miRNeasy
mini kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. RNA concentration
was measured using the NanoDrop ND-1000 spectrophotometer (ThermoFisher Scientific, Waltham,
Massachusetts, MA, USA), and the que quality of the samples included in microarray and RNA-seq
experiments was assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA,
USA), obtaining a RNA integrity number higher than 6 in all the samples. CSF was obtained to analyze
the status of LS-OCMBs as previously described [4,22].

The main clinical and demographical characteristics of patients are summarized in Table 1.
A complete list of samples and the experiment in which each of them was included is available in
Table S1. The study was approved by the hospital’s ethics committee (MMC-UEM-2018-01, October
2018). The profiling cohort includes only female samples, aiming at reducing the source of variability
and considering that MS is three times more prevalent in females than men in this disease [1].

Table 1. Summary of patients’ clinical and demographical data.

Microarrays RNAseq

Profiling cohort

LS-OCMB status Sex Age LS-OCMB status Sex Age

P = 5
F = 5 35

(23–58) P = 4
F = 4 38

(23–58)M = 0 M = 0

N = 6
F = 6 34.5

(27–53) N = 4
F = 4 35

(27–44)M = 0 M = 0

Validation cohort

miRNA validation * circRNA validation * linear RNA validation

LS-OCMB status Sex Age LS-OCMB status Sex Age LS-OCMB status Sex Age

P = 42
F = 24 34

(17–58) P = 42
F = 24 34

(17–58) P = 30
F = 18 33.4

(17–51)M = 18 M = 18 M = 12

N = 47
F = 39 37

(20–53) N = 46
F = 38 37

(20–53) N = 30
F = 24 36.9

(20–49)M = 8 M = 8 M = 6

* Including patients in profiling cohort. Age—mean (range). LS-OCMB—lipid-specific oligoclonal IgM bands.
P—positive. N—negative. F—females. M—males. There are 7 subjects (1 positive and 6 negative) in validation
cohorts for which we do not have age data.

2.2. Microarray Analysis

Total RNA (200 ng) was labeled using the FlashTag HSR Biotin labelling kit (Genisphere LLC,
Hatfield, Pennsylvania, PA, USA) and hybridized to the GeneChip miRNA 4.0 Array (Affymetrix,
Santa Clara, CA, USA), which covers 2578, 2025 and 1996 human mature miRNAs, pre-miRNAs and
snoRNAs, respectively. Labeled RNA was hybridized to the array, washed and stained in a GeneChip
Fluidics Station 450 and scanned in a GeneChip Scanner 7G (Affymetrix, Santa Clara, CA, USA).

Microarray data analysis was carried out in Transcriptome Analysis Console 4.0 software
(Affymetrix, Santa Clara, CA, USA), applying the RMA +DABG algorithm only to human probesets for
normalization, detection and summarization purposes. We performed a classical differential expression
analysis between patients with positive and negative LS-OCMBs, considering as differentially expressed
those probesets showing a p-value lower than 0.01 and an absolute fold-change (FC) value higher or
equal to 1.5.

2.3. RNAseq

Library preparation and Next Generation Sequencing was performed at CD Genomics (Shirley,
New York, NY, USA). The concentration and quality of the RNA samples was again measured using
Agilent 2100 Bioanalyzer before library preparation. After normalization, rRNA was depleted from
the total RNA sample using the Ribo-Zero rRNA removal kit and followed by purification and
fragmentation steps. To construct the sequencing libraries, a strand-specific cDNA synthesis was
performed, the 3′ ends were adenylated and adaptors were ligated. The resulting libraries were
subjected to a quality control and normalization process. Paired-end sequencing was performed with
Illumina HiSeq X Ten PE150 (Illumina, San Diego, CA, USA).
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The data presented in this study (raw data of microarray and RNA-seq experiments) are openly
available in Gene Expression Omnibus (GEO) under the series reference GSE159036.

2.4. CircRNA Detection and Quantification in RNA-Seq Data

First, quality of the sequencing was checked and, then, reads were mapped to the human genome
(hg19, downloaded from UCSC Genome Browser [23]) using STAR version 2.5.4b (https://code.google.
com/archive/p/rna-star/) [24] or BWA version 0.7.17-1 (http://maq.sourceforge.net) [25]. Subsequently,
circRNA prediction was performed by CIRCexplorer2 version 2.3.3 (https://circexplorer2.readthedocs.
io/en/latest/) [26] and CIRI2 version 2.0.5 (https://sourceforge.net/projects/ciri/) [27] adhering to the
recommendation by the authors. Moreover, only circRNAs supported by both algorithms were
considered as bona fide circRNAs and used in subsequent analyses, a method that has been described in
the literature by other authors [28]. CircRNA expression was based on back-spliced junctions-spanning
reads according to CIRI2 quantification. After filtering out circRNAs with low expression (sum of
reads < 10), differential expression analysis was performed using DESeq2 version 1.28.1 (http://www.
bioconductor.org/packages/release/bioc/html/DESeq2.html) [29] package for R (version 3.6.3) (https:
//www.r-project.org/) in R-studio (Version 1.0.136) (https://rstudio.com/), considering as differentially
expressed those circRNA showing a p-value < 0.05 and a fold-change higher than 2. To select a group
of candidates for validation purposes, two additional filters were applied: (1) BaseMean value higher
than five (BM > 5) and (2) the transcripts having a read count value of zero in any of the samples were
removed. Finally, we selected ten candidate circRNAs having the highest absolute fold-change value.

2.5. Linear RNA Detection and Quantification in RNA-Seq Data

After sequencing and quality control, the Kallisto version 0.44.0 (http://pachterlab.github.io/
kallisto/) [30] algorithm was used for transcript pseudoalignment, identification and quantification.
Differential expression analysis was performed using DESeq2 package. Before running the DESeq2
algorithm, we applied a filter of a minimum number of reads (sum of number of reads higher than or
equal to 10) to remove low expression transcripts. For subsequent analysis, due to the large number of
transcripts detected and our small sample size, we added a filter to keep only the most robust transcripts
regarding their read count. Therefore, we created a detection filter, as follows: (1) Transcripts detected
in both groups—transcripts having at least two reads in 3

4 of samples from each group. (2) Transcripts
detected only in one of the groups—transcripts having at least two reads in 3

4 of samples in the negative
group but only in 1 sample from the positive group (detected only in negative group), and transcripts
having at least two reads in 3

4 of positive group but only in 1 from negative group (detected only in
positive group). Transcripts selected with this detection filter were considered as consistent linear
RNAs. Finally, differentially expressed transcripts were considered those showing a p-value < 0.05 and
an absolute fold-change value higher than two. For validation purposes, we selected ten candidate
linear RNAs having the highest absolute fold-change value and having an assigned gene name.

All these profiling experiments and data analysis steps, tools and filters are summarized in
Figure 1.

2.6. cDNA Synthesis and Quantitative PCR

For the validation of candidate microRNAs, total RNA (10 ng) was reverse transcribed into cDNA
using TaqManTM Advanced miRNA cDNA synthesis kit (Applied BiosystemsTM, Foster City, CA,
USA). To quantify miRNA expression, we used TaqMan Advanced miRNA assays and TaqMan Fast
Advanced Master Mix (Applied BiosystemsTM, Foster City, CA, USA), following the manufacturer’s
protocol. Assay for hsa-miR-191-5p was used as a reference miRNA for normalization purposes.
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Figure 1. Summary of the study indicating profiling experiments, data analysis tools,
filters and candidate selection criteria. Pos—positive. Neg—negative. DE—differentially
expressed. FC—fold-change. BM—BaseMean. BSJ—backspliced junction. Padj—adjusted p-value.
BWA—Burrows-Wheeler Aligner.

For the validation of candidate circRNA, total RNA (500 ng) was reverse transcribed into cDNA
with random primers using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA), following the kit protocol. PCR reaction was set up using 10 ng of cDNA
as the template and using Power SYBRGreen Master Mix (Applied BiosystemsTM Foster City, CA,
USA) with the following thermal cycling program: A temperature of 50 ◦C for 2 min, 95 ◦C for
10 min, 40 cycles of 95 ◦C for 15 s and 60 ◦C for 1 min, followed by a dissociation curve analysis.
Divergent primers were used so that the amplicon spans the backspliced junction (BSJ), as described
previously [18]. EEF1A1 and B2M were used as the reference genes, using the mean value of both
genes for normalization purposes. The presence of a single-peak in the melting curve indicated the
specificity of the amplification.

For the validation of candidate linear RNAs, total RNA (500 ng) was reverse transcribed into
cDNA with oligo-dT and random primers using the miScript II RT (Qiagen, Hilden, Germany) kit
with the HiFlex buffer, as indicated in manufacturer’s protocol. PCR reaction was set up using 10 ng
of cDNA as template and using miSscript SYBRGreen PCR kit (Qiagen, Hilden, Germany) with the
following thermal cycling program: A temperature of 95 ◦C for 15 min, 40 cycles of 94 ◦C for 15 s,
55 ◦C for 30 s and 70 ◦C for 30 s, followed by a dissociation curve analysis. The amplification of each
linear RNA was carried out with QuantiTect primer Assays (Qiagen, Hilden, Germany) (Table S2) and
B2M was used as a reference gene for normalization. The presence of a single-peak in the melting
curve indicated the specificity of the amplification.
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All retrotranscription reactions were run in a Veriti Thermal Cycler (Applied Biosytems, Foster City,
CA, USA) and quantitative PCR reactions were performed in a CFX384 Touch Real-Time PCR Detection
System (Bio-Rad laboratories, Inc., Hercules, CA, USA).

Prior to run all the validation experiments, a technical validation of the circRNA amplification was
carried out. The RT-qPCR amplification products were subsequently purified with the ExoSAP-IT™PCR
Product Cleanup Reagent (Applied Biosystems, Foster City, CA, USA) following the manufacturer’s
instructions and Sanger sequenced (ABIprism 3130) (Applied Biosystems, Foster City, CA, USA)
in order to check for the presence of the BSJ. In addition, the PCR products were also subjected to
electrophoresis on agarose gel to confirm the presence of a single amplification product.

The Raw Cq values and melting curves were analyzed in CFX Maestro 1.0 (Bio-Rad laboratories, Inc.,
Hercules, CA, USA). Expression levels represented as fold-change (FC) were calculated using the
2ˆDDCq method. Statistical analysis was done by R in RStudio on DCq data. Distribution of data was
tested with Shapiro–Wilk test and the difference of the distribution was assessed by Student t-test or
non-parametric Wilcoxon Rank sum test. In each circRNA and linear RNA dataset, outlier samples
were removed before the statistical analysis, identifying those values using boxplot.stat function in R.

2.7. Gene Overrepresentation Test

In order to describe the function of differentially expressed transcripts, the PANTHER
overrepresentation test was applied (released 7 November 2019, Panther [31]), based on the Complete
Biological Process from Gene Ontology database (released 9 December 2019). As a reference background,
we used the list of genes giving rise to detected transcripts defined above. Fisher test was carried out
and false discovery rate (FDR) correction was applied to raw p-values, taking as a significant threshold
FDR values below 0.05.

2.8. ROC Curve Analysis

Based on DCq values obtained by RT-qPCR, we performed a receiver operating characteristic curve
(ROC curve) analysis in R environment in RStudio. Three different datasets were used: (1) circRNA
validation data, (2) linear RNA validation data and (3) samples in both datasets to test different
combination of transcripts. This last dataset was smaller given that we needed to include only samples
without any missing value (Table S1). The combination of different transcripts was computed with
ROC function of “Epi” package.

3. Results

3.1. microRNA Expression Profile

Microarray analysis was able to detect 2827 probesets in at least one sample out of the total
6659 human probesets (42.45%) (Figure 2A). Among detected probesets, 33 showed a differential
expression between positive and negative patients for LS-OCMBs, and more importantly, the top
10 probesets that show the highest expression are able to group patients according to their LS-OCMBs
status (Figure 2B). Among these 10 probesets, we can find five mature miRNA, two pre-miRNA and
two small nucleolar RNAs. For validation purposes, we selected the four mature miRNA for which
TaqMan Advanced miRNA Assays were available (hsa-miR-6800-5p, hsa-miR-6821-5p, hsa-miR-4485
and hsa-miR-4741). However, RT-qPCR validation results did not confirm the alteration of these four
miRNAs (Figure 2C).
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3.2. circRNA Expression Profile

RNA-seq analysis pipeline of circular transcriptome detected 27,630 bona fide circRNAs and
5431 circRNAs (19.6%) with sum of reads ≥ 10 (Figure 3A). Differential expression analysis revealed
that 124 circRNAs are altered (p < 0.05; FC > |2|) between the two groups, 72 of them being upregulated,
while 52 are downregulated.

We selected ten candidate circRNAs to confirm their differential expression by RT-qPCR in a
larger cohort. First, the technical test for primer amplification confirmed a single and specific circRNA
amplification for nine out of the 10 circRNA candidates. circMETRNL was the one that did not show
a good amplification and a single band in agarose gel, so we discarded it in subsequent validation
experiments. Additionally, Sanger sequencing of the PCR product confirmed that the amplicons span
the BSJ (Figure S1). As it can be observed in Figure 3C, the lower expression of hsa_circ_0000478 and
hsa_circ_0116639 was confirmed by qPCR in PBMCs from patients with positive LS-OCMBs (FC = −1.5
and FC = −1.65, respectively; p < 0.01).

Figure 2. Results of miRNA expression profile by microarrays. (A) Heatmap showing the expression
(microarray intensity signal) of miRNA that are expressed in at least one sample. (B) Heatmap of the
expression of the ten DEmiRNAs showing the highest expression. Hierarchical clustering shows that
the expression pattern of these ten miRNAs is able to group patients according to their LS-OCMBs
status. (C) RT-qPCR validation results of selected candidate miRNAs. P—positive LS-OCMB status.
N—negative LS-OCMB status. DE—differentially expressed.
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Figure 3. Results of circRNAs and linear RNAs expression profile by RNA-seq. (A) Volcano plot
showing the expression difference (log2 FC) between positive and negative group of circRNA that
show a sum of reads across all samples higher than 10. DEcircRNA are highlighted in red and labels
point at those DEcircRNA with a base mean higher than 5. (B) Volcano plot showing the expression
difference (log2 FC) of linear RNAs between positive and negative groups. Differentially expressed
linear RNAs are highlighted in red and labels point at those DE linear RNAs with an adjusted p-value
< 0.01. (C) RT-qPCR validation results of selected candidate circRNAs. Asterisk indicates a statistically
significant difference (p < 0.01). circ_0000478 and circ_0116639 validation includes more samples than
the rest of the circRNAs because of limitations in sample amount (Table S1). (D) RT-qPCR validation
results of selected candidate linear RNAs. Asterisk indicates a statistically significant difference
(p < 0.05). P: positive LS-OCMB status. N: negative LS-OCMB status.
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3.3. Linear Transcripts Expression Profile

In the present study, we also analyzed the linear transcriptome by RNA-seq, identifying
115,869 transcripts with ≥10 reads in total. We applied an additional filter using a detection criterion,
which permitted to identify 84,863 linear RNAs with a consistent expression pattern, from which 92.8%
were detected in both groups. Among them, 2441 transcripts were differentially expressed (p < 0.05
and FC >| 2|), from which 1421 were detected in both groups (Figure 3B). The rest of the transcripts
are specific to one of the groups, 382 being expressed only in PBMCs from patients with negative
LS-OCMBs status while 638 transcripts are only expressed in patients with positive LS-OCMBs.

We selected ten candidate linear RNAs to confirm their differential expression by RT-qPCR in a
larger cohort. As it can be observed in Figure 3D, the lower expression of IRF5 and MTRNR2L8 was
confirmed in PBMCs from patients with positive LS-OCMBs (FC = −1.33 in both transcripts; p < 0.05).

Differentially expressed linear RNAs are enriched in biological processes regarding mainly the
immune system. The most significant and enriched terms (FDR < 0.01 and fold-enrichment > 2) are
shown in Figure 4. Complement activation, humoral immune response and type I interferon signaling
pathway appear among the top enriched terms.

Figure 4. Results from gene overrepresentation test of 2441 DEmRNA. The most significant
(fold-enrichment > 2) and enriched (FDR < 0.01) GO biological processes are shown. Bars are
colored according to their FDR value. DE—differentially expressed. FDR—false discovery rate.

3.4. Evaluation of circRNA and Linear RNAs as Biomarkers of a Highly Active Disease

In order to assess the potential of the four validated RNAs as blood biomarkers of the LS-OCMB
status we performed the ROC curve analysis. As shown in Table 2, different combinations of RNAs
were tested to find the best performance in discriminating both groups. We found that different
combinations of both circRNAs and linear RNAs improves the performance, reaching AUC values of
around 70%.
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Table 2. ROC analysis results of the four candidate transcripts and different combinations. ROC—receiver
operating characteristic.

Marker/Combination Transcripts Sample Size AUC (%) CI (%)

circRNA-1 circ_0000478

80 (43 LS-OCMB−; 37 LS-OCMB+)

65.9 53.9–77.9

circRNA-2 circ_0116639 66.4 54.2–78.5

Combi_circ circ_0000478-circ_0116639 68.9 57.2–80.5

linearRNA-1 IRF5

55 (29 LS-OCMB−; 26 LS-OCMB+)

65.6 50.7–80.6

linearRNA-2 MTRNR2L8 67.0 52.4–81.7

Combi_linear IRF5-MTRNR2L8 68.6 54.1–83.1

circRNA-1 circ_0000478

51 (26 LS-OCMB−; 25 LS-OCMB+)

65.1 49.8–80.4

circRNA-2 circ_0116639 66.2 50.6–81.7

linearRNA-1 IRF5 67.1 51.8–82.3

linearRNA-2 MTRNR2L8 69.0 54.1–83.9

CombiALL circ_0000478-circ_0116639-IRF5-MTRNR2L8 69.8 55.3–84.4

combi1 circ_0000478-circ_0116639 66.3 51.1–81.6

combi2 IRF5-MTRNR2L8 70.3 55.6–85.0

combi3 circ_0000478-IRF5 68.3 52.8–83.8

combi4 circ_0000478-MTRNR2L8 68.6 53.7–83.6

combi5 circ_0116639-IRF5 69.8 55.0–84.7

combi6 circ_0116639-MTRNR2L8 67.8 52.8–82.9

combi7 circ_0000478-circ_0116639-IRF5 69.8 55.0–84.6

combi8 circ_0000478-circ_0116639-MTRNR2L8 68.2 53.3–83.0

combi9 circ_0000478-IRF5-MTRNR2L8 68.8 53.7–83.8

combi10 circ_0116639-IRF5-MTRNR2L8 68.8 53.8–83.7

4. Discussion

In this work, we characterized the whole-transcriptome of PBMCs from MS patients with distinct
LS-OCMB status. This profiling and the validation experiments revealed that the global transcriptome
of PBMCs from patients with positive LS-OCMBs is different from those patients with negative
LS-OCMB status.

RNA-seq results reveal that there are 124 circRNAs and 2441 linear RNAs differentially expressed
between the two groups. Interestingly, 58% of linear RNAs are detected only in one of the groups,
highlighting that there is a specific expression pattern in PBMCs from patients with different LS-OCMB
status. It is true; however, that our RNA-seq sample size is limited and these observations should be
taken with care.

To the best of our knowledge, none of the circRNAs have been previously related with MS.
Circ_0000478 is located in chromosome 13 and its host gene is von Willebrand factor A domain
containing 8 (VWA8). Interestingly, the linear transcript of this gene is also among the differentially
expressed linear RNAs in our dataset, having a fold-change of −3.23 (p = 0.047). This transcript
has been recently described and codes a mitochondrial protein with still uncertain function [32].
Regarding circ_0116639, it is located in chromosome 22, overlapping the EP300 gene. EP300 is a histone
acetyltransferase, which is detected in our study but is not differentially expressed. These differences
in expression patterns of the circRNA with their host genes reveals that the biogenesis of circRNAs is
independently regulated from that of their host genes, as it has been previously described [33].

Of note, interferon regulatory factor 5 (IRF5) is one of the confirmed downregulated transcripts,
and polymorphisms in this gene has been associated to the risk of developing MS in last genome-wide
association analysis, performed by the International Multiple Sclerosis Genetics Consortium, as well as
in replication studies in Spanish cohorts [34,35]. Additionally, SNPs in this gene have been related
to increased levels of CXCL13 in CSF, a chemokine related to highly active disease [36]. On top of
that, it has been shown in animal models that IRF5 is related with the microglial polarization towards
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a pro-inflammatory state (M1) in response to stroke and in Alzheimer’s disease [37,38]. This could
suggest microglial implication in a more aggressive disease course, as it has been suggested by other
authors in a exome sequencing project [39]. Nonetheless, our findings are made in peripheral PBMCs,
so the IRF5 source might be peripheral monocytes or macrophages. In any case, further research is
needed to uncover IRF5 implication in a highly active MS disease course.

On the other hand, MT-RNR2 like 8 transcript (MTRNR2L8), the other validated linear transcript
showing lower expression in the LS-OCMB+ group, is coded in chromosome 11, and, interestingly,
it spans the location of the miR-4485 stem-loop location, one of the four miRNAs selected for validation
in the present study. According to microarray data, miR-4485 is downregulated in LS-OCMB+ groups,
as it is MTRNR2L8. The fact that MTRNR2L8 is a host gene for mir-4485 may explain that both
transcripts appear downregulated in this group of patients, even if the miRNA could not have been
validated. These results point at a possible interaction between these two RNAs that might be related
to a more active disease, but further research is needed to confirm this hypothesis. According to
UniProt, MTRNR2L8 has a role as a neuroprotective and antiapoptotic factor and it has been found to
be increased in a specific area of the brain from patients with major depressive disorder [40]. Although
the function of this gene is still unclear, the possible role as a neuroprotective factor is very interesting
in the case of MS, since we find this gene downregulated in PBMCs. But again, further studies should
be conducted to uncover the possible link between MTRNR2L8 expression in peripheral blood and
disease activity, as well as the mechanisms underlying this relationship.

Gene overrepresentation test shows that biological processes related to complement activation,
humoral immune response and type I interferon response are among the most enriched term. Of note,
intrathecal synthesis of IgM antibodies has previously been correlated with intrathecal complement
activation [41], and its role in demyelination and axonal damage has been clearly demonstrated [42].
Interestingly, different components of the complement system have been related to MS and plasma
levels of some of the components have been proposed as MS disease state biomarkers [43]. Of note,
these processes are enriched among altered genes in PBMC from patients with a marker of a high
activity disease. This analysis may reveal that those patients may have an altered immune response
that may explain their higher disease activity, but further and other kind of studies will be needed to
explore this hypothesis.

The main aim of this study was to identify in blood a biomarker or a group of them that could
differentiate between positive and negative LS-OCMB patients, thus could be used as a more accessible
marker of highly active disease. ROC curve analysis revealed that these markers in combination have
around 70% of accuracy, which is considered, in general, an acceptable performance [44]. Taking
into account that these are measured in blood, they may help in the clinics to perform repeated
measurements, while taking serial samples of CSF has serious drawbacks. Efforts are being made
to define patients with a highly active disease course, given that their effective therapeutic window
might be narrower than a more benign or less active disease form [45]. In line with this, several
biomarkers have been proposed to identify individuals with aggressive disease course, such as CSF
levels of neurofilament light chain, CXCL13 or CHI3L1 [46–48]. Other authors have also reported
differences in non-coding transcriptome between patients with different disease activity. Quintana
and colleagues studied the expression in CSF of a panel of miRNAs patients with MS with LS-OCMB
characterization and patients with other neurological diseases (ONDs) [49]. They found differences
in the expression of miR-30a-5p, miR-150, miR-645 and miR-191 between the OND group and the
LS-OCMB+ group, but they could not find any difference between patients with positive and negative
LS-OCMBs. Due to differences in the profiling platforms between their study and the present one,
we are unable to check the expression of our candidate miRNA in data from Quintana and colleagues.
Another study reported that serum levels of miR-24-3p correlate with disease progression index,
calculated dividing EDSS value by disease duration, but the status of LS-OCMB is not measured [50].
More recently, the expression in blood of long non-coding RNAs has also been described to show the
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capacity of discriminating highly active MS patients from others with less active disease course, based
on a age-related MS severity score [51].

All these studies highlight the need of biomarkers that are able to identify patients with highly
active disease and the effort that the scientific community is doing in this direction. In addition, it is also
important to have a consensus on the definition of what is an aggressive disease course, given that each
study uses different parameters to measure and classify patients in each of the groups, which makes
the comparison between them really challenging [52,53]. An early recognition of a patient in this group
could benefit from different therapeutic advice and; therefore, the possibility to improve the long-term
outcome of the disease.

Our miRNA profiling study discovered some miRNA differentially expressed between the
two groups, although they have not been validated by RT-qPCR experiments. In this regard,
other techniques such as droplet digital PCR (ddPCR) may help in reducing variability and discover
small differences between groups. Although it has been reported that the sensitivity is not increased
with ddPCR in gene expression studies, and that the performance is similar provided that the amount
of starting material is enough and there are no contaminants in the reaction [54,55]. Nonetheless, it is
a technique that could be considered in future validation projects aiming at definitely discarding or
including those miRNAs as biomarkers for a more aggressive MS course.

5. Conclusions

In summary, we have identified two circRNAs and two linear RNAs which are downregulated
in patients with positive LS-OCMB status. Our findings are important in the field of biomarkers for
multiple sclerosis, given that they could contribute to the identification of patients with highly active
disease. Additionally, an important advantage compared to other biomarkers is that they are detected
in blood, allowing serial tests to monitor their levels, while this task is not so recommended for lumbar
puncture. Future studies in larger cohorts will be needed to confirm their utility, but we consider that
they may serve as a first screening tool to decide which patients should go into a lumbar puncture to
confirm their LS-OCMB status.
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Abstract: Multiple sclerosis (MS) is an autoimmune inflammatory disease affecting the central
nervous system leading to demyelination. MS in the pediatric population is rare, but has been
shown to lead to significant disability over the duration of the disease. As we have learned more
about pediatric MS, there has been a development of improved diagnostic criteria leading to earlier
diagnosis, earlier initiation of disease-modifying therapies (DMT), and an increasing number of DMT
used in the treatment of pediatric MS. Over time, treatment with DMT has trended towards the
initiation of higher efficacy treatment at time of diagnosis to help prevent further disease progression
and accrual of disability over time, and there is evidence in current literature that supports this change
in treatment patterns. In this review, we discuss the current knowledge in diagnosis, treatment, and
clinical outcomes in pediatric MS.

Keywords: multiple sclerosis; pediatric multiple sclerosis; neuroimmunology; demyelinating disease;
pediatric neurology; child neurology

1. Introduction

Multiple sclerosis (MS) is a chronic autoimmune disease of the central nervous system resulting
in inflammation and demyelination in the brain and spinal cord. Although it is most commonly
seen in adults, between 3–5% of patients have an onset of disease under the age of 18, and less than
2% of patients under 10 years of age [1–4]. Pediatric MS is rare, much less common than adult MS.
The incidence of pediatric MS has been reported in ranges of 0.13 to 0.6 cases per 100,000 children
per year [5]. Due to this, there have been fewer research, publications, and natural history data
on pediatric MS. With the development of the International Pediatric MS Study Group (IPMSSG)
in 2005, the knowledge base surrounding pediatric MS has increased. While the pathophysiology
of the disease in the pediatric population is in line with that of the adult population, there are
different challenges in the diagnosis, treatment, disease course, and clinical outcomes. In this review,
we discuss the currently known environmental and genetic risk factors of pediatric MS, varying clinical
presentations, diagnostic criteria and differential diagnoses, diagnostic evaluations, current treatment
options, cognitive impairments and psychiatric comorbidity, disease course, and outcomes.

2. Epidemiology

In the pediatric MS population diagnosed before puberty, the number of males and females
diagnosed is relatively equivalent [6,7]. In adolescents, the ratio of females to males with MS increases
to 2 to 3:1, which may suggest that the onset of menarche plays some role in the pathogenesis of MS [6].
Additionally, the prevalence of MS increases after age 10 [8]. A diverse racial and ethnic population are
diagnosed with pediatric MS, one study reporting 67% self-identifying as white and 20.6% as African
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American [9]. In this cohort, 30.2% identified as Hispanic, while other cohorts have reported up to 52%
of pediatric patients with MS or CIS as Hispanic [9,10]. There has been a significant link to the role of
obesity in MS and it has been shown that adolescent obesity is a risk factor for pediatric MS [11]. Not
only was adolescent obesity a risk to develop MS, but one study found that in pediatric MS, obesity was
present in early childhood years [12]. Obesity has been shown to promote an inflammatory state, which
could contribute to not only the pathogenesis of MS, but could also play a role in the risk of relapse and
long-term management. A retrospective cohort study performed comparing pediatric MS patients who
were obese vs. those with normal BMI showed that obese patients had statistically significant higher
relapse rates on first-line treatments, and higher relapse rates on second-line treatments [13]. Low
levels of vitamin D have been associated with an increased risk of pediatric MS and with increased
rates of relapse [14,15]. In the adult population it has been shown that there is an increased risk of MS
in those who smoke cigarettes, and coinciding with this, children who are exposed to smoking in the
home have been shown to be more likely to develop pediatric MS than a control population [16,17].
Epstein-Barr virus (EBV) may play a role in pathogenesis and risk of MS and pediatric MS, although the
mechanism remains unclear at this time [15,18]. Historically, a correlation between EBV and MS was
proposed due to the similarities in the epidemiology of the diseases, and studies have shown a strong
correlation in support of this [19]. EBV infection can occur at any age, and is generally asymptomatic
in young children. The presence of MS-mimics such as Neuromyelitis Optica Spectrum Disorder
(NMOSD) and anti-myelin oligodendrocyte antibody syndrome, may contribute to a higher frequency
of EBV seronegative- antibody children diagnosed with MS. One of the main genetic risk factors found
in pediatric MS is HLA DRB1*1501 [20,21]. HLA DRB1*1501 is additionally seen as a genetic risk factor
in adult MS, and postulated to be associated with earlier age of onset in the adult population, although
there has been varying evidence in support of this, and thus at this time cannot be attributed to age of
onset. The HLA class II proteins play a role in cell-mediated immunity, leading to the suspicion that it
could be a genetic marker or predisposition to developing MS [22]. There are 57 previously identified
single nucleotide polymorphisms that have been associated with adult-onset MS that have also been
identified in a large cohort of children with demyelinating diseases and found to be associated with
increased risk of pediatric-onset MS [23]. One recently published cohort identified 32% of patients
with at least one relative with MS [22], with a report of incidence in a first-degree relative of 2–5% [24].
In monozygotic twins, a concordance rate of 27% is reported vs. dizygotic twins with a rate of 2.3% [24].
There have been numerous correlated factors in pediatric MS, and likely more that have yet to be
determined. Many of these factors also overlap, and more studies are needed in order to determine if
there are additional genetic etiologies that may lead to a predisposition to development of pediatric
MS in the context of certain environmental factors.

3. Clinical Presentation

In a subset of patients at the initial presentation of a demyelinating event, a diagnosis of pediatric
MS can be made. Younger children will often present with multifocal symptoms, but entering
adolescence it becomes more common to present with single focal symptoms more similar to that
of adults [25,26]. The most commonly reported symptoms in children include sensory (15–30%),
motor (30%), and brainstem dysfunction (25–41%) [27]. The clinical course in 95–98% of pediatric
MS patients is relapsing remitting, compared to 85–90% in adults [27–29]. Less than 3% of pediatric
MS cases are reported as primary progressive, compared to 10–15% in the adult population [28–30].
In children with a progressive course, other diagnoses should be considered. Children have been
reported to have a higher relapse rate compared to adult-onset MS, especially within the first few
years of diagnosis [31,32]. Studies have reported 2.3–2.8 times higher relapse rate in pediatric MS, and
higher rates of relapse early in the disease if without treatment or on lower efficacy treatment [32–34].
These findings suggest that those with pediatric MS have a more significant inflammatory component
than those with adult-onset MS [32]. Due to these factors, more recent treatment has trended toward
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initiation with higher efficacy medications at time of diagnosis to help target this increased inflammatory
state, decrease relapse rate, and prevent accrual of disability.

4. Diagnosis

To make the diagnosis of MS, at least one clinical event with symptoms lasting at least 24 h
must be present. Dissemination in space is the development of lesions in distinct regions of the CNS,
including periventricular, cortical or juxtacortical, infratentorial brain regions, and the spinal cord [35].
Dissemination in time is demonstrated by the presence of enhancing and non-enhancing lesions at
any time, or by new T2 hyperintense lesions on follow up MRI [35]. In 2007, the IPMSSG created
a consensus definition for pediatric MS, which was updated in 2012 following the publication of the
revised 2010 McDonald criteria for the diagnosis of MS [36]. Per the IPMSSG, pediatric MS has been
defined by occurrence of any of the following [37]:

1. Two or more clinically isolated syndromes (CIS) separated by greater than 30 days involving
multiple areas of the CNS;

2. One CIS associated with MRI findings consistent with dissemination in space and a follow up
MRI showing at least one new lesion consistent with dissemination in time;

3. One acute disseminated encephalomyelitis (ADEM) attack followed by 1 CIS more than 3 months
after symptom onset with new MRI findings consistent with dissemination in space;

4. CIS with MRI findings consistent with dissemination in time and space if the patient is at least
12 years of age.

In children with acute demyelinating attacks consistent with MS, the 2010 McDonald criteria have
been studied and shown to have high sensitivity, specificity, and positive predictive value for children
at least 11 years of age [38]. The criteria have only a 55% positive predictive value in children under 11,
and should not be applied to those with an ADEM presentation [38]. More recently, the revised 2017
McDonald criteria were compared to the prior 2010 criteria in a pediatric cohort and demonstrated
improvement in accuracy (87.2% vs 66.7%) and sensitivity (84.0% vs 46.8%), but the 2017 criteria
remain unvalidated in children under 12 years of age [39]. Although there is improved accuracy
and sensitivity with these revised criteria, there continues to be misdiagnosis due to overlapping
features with numerous mimickers of MS including multiphasic ADEM, NMOSD, vasculitis and other
neuroinflammatory diseases, metabolic disorders, and leukodystrophies.

In the pediatric population, there is a wide array of alternative diagnoses to be considered when
evaluating a patient for possible pediatric MS. Most commonly reported indications of an alternative
etiology include progressive course at disease onset, encephalopathy, fever, negative oligoclonal bands,
and significantly elevated CSF white blood cells or protein [40]. Typical lesions are ovoid in shape,
and are asymmetric in hemispheric involvement. Typically, lesions are located in periventricular and
juxtacortical white matter, corpus callosum, pons, cerebellum and middle cerebellar peduncle, and
spinal cord (more commonly the cervical cord). MRI features that could indicate a diagnosis other
than pediatric MS include symmetric bilateral lesions, large gray matter involvement at the onset,
DWI abnormalities, meningeal enhancement, presence of hemorrhage, prolonged period of contrast
enhancement, and presence of edema or mass effect [40]. If the MRI and clinical presentation fall within
the criteria for diagnosis, in general, lumbar puncture may not be required to aid in diagnosis; however,
lumbar puncture for CSF analysis should be considered in those with atypical presentations. As there
are limitations in current diagnostic criteria, evaluation for other mimics of pediatric MS, should be
assessed at time of presentation with Aquaporin-4 and anti-MOG antibodies. Anti-MOG antibody can
also be present in monophasic and multiphasic ADEM, which differ from MS and NMOSD in prognosis
and management. Other studies to be performed at time of presentation may include (if indicated
per clinical judgement) the C-reactive protein, erythrocyte sedimentation rate, anti-nuclear antibody,
angiotensin-converting enzyme level, folate, vitamin B12, and thyroid-stimulating hormone. Those
with a progressive course should be evaluated for mitochondrial, metabolic, and neurodegenerative
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disorders including leukodystrophies. Other considerations include other autoimmune conditions,
including systemic lupus erythematosus, neurosarcoidosis, or Sjogren syndrome.

Clinically Isolated Syndrome (CIS) in pediatrics has been defined by the IPMSSG as a monofocal or
polyfocal CNS event of presumed inflammatory/demyelinating cause in a child without encephalopathy
and no prior history of CNS demyelination. The MRI should not meet the criteria for MS diagnosis,
with both dissemination in time and space absent. Optic neuritis is the most common CIS presentation
in pediatrics, followed by transverse myelitis and brainstem syndromes [41]. In a cohort of 770 patients
with pediatric CIS who were followed for 10 years to assess the risk of conversion to MS, female
gender and multifocal symptoms at onset were risk factors for the occurrence of a second attack [42].
In pediatric optic neuritis, rates of conversion to MS range from 13.8–32% [43,44]. There has been
a higher risk of conversion to MS reported in those with abnormal brain MRI at the onset of optic
neuritis, bilateral optic neuritis, and those with recurrent optic neuritis [43–45]. Transverse myelitis,
similarly, is typically a monophasic disorder. Reported risk factors for relapse of pediatric transverse
myelitis include female gender and abnormal brain MRI, which is consistent with that reported in
adult studies [46].

Acute disseminated encephalomyelitis (ADEM) is most commonly a monophasic demyelinating
disease preceded by viral infection or vaccination. Patients typically present with multifocal symptoms
and encephalopathy, and seizures can also be present. MRI findings play a large role in the differentiation
of ADEM from MS: diffuse bilateral lesions with ill-defined borders are more commonly seen in
ADEM [47]. Susceptibility weighted imaging has been used in the identification of multiple sclerosis,
but also has been looked at as a possible tool in helping differentiate ADEM and MS [48]. In patients
with multiphasic ADEM, anti-myelin oligodendrocyte glycoprotein (MOG) antibodies can be evaluated
to help differentiate from MS. Anti-MOG associated disorders can present as optic neuritis, monophasic
ADEM or a neuromyelitis optica spectrum disorder (NMOSD). While some patients with anti-MOG
associated disorders will respond to an initial course of steroids, some will require longer-term
immunomodulation [49].

Most commonly, patients with NMOSD present with transverse myelitis and optic neuritis. MRI
findings are used in differentiating pediatric MS from NMOSD. Patients with NMOSD can have
brain MRI abnormalities, most commonly reported in the diencephalic region, dorsal medulla (area
postrema), and peri-ependymal circumventricular areas. Typical characteristics of optic nerve lesions
in NMOSD include involvement of the optic chiasm and lesions extending greater than half the length
of the optic nerve [50]. In NMOSD, spinal cord lesions extend at least three vertebral segments, which is
seen in 10% of patients with pediatric MS [47]. Additionally, it has been seen that contrast enhancement
in spinal cord lesions in NMO display a rim-enhancement as compared to MS where more uniform
enhancement is seen [51]. Due to selective involvement in the area postrema, 38% of pediatric NMO
patients present with vomiting [52]. CSF can display significant pleocytosis with neutrophilic or
lymphocytic predominance, and oligoclonal bands are less frequently seen than in MS [53,54].

5. Diagnostic Evaluations

MRI is an important tool in pediatric MS and aids in the diagnosis. MRI findings are used for
the assessment of dissemination in time and space. Spinal cord imaging typically shows cervical
cord lesions, short segment lesions (< 3 vertebral segments in length) that involve only a portion of
the diameter of the cord [55]. While MRI brain and spine are the most valuable test in supporting
the diagnosis of MS, the MRI spine may be less useful in the diagnosis of pediatric MS, with one
study only showing 10% of patients meeting the criteria of dissemination in time and space based
on the addition of MRI spine [56]. Based on the initial MRI, pediatric MS patients show a higher
number of T2 lesions than adults and more frequently have cerebellar and brainstem involvement [57].
Additionally, pediatric patients have lesions that are larger and more ill-defined [58]. The presence of
at least one periventricular white matter lesion and at least one T1 hypointensity on initial MRI can
predict progression to MS at the time of presentation [59].
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Cerebrospinal fluid (CSF) pleocytosis is present in 53–66% of patients, with cell count reported
as high as 61 [60,61]. A lymphocytic predominance is more commonly seen, but in children under
11 years of age, an elevated neutrophil count may be seen [8]. The presence of oligoclonal bands
in the CSF is significant for ongoing neuroinflammation and has been reported in numerous CNS
inflammatory conditions, including pediatric and adult MS. The presence of oligoclonal IgG bands in
the CSF has been reported in 64% to 92% of pediatric MS patients, and is seen to be less frequent in
younger children [60]. Oligoclonal bands in the CSF can be used to aid in the diagnosis of pediatric
MS. In children aged 12–17 years old with clinical suspicion of MS, the presence of oligoclonal bands
strongly supports a diagnosis [62]. In patients with a pediatric radiologically isolated syndrome, the
presence of oligoclonal bands increases the specificity of MRI criteria, and can help in predicting
conversion to MS [63]. It is important to note that while oligoclonal bands can be used to make the
diagnosis of pediatric MS, other conditions that are classified as mimickers of pediatric MS can also
have a presence of oligoclonal bands, thus, this presence does not eliminate other diagnoses.

6. Treatment Options

The primary goal of treatment with disease modifying therapy is to achieve a state of no evidence
of clinical or radiographic disease activity. No evidence of disease activity (NEDA) is characterized by
the absence of clinical relapses, no progression of clinical disability, no new or enlarging T2 lesions
on MRI, and no contrast-enhancing lesions on MRI [64]. There are varying approaches to disease
modifying therapy, including an escalation or “step-up” vs. an induction or “step-down” approach [6].
The first approach involves starting with what is considered to be first-line therapy, and escalating
treatment if the patient were to have evidence of clinical relapse or interval development of new
demyelinating lesions on MRI despite patient compliance with the medication and adequate duration
of treatment [6]. The second involves using the more efficacious treatments first to induce a state of no
evidence of disease activity. At this time, fingolimod is the only FDA approved treatment for pediatric
MS, but other treatments, including interferons, glatiramer acetate, dimethyl fumarate, teriflunomide,
natalizumab, rituximab, and cyclophosphamide, have been used and reports have shown the benefits
of these treatments. Currently, consensus statements suggest first-line therapies as interferons or
glatiramer acetate, but more recent studies have led to a discussion of the need for revision of these
guidelines in light of studies showing that a large number of patients on injectable therapies require
escalation of therapy [65,66]. Additionally, there is no standard definition of treatment failure across
treatment centers, and with this, no guidelines for the transition of medications. The IPMSSG has
proposed definitions for breakthrough disease, including an increase or no reduction in relapse rate,
development of new T2 or contrast-enhancing lesions on MRI, or two or greater clinical or MRI relapses
within 12 months [67]. Some children achieve a state of NEDA on first-line medications, but some
require a transition of medications due to the breakthrough of disease, while other patients may change
medications due to poor tolerance or non-compliance.

Interferons in injectable formulations along with glatiramer acetate are commonly used first-line
treatments in pediatric MS as has been displayed with observational studies [68]. Interferons are well
tolerated, with 25–35% of children reporting flu-like symptoms [69,70]. To mitigate adverse effects,
the dose can be titrated over 4 weeks until reaching full dose, and pretreatment with analgesics is
recommended. Regulatory laboratory monitoring is required as interferon beta can result in elevation of
liver transaminases, thyroid function abnormalities and decreased peripheral blood cell counts [69–72].
Interferons should be used with caution in children with a known history of depression as there
have been reported mood side effects [6]. In 44 pediatric MS patients treated with interferon-beta-1b,
no serious adverse events were reported [70]. In a retrospective study named REPLAY, adult doses of
interferon beta-1a were tolerated without adverse reactions in pediatric MS [69].

Glatiramer acetate is a synthetic amino acid polymer that resembles myelin basic protein, which
is delivered via subcutaneous injection. Retrospective studies have shown reduction of annualized
relapse rate (ARR) similar to those of the adult trials ranging from 0.2–0.25 [73,74]. In the pediatric
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population, full adult dosing is used and generally well-tolerated [75]. The most commonly reported
side effect are injection site reactions. Rarely, an immediate post-injection systemic reaction occurs
with flushing, chest pain, palpitations, and shortness of breath, but this usually self-resolves. Regular
laboratory monitoring is not required. As interferons and glatiramer acetate are generally well tolerated
and shown to decrease relapse rates in retrospective studies, they were commonly used as first line
treatments until the more recent development and introduction of newer treatment options.

Fingolimod, a once-daily oral medication, was approved by the FDA in 2018 as a first-line
treatment in pediatric MS based on the results of the PARADIGMS trial. Fingolimod binds to
sphingosine-1-phosphate receptors, sequestering lymphocytes in the lymph node and prevents
activated lymphocytes from crossing into the CNS. In pediatric MS, an 82% reduction in annualized
relapse rate in comparison to those treated with interferon beta-1a was demonstrated [76]. Additionally,
over a two-year interval at all time points, patients treated with fingolimod had lower EDSS scores
compared to those treated with interferon beta-1a [77]. While the PARADIGMS trial showed improved
efficacy of treatment and improved EDSS at follow up with treatment with fingolimod compared to
interferon beta-1a, it additionally has increased risks with treatment. The serious adverse events in
the pediatric population included leukopenia and seizures. It is required that patients be monitored
for bradycardia for 6 h with the first dose. Patients should be monitored for macular edema
with annual ophthalmology exams, although there was only one report of macular edema in the
PARADIGMS trial [76]. Routine laboratory monitoring of liver transaminases and lymphocyte counts
are recommended. Additionally, there is a risk for progressive multifocal leukoencephalopathy (PML),
which has been more commonly reported in patients on fingolimod for longer duration and with
positive John Cunningham Virus (JCV) antibodies. PML is an opportunistic infection of the CNS that
is potentially fatal and is caused by the reactivation of latent JCV.

Dimethyl fumarate is a twice-daily oral medication that was approved by the FDA in 2013 for
the treatment of MS in adults. The specific mechanism of action is unknown, but it is shown to affect
cytokines and lower lymphocyte counts. Phase 3 studies in adults have shown dimethyl fumarate
significantly reduces relapse rates and the development of new T2 hyperintense lesions on MRI.
Common side effects include flushing, which can be abated with pretreatment with aspirin. There
have been cases of PML in patients on dimethyl fumarate, all occurring in patients with lymphocyte
counts under 800, thus, routine laboratory monitoring is recommended. An open-label study, FOCUS,
was performed to evaluate the effect of dimethyl fumarate on MRI activity in the pediatric population,
and showed a reduction in the development of new T2 hyperintense lesions [78]. While there are data
showing a reduction in the breakthrough disease on MRI, there are yet to be data on the reduction of
clinical relapse in the pediatric MS population. CONNECT is an open-label randomized controlled
study comparing dimethyl fumarate versus interferon beta-1a in the pediatric population that is
currently ongoing [79].

Teriflunomide is a once-daily oral pill that reduces the activation and proliferation of lymphocytes
by inhibiting pyrimidine synthesis. In studies in the adult MS population, teriflunomide has been
shown to significantly reduce the relapse rate, disability progression, and new activity on MRI in
comparison to placebo [80]. Common side effects include hair thinning, nausea, diarrhea, and elevated
liver transaminases. There is a significant risk of teratogenicity, and if pregnancy is desired. a period of
washout with cholestyramine should be performed. Teriflunomide is not commonly prescribed in the
pediatric population. TERIKIDS, a randomized, double-blind, placebo-controlled trial, is currently
ongoing, evaluating efficacy and safety of teriflunomide in pediatric MS [79].

Natalizumab is a humanized monoclonal antibody that has been shown to decrease clinical relapse
by 68% and decrease the development of new T2 hyperintense lesions by 83% compared to placebo
in adults, and small open-label studies in pediatric MS population have shown good efficacy and
tolerability [81–84]. In a study of 55 pediatric patients, only three relapses occurred, all within 6 months
of initiation of natalizumab [82]. At one year follow up, 83% were free of new T2 lesions on MRI and 74%
at two years follow up [82]. No serious adverse effects were reported in this study group. Additionally,
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a recently published cohort of 20 treatment naïve pediatric MS patients showed that over a treatment
period of 24 months with natalizumab, patients had a significant reduction in mean EDSS overall,
and NEDA-3 plus status (no evidence of relapse, no disease progression, no new MRI activity, and no
cognitive decline) was maintained in 80% of patients, demonstrating natalizumab as a highly effective
treatment in pediatric MS [85]. JCV antibodies should be monitored at least every 6 months given
the elevated risk of PML in those who are JCV antibody positive, and if seroconversion were to occur,
then transitioning to alternative therapy should be considered. Additional risk factors in the setting of
positive JCV status include prolonged duration of natalizumab use and prior immunosuppression.

Rituximab is a monoclonal antibody that depletes CD20+ B cells that has been shown in both
pediatric and adult MS populations to reduce both clinical relapses and MRI lesions [86,87]. In a case
series of 14 pediatric MS patients treated with rituximab, no patients had subsequent relapses [88].
The most common adverse effects include hypogammaglobulinemia and infusion reactions [87,89].
The risk of PML is present with rituximab; however, in pediatric MS a larger population and longer
follow up is needed to better understand this risk [89].

Cyclophosphamide, an alkylating agent, has been shown to be effective in reducing the relapse
rate in pediatric MS patients with aggressive disease [90]. It is given as a monthly infusion, and
affects cytokine expression, in addition to T-cell and B-cell function [80]. While it is effective, there are
significant risks of secondary malignancies, infection, and sterility [90]. Additional side effects include
nausea, vomiting, alopecia, osteoporosis, and amenorrhea [80].

7. Cognitive Impairment, Fatigue, and Psychiatric Comorbidities

Cognitive function is affected in approximately 30% of pediatric MS patients. Children present
with differing deficits than those with adult MS, as children can show greater deficits in vocabulary
and language-based cognition [91]. Other commonly reported impairments in those with longer
disease duration include attention, processing speed, visual-motor skills, executive functions, and
memory [92]. Cohorts of pediatric MS patients who have undergone neuropsychology evaluation
have found a strong association between cognitive impairment and EDSS score, number of relapses,
and disease duration [93]. Studies have looked at cognitive functioning at the time of diagnosis and in
follow up. One recent study compared initial neuropsychological evaluations in 19 patients who were
either treatment naïve or on solely interferon beta, all of which had follow up assessments performed.
Six patients were escalated to a higher efficacy treatment (three to natalizumab and three fingolimod),
and the remainder did not require escalation of treatment (10 on interferon beta-1a, two on glatiramer
acetate, and one on dimethyl fumarate). While cognitive impairment was seen early in the disease at
initial evaluation, those patients who did not have an escalation of treatment had a higher degree of
impairment at time of follow up in comparison to those who had an escalation of therapy [94]. Studies
additionally have shown that those with pediatric MS are at a higher risk of cognitive disability than
adult MS patients [95,96]. Cognitive impairment is more significant in the pediatric MS population,
and findings show that those who have been escalated to a higher efficacy treatment to have a lower
degree of cognitive impairment; thus, this argues towards an induction or “step-down” treatment
approach to help protect from development or further cognitive decline, although larger studies are
warranted to confirm this hypothesis.

There are additional features of pediatric MS that can impact everyday functioning. Fatigue is
a common complaint in the MS population and can significantly affect daily functioning and can also
be a contributing factor in cognitive functioning. In one study comparing pediatric MS patients with
healthy controls, there was no significant difference between the two groups in regard to self-reported
fatigue, although an additional study reported that at least half of pediatric MS patients report at
least mild fatigue [97,98]. Importantly in this study, self- and parent-reported fatigue were associated
with higher scores on the Children’s Depression Inventory [97]. Additional studies have shown
signs of depression are higher in the pediatric MS population [99,100]. In combination, depression
or anxiety disorders are present in approximately half of pediatric MS patients. The most commonly
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reported psychiatric diagnoses are anxiety disorders, attention deficit hyperactivity disorder, and mood
disorders [101]. When looking at overall quality of life, one study reported that approximately half of
pediatric MS patients reported difficulties in school and emotional functioning [99]. Additional studies
have shown that in addition to fatigue and depression, increased EDSS can contribute to decrease in
health-related quality of life [102].

8. Clinical Outcomes

Despite elevated relapse rates, the pediatric population tends to have a complete recovery from
relapse within 12 months with little accrual of disability during childhood years [36]. Generally,
as children do not accumulate disability, they will not develop secondary progressive MS in childhood
years, and it generally will take the pediatric MS population approximately 10 years longer than the
adult MS population to convert to secondary progression [28,103]. Despite this, the time of progression
from mild to severe disability is the same in adults and children [28]. Given this, those with pediatric
MS will reach disability milestones at a younger age than those with adult-onset MS [30,103,104].
An increased risk of disability in pediatric MS was associated with a progressive course at onset and
an increased number of relapses in the first five years, while a reduced risk was present in those that
had complete remission from the initial event [103]. These findings further support the importance of
early recognition and treatment in pediatric MS.

Patients with pediatric MS have a smaller brain volume than expected for their age [105], and this
carries into adulthood. In comparing the adult brain volume of pediatric MS patients with age-matched
adult MS patients, those with the pediatric-onset disease have reduced brain and deep grey matter
volume, particularly thalamic volume [106].

9. Conclusions

Pediatric MS is a rare disorder, but the long-term clinical implications in those who are diagnosed
lead to significant cognitive and physical disability in adulthood, even with current first-line treatments.
The ultimate aim of the treatment of pediatric MS is to reach a state of NEDA. More recently, the goals
have been aimed towards NEDA-4, which is a state of no clinical relapse, no disease progression,
no new MRI activity, no cognitive decline, and no evidence of brain atrophy present [107,108]. Given
the elevated annualized relapse rate, increased rate of cognitive disability, and younger age at reaching
disability milestones in pediatric MS, to achieve NEDA-4, the treatment paradigm may need to shift
towards that of treatment with higher efficacy medications.
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