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Preface to "Multiple Sclerosis: Diagnosis and
Treatment”

Multiple Sclerosis (MS), a major inflammatory, demyelinating disease of the central nervous
system (CNS), has become one of the most common causes of disability in young adults and
constitutes an important socioeconomic challenge around the world. The MS International Federation
estimates about 2.5 million people are affected by this disorder worldwide. While MS presents with
an enormous variety of clinical facets, substantial progress in biological and sophisticated therapies
has occurred [1]. The complex challenges posed by MS encouraged Biomedicines to emit a Special
Issue on diagnosis and treatment.

Since its inception, MS has been a polygenic disease, but genetics also play a determining
mechanistic role. Cardamone et al. [2] elegantly describe the influence of the alteration of the gene
expression of the protein cytochrome b-245 (CYBB), essential in diverse aspects of immunological
function, including the regulation of the phagocytic system and its interactions with reactive oxygen
systems (ROS). Progressive forms of MS are characterized by increasing axonal dysfunction and
neuronal degeneration, leading to increased clinical disability. This theme is addressed and clearly
illustrated in a review by Correale et al. [3]. Emphasizing the clinical aspects of progressive MS,
its diagnostic challenges and modern management are comprehensibly discussed by Macaron and
Ontaneda [4]. The most common differential diagnoses with MS are Neuromyelitis Optica Spectrum
Disorders (NMOSDs) and anti-Myelin Oligodendrocyte Glycoprotein antibody disease (MOGAD).
These two entities are increasingly identified and indeed constitute real clinical challenges since
their diagnostic process and therapies are entirely different from MS management. The most recent
advances in this respect are discussed by Lana-Peixoto and Talim [5] utilizing excellent magnetic
resonance imaging illustrations.

MS affects women in at least a 3:1 ratio compared to men; hence, women'’s issues are prominent
in the clinical characterization of the disease. Tisovic and Amezcua [6] address the contemporary
management in pregnancy and post-partum, both situations significantly affecting the clinical
behavior of the disease, protectively or negatively. More than half of all patients with MS will
experience some degree of cognitive problems, regardless of the duration or clinical form of the
disease. Cognitive dysfunction constitutes the most common cause of work disability for people
with MS. Macias Islas and Ciampi [7] discuss the assessment techniques and the societal impact of
cognitive impairment in MS.

The Biomedicines Special Issue includes important therapeutic studies and reviews. Vogue
and Alvarez [8] present the state of the art of relapsing and progressive treatment of MS utilizing
monoclonal antibodies and the foreseen future of these therapeutic molecules in the management of
the disease. A sophisticated report on the immunology and pharmacology involved in Daclizumab, a
humanized alpha subunit binding to CD25, is provided by Cohan et al. [9]. The current perspectives
utilizing cell-based therapies are analyzed by Cuascut and Hutton [10].

This Biomedicines Special Issue offers a comprehensive collection of scientific advances

addressing diagnostic identification and the complex management of MS.

Victor M. Rivera
Editor






| biomedicines ﬁw\n\py

Commentary

Multiple Sclerosis: A Global Concern with Multiple
Challenges in an Era of Advanced Therapeutic
Complex Molecules and Biological Medicines

Victor M. Rivera
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Abstract: Multiple sclerosis (MS) has become a common neurological disorder involving populations
previously considered to be infrequently affected. Genetic dissemination from high- to low-risk
groups is a determining influence interacting with environmental and epigenetic factors, mostly
unidentified. Disease modifying therapies (DMT) are effective in treating relapsing MS in variable
degrees; one agent is approved for primary progressive disease, and several are in development. In the
era of high-efficacy medications, complex molecules, and monoclonal antibodies (MAB), including
anti-VLA4 (natalizumab), anti-CD52 (alemtuzumab), and anti-CD20 (ocrelizumab), obtaining NEDA
(no evidence of disease activity) becomes an elusive accomplishment in areas of the world where
access to MS therapies and care are generally limited. Countries’ income and access to public
MS care appear to be a shared socioeconomic challenge. This disparity is also notable in the
utilization of diagnostic tools to adhere to the proposed elements of the McDonald Criteria.
The impact of follow-on medications (“generics”); injectable non-biological complex drugs (NBCD),
oral sphingosine-1-phosphate receptor modulators, and biosimilars (interferon 1-a and 1-b), utilized in
many areas of the world, is disconcerting considering these products generally lack data documenting
their efficacy and safety. Potential strategies addressing these concerns are discussed from an
international point of view.

Keywords: multiple sclerosis; genetics; disease modifying therapies; generic medicines

1. Introduction

Multiple sclerosis (MS) is an inflammatory and demyelinating disease that manifests
pathologically and clinically after the disruption of the dynamic equilibrium of brain plasticity enables
the development of a chronic process affecting the central nervous system (CNS). Common association
with comorbidities impacts the course of disease and quality of life of the individual. MS derives from a
complex multifactorial etiological process where genetic and environmental agents decisively interact.
Neuroinflammation associated to MS results in a constellation of clinical manifestations as well as
mood disorders, depression, and anxiety in a large proportion of patients [1]. Persistent inflammation
is also one of the causes of chronicity of disease and phenotype definition [2]. The disease may become
neurodegenerative, progressive, and incapacitating in almost of half of the untreated population [3].
This outcome has been improved by early and effective use of disease modifying therapies (DMT [4].
The disease commonly affects white Caucasians, particularly people of Northern European ancestry
and their descendants living in recognized high-risk areas of the world: Scandinavia and the British
Islands, Canada, the U.S., Australia, and New Zealand. Nevertheless, MS is increasingly identified
among populations who were considered uncommonly affected by the disease. This phenomenon
is generally attributed to genetic dissemination from high- to low-risk groups owing to historical
and political events favoring racial intermixing. This situation has apparently contributed to the
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increasing frequency of the disease among Latin American Mestizos and African Americans [5].
Similar observations apply to Maori people in New Zealand, whose present genetic make-up is
described as of both European and aboriginal descent [6]. Higher MS frequency rates have been
reported recently in Middle Eastern and North African countries [7,8], while in other areas of the
world (Asia, South America), serial epidemiologic studies reveal a true augmentation in regional rates
occurring over short periods of time [9,10]. Other factors contributing to the globalization of MS are
exposure to changing environmental factors, improved medical education on the disease, increasing
availability of neurologists in most areas the world, as well as magnetic resonance imaging (MRI)
machines, and widespread public awareness, including locally developed patient support groups and
coordinated international advocacy groups like the MS International Federation (MSIF, London).

The increasing presence of MS has resulted in serious challenges to providing adequate care
and accessibility to therapies. The socioeconomic challenges posed by MS as a universal disease are
emphasized in countries with economies in development, but it is also an important consideration in
industrialized countries that theoretically have more advanced health systems.

From initial diagnosis to long-term management, MS is a very onerous and complicated medical
condition. The disease exerts a substantial economic impact on health systems, particularly where
therapeutic availability is compromised by technological limitations to fulfilling all necessary elements
for diagnosis proposed by modern criteria. The impact of follow-on “generic” and biosimilar
medications in some areas of the world deserves discussion in view of the lack of data substantiating
their efficacy and safety profiles. These preoccupations are enhanced in many areas of the world where
limited capabilities exist affecting their local licensing agencies in their ability to provide an objective,
analytical, and educated approval process for complex therapeutic molecules.

This commentary addresses the concerns derived from the expanding global presence of MS,
the unexpected consequences of the socioeconomic burden to MS communities, and the impact
exerted in the different aspects of the disease, from adequate application of the elements of the current
diagnostic criteria to access to care. Potential alleviating strategies are discussed.

2. The Global Emergence of MS

Following Jean Martin Charcot’s papers on his lessons on “La Sclerose en Plaque Disseminées” in
1868 [11], scholars in France and Europe utilized the modified denomination “Insular sclerosis of the
Brain and Spinal Cord”. The term “The Multiple Scleroses (as utilized in the paper) was first employed
by the Philadelphia botanist Horatio Curtis Wood in 1878 [12] and adopted internationally since then
as multiple sclerosis. For decades, European and American clinicians considered it as a “new” but
rare neurological disease studied merely in the U.S. and Western Europe. The perception that MS
was minimally or non-existent in places with non-Caucasian populations was reinforced by the 1970
observation from Alter and Olivares [13] on the prevalence in Mexico as “one of the lowest in the
world” (1.6/100,000). During the last part of the 20th century and the first decades of the current epoch,
epidemiologic studies have shown a notable increase in prevalence in Latin American countries [14],
including Mexico [15], and the Middle East [16], while frequencies remain elevated in North America
and some European countries. On the American continent, the increasing presence of the disease is
now evident in populations that were hypothetically “resistant” to the disease. For five centuries,
historical, sociopolitical, and migratory events favored the introduction of the European genetic risk
into Native Americans (or Amerindians) and into Central and West African groups brought to the
continent between the 16th and 19th centuries, resulting in the modern emergence of MS among the
Latin American populations [17]. Mestizo groups constitute the most representative ethnic group in
Latin America and form the largest minority in the U.S. (“Hispanics”). Studies consistently show these
groups carry the inherited MS genetic European signature: HLA-DRB1*1501 [18,19]. On the other
hand, the disease is rare, or practically non-existent, among non-mixed Amerindians [20]. The most
plausible explanation for this phenomenon lies in the fact that Native Americans (across the continent)
possess a predominantly Asian genetic makeup probably owed to the early peopling of the Americas.
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Low prevalence continues to be reported among Chinese communities (5.2/100,000) [21], in Japan
(3.9/100,000), and in Korea (3.5/100,000) [22,23]. Contrarily, Western Siberian populations have
increased their prevalence in the last thirty years from 24 to 54/100,000 [24]. It is noted the Western
Siberian MS patients are practically of European origin (white Caucasians). The disease however
remains unreported among Yakuts and smaller Asiatic tribes [25]. At present, the MS prevalence in the
Russian Federation is at a medium risk level (30-70/100,000) [26].

Despite epidemiologic methodological inconsistencies in acquiring data in the Middle East and
nearby areas, current information shows frequencies fluctuating from low to high prevalence in this
region [27]. Substantial MS prevalence has been noted in some countries, i.e., the United Arab Emirates
64.4/100,000 [28] and Iran 101.13/100,000 [29]. Observations in Kuwait show Palestinian emigres
have a higher prevalence (23.8/100,000) in comparison to local Kuwaitis (9.5/100,000) [30]. Qatar
reports a high MS concentration (64.57/100,000), also contributed in part by a large immigrant working
force [31].

The highest prevalence rates are reported from the Scottish Northern Isles: the Orkney
(402/100,000) and Shetland Islands (295/100,000) [32]. Prevalence in mainland Scotland is very
high as well: 229/100,000 [33]. Canada claims the highest national prevalence at 290/100,000 [34].
The prevalence in U.S. has been reported with varying rates: 110 to 192.1/100,000, from the Eastern and
Western census, respectively [35]. The majority of global MS epidemiologic studies address prevalence
whilst international incidence studies are scarce. Nevertheless, the MS world map exhibits frequent
and dynamic changes as more epidemiologic data accumulates from the different regions of the globe.

3. Ubiquitous Application of MS Diagnostic Criteria

The criteria for diagnosing MS have evolved along with advances in knowledge of the disease.
The process of diagnosing MS following an initial clinical event, or clinically isolated syndrome
(CIS) suggestive of an inflammatory/demyelinating lesion, or lesions, in the CNS, has become more
sophisticated, while concomitantly, the international panel authorizing the criteria strive for simplicity
and general accessibility of the proposed guidelines. The 2017 McDonald Criteria [36] was designed
to serve as a more accessible tool for practitioners and researchers for reaching a faster and more
definite MS diagnosis. The criteria aim to increase sensitivity without affecting specificity, reducing the
possibility of misdiagnosis, and adding novel aspects in its structure, like the inclusion of symptomatic
and asymptomatic lesions, as well as cortical signals detected by MRI, to comply with the concepts
of lesions disseminated in space (DIS). Another original addition introduced by the 2017 McDonald
international panel is utilizing the presence of unique cerebrospinal fluid (CSF) oligoclonal bands
substituting for dissemination in time (DIT) in cases lacking MRI asymptomatic post-gadolinium T1
enhancing images. Assessment of optic pathology, although important, is not included within the
current stipulations of the 2017 McDonald Criteria.

Factors affecting realistic applicability of the criteria in all areas of the world are related to limited
access to diagnostic technology or to economic constraints. The MSIF reports an increasing trend
in the number of MRI machines in emerging countries, almost doubling in a five-year period. Still,
87% of low-income countries [37] do not use the McDonald Criteria reporting criteria, instead utilizing
the outdated Poser criteria (1983) [38] which does not require MR imaging for the clinical diagnosis
of MS. Another aspect determining effective universal applicability of the criteria is the fact that
the most sensitive and recommended methodology for CSF oligoclonal bands analysis, isoelectric
focusing immunoblotting [36], is not readily available through local clinical laboratories in countries
with developing economies. This technique requires special equipment and expertise to perform the
analysis. The older techniques, i.e., agarose gel electrophoresis, are less sensitive and carry substantial
risk of providing false-positive results. Many neurological communities in regions facing this dilemma
have opted to omit CSF analysis in the diagnostic workup of suspected MS.

The McDonald Criteria panel recognizes that the proposed elements for diagnosis have been
acquired from large populations of Western European genetic origins presenting with typical CIS (the
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initial MS clinical event). The panel emphasizes the need to validate the criteria, either prospectively
or retrospectively, in diverse populations, namely in patients from Asia, Latin America, the Middle
East, Africa, and other relatively less studied geographical locations. Recent discussions at the Foro
Centroamericano y del Caribe para Esclerosis Multiple (FOCEM) [39] addressed the difficulties in
fulfilling the diagnostic criteria in some areas of the world. FOCEM is constituted of neurologists from
the six Central American nations, Venezuela, and 26 Caribbean island countries. Most neurological
services in these countries have access to MRI, and mostly to 1.5 Tesla equipment; however, practically
none of these diagnosticians possess reliable CSF analysis technology to locally perform complimentary
analyses. The risk of underdiagnosing in areas of the world where these limitations exist is a realistic
concern [40].

Itis expected that future availability of economic serological biomarkers will considerably alleviate
the diagnostic restrictions existing for MS in some areas of the world.

4. Global MS Care Disparities

MS therapies have flourished in the last three decades whilst becoming more complicated
and onerous. The advent of what are recognized as high-efficacy medications applies mostly to
DMT for relapsing MS (RMS), with thus far only one MAB approved for primary progressive
MS (PPMS). These medications have a greater pharmacological effect than the original first-line,
platform, injectable therapies (interferons and glatiramer acetate). International licensing agencies,
satisfying an unmet therapeutic need, have approved ocrelizumab, a CD20 cytolytic MAB targeting B
lymphocytes, for treatment of PPMS. Several clinical trials are being carried out addressing progressive
forms including secondary progressive MS (SPMS). However, making these pharmacological agents
accessible to all MS populations is a formidable challenge and realistic socioeconomic preoccupation.
Except for the private health enterprise sector of the U.S., most countries of the world rely almost
entirely on their official health systems to provide access to MS therapies. For most of the 101 countries
that provided data to the MSIF, therapies were partially or fully funded by the government. In the
countries affiliated to the MSIF, health services funded by taxation through social security or mandated
health insurance covered 76% of the cost of DMT. Global availability of MS medications is notably
dissimilar between high-, upper middle-, lower middle- and low-income countries, as described in
the Atlas of MS (World Health Organization/MSIF) [41]. The higher the national income, the more
availability of medications—not just platform injectable medications, but oral agents and intravenous
MAB, as well. Most countries with the lowest national incomes may have access to only one or
two first-line DMT. For instance, in Cuba, the only DMT available is the brand Interferon beta 1-a,
44 mcg (Rebif®) [42]; in the Republic of Salvador, the national social security system offers only two
medications, both innovators, including a low-dose (Avonex®, 30 mcg) and a high-dose interferon
beta 1-a (Rebif®, 44 mcg) [43]. Availability of DMT to MS patients in the world is reviewed in detail at
the Atlas of MS 2013, with data provided by the World Bank and the World Health Organization [44].
Availability of medications for all people with MS is not a reality for at least 90 countries of the world.
The MSIF document indicates that affordability was ranked as the most common cause of lack of access
to therapy in 46% of countries, which rises to 86% in 21 low- and lower-middle-income countries.

The socioeconomic impact of MS in developing countries is a considerable public health concern.
These same areas usually display a low prevalence of MS; hence, the disease is not generally appreciated
by their health systems. In economically emergent countries in Latin America, for instance, only 9.5%
to 42.3% of the MS population have access to a DMT [45]. On the other hand, almost 90% of the
economic burden exerted by MS on the country of Colombia is spent just to cover the cost of DMT [46],
this cost being dependent on the grade of disability: For a patient with Expanded Disability Score
Status (EDSS) 3.0-5.5, the annual cost of MS medications is 25,713 USD, while for a patient with
EDSS >7.0 in Argentina, it is estimated at 50,712 USD. In general, the cost of DMT is less expensive in
European countries and elsewhere, in comparison to the United States where, for example, an interferon
for Relapsing Remitting MS (RRMS) may cost as much as 5150 USD/month, and oral fingolimod
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5372 USD/month. Other tangible and intangible costs, including medical expenses, rehabilitation
procedures, other multidisciplinary care required by MS, loss of work productivity, and the emotional
and physical impact on the care givers, add exponentially to the price of MS. The cost increases as
disability advances [47]. In many countries where access to DMT is limited, escalation to drugs with
higher efficacy is not feasible; hence, the ideal goal of obtaining the therapeutic goal of ‘no evidence of
disease activity’ (NEDA) is consequently and fundamentally challenged. Potential strategies to address
these concerns would involve increasing public awareness and knowledge, which eventually should
also impact health officials” education and attitudes. Transparency in the process of MS medication
acquisition by national health systems would be more efficient and cost-containing by involving
neurologists with MS knowledge and independently appointed public commissioners with input from
patients support groups in this complex undertaking.

5. Impact of Follow-On Therapeutic Molecules and Biosimilar Medications

The appearance of “generic” medications for MS in international public and private health
markets, and prescription formularies of social security programs around the world, has been
increasing in development. International regulatory agencies, including the U.S. Food and Drug
Administration (FDA) and the European Medicines Agency (EMA), have approved follow-on
CBND replacing the innovator Copaxone®. This decision was based on bioequivalence shown
by molecular and pharmacological similarity, without requiring clinical studies. Neither the FDA
nor EMA have determined approval pathways for follow-on biomedicines such interferons and
MAB. In both cases, appropriate phase III clinical data, and even “head-to-head” trials performed
on the proposed follow-on medication set against the innovator drug as a substitute, should be
required by international licensing agencies. The lack of essential clinical and pharmacological data
from biosimilar medications is reflected in the fact in that most international MS associations do
not include or consider them as yet in their therapeutic guidelines: These include the American
Academy of Neurology, the European Academy of Neurology, the Spanish Society of Neurology,
the Catalonia Society of Neurology, Consensus from Peru, Central America and Caribbean countries,
among others. Some of the follow-on products manufactured in North Korea, India, Iran, Mexico,
Argentina, and Uruguay (outside the sphere of the FDA and EMA), lack data on efficacy and safety of
their own, in fact utilizing results obtained from the phase III pivotal trials performed by the innovator
(original) products. Follow-on medications have been approved by many international licensing
agencies outside the U.S. and the European Union, and are basically unchallenged due to lack of
local appropriate technology and education on the subject of the responsible health departments,
including the ability to evaluate the biological and immunologic behaviors of the proposed product.
Substantial molecular differences have been reported [48] between follow-on and innovator interferon
drugs. Analytical studies performed on the interferon 1-a innovators Avonex® (30 mcg) and Rebif®
(44 mcg), both produced in the U.S., and the follow-on products Juntab® (Mexico) and CinnoVex®
(Iran), both 30 mcg preparations, and the 44 mcg presentations Clausen® (Uruguay) and Blastoferon®
(Argentina), these latter examples revealing considerable heterogeneity in immunochemical analyses
and in “reporter gene assays” among the follow-on products but not in the brand medications. These
studies also demonstrated significant pharmacological and biological potency differences between the
innovators and the follow-on products [49]. Studies have consistently shown that lack of clinical data,
confounded with absence of demonstration of bioequivalence and interchangeability of biosimilars,
do not provide at present time evidence for their efficacy and safety. The economic impacts on
individual and public health offered by the follow-on products have not been reflected in significant
savings for the health systems [50]. Several international initiatives have developed, like the one
promoted by the Latin American Committee for Treatment and Research in MS (LACTRIMS) [51],
that encourage practitioners, MS study groups, and MS patient associations (most affiliated to the
MSIF) from the region (20 countries) to coordinate with local health officials providing information and
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education on the licensing process, and even participating as independent advisors, striving for the
proposed non-innovative follow-on medications to provide adequate clinical efficacy and safety data.

6. Conclusions

Except for rare exceptions, MS has in fact become a global disease affecting virtually every ethnic
and racial group. The widespread epidemiologic presence of the disease has carried tremendous
socioeconomic challenges due to the limitation of access and barriers to MS management, notably
in countries still undergoing economic development. Considering that comorbidities (obesity,
hyperlipidemia, migraine, rheumatological conditions) have been reported to increase the risk of
relapse in MS [52], emphasis in management of these comorbidities, including a healthy diet and
exercise, should be part of the management paradigm across the globe. Ensuring improved diagnosis,
access to treatment, information, and available support resources require coordinated efforts from
local and regional neurological MS study groups, societal MS organizations, and patient support
groups. The 2017 McDonald panel recognizes this need and encourages MS diagnostic validation in
non-Western European ethnicity populations (since 2000, the diverse revisions have applied practically
to only Caucasian populations), and to geographic areas where the disease has a low prevalence.
Revisions to the MS criteria are conducted every 5-7 years, once new or more advanced diagnostic
technology and documented clinical data justify updating the diverse criteria of the proposal. It is
expected the next revision will include contributions from the international committees for treatment
and research in MS from all areas of the world. Tangible and indirect expenses compound the
associated costs of necessary but complex multidisciplinary MS care. In this commentary, these aspects
are reviewed from an international perspective while providing awareness and potential paths to
alleviate these actual concerns, including addressing the concern of insufficient data on follow-on
therapeutic molecules.
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Abstract: Multiple sclerosis (MS) is a chronic neurological disorder characterized by inflammation,
demyelination, and axonal damage. Increased levels of reactive oxygen species (ROS), produced by
macrophages and leading to oxidative stress, have been implicated as mediators of demyelination
and axonal injury in both MS and experimental autoimmune encephalomyelitis, the murine model
of the disease. On the other hand, reduced ROS levels can increase susceptibility to autoimmunity.
In this work, we screened for association with MS 11 single nucleotide polymorphisms (SNPs)
and two microsatellite markers in the five genes (NCF1, NCF2, NCF4, CYBA, and CYBB) of the
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX2) system, the enzymatic
pathway producing ROS in the brain and neural tissues, in 347 Finnish patients with MS and
714 unaffected family members. This analysis showed suggestive association signals for NCFI and
CYBB (lowest p = 0.038 and p = 0.013, respectively). Functional relevance for disease predisposition
was further supported for the CYBB gene, by microarray analysis in CD4*/~ mononuclear cells of
21 individuals from five Finnish multiplex MS families, as well as by real-time RT-PCRs performed
on RNA extracted from peripheral blood mononuclear cells of an Italian replication cohort of 21 MS
cases and 21 controls. Our results showed a sex-specific differential expression of CYBB, suggesting
that this gene, and more in general the NOX2 system, deserve to be further investigated for their
possible role in MS.

Keywords: multiple sclerosis; association study; reactive oxygen species; NADPH oxidase; CYBB

1. Introduction

Multiple sclerosis (MS) (Online Mendelian Inheritance in Men, OMIM #126200) is a chronic
disease of the central nervous system (CNS) characterized by multifocal inflammation, plaques of
myelin degeneration, axonal damage, and by a high degree of individual variability in the severity
and progression of symptoms [1-3]. Among neurological disorders of young adults, MS is the most
common: in Europe, where a latitude-correlated distribution of prevalence and incidence rates can be
observed, prevalence ranges from 70 to 100 per 100,000, whereas incidence varies between 2 and 4 per
100,000 person/year; the highest prevalence and incidence rates have been reported in Finland [4].
Here, incidence and prevalence reach the exceptional rate of 11.6 and 200 per 100,000 in the Southern
Ostrobothnian region (western coast of Finland), reflecting several centuries of genetic drift in a small
and isolated population [5].
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In agreement with the multigenic character of MS, genome-wide linkage scans, genome-wide
association studies (GWAS), as well as meta-analyses performed in large cohorts disclosed more than
200 non-HLA (human leukocyte antigen) single nucleotide polymorphisms (SNPs) associated with
MS, each having a small effect size on MS predisposition [6-10]. Typically, the identified association
signals point to genes belonging to innate and adaptive pathways [9,10]. The deep involvement of a
dysregulated immune system in MS is also supported by the efficacy of drugs targeting T- and B-cell
functions in the treatment of the disease, as well as by the numerous studies indicating CD4* and
CD8" T cells as strong contributors to the pathogenic process [11-14].

Apart from immune-mediated mechanisms, a growing body of evidence indicates that oxidative
stress (OS) may play a role in the etiology of MS [15-17]. Increased levels of oxygen-free radicals
(collectively called reactive oxygen species, ROS), produced by macrophages and leading to OS,
have been implicated as mediators of demyelination and axonal injury in both MS and experimental
autoimmune encephalomyelitis, the murine model of the disease [18-20]. Moreover, ROS: (i) activate
specific transcription factors, such as the nuclear transcription factor kappa B, which in turn upregulates
the expression of genes associated with MS or its progression (e.g., tumor necrosis factor «) [21,22];
(ii) mediate the activity of matrix metalloproteinases, which are involved in T-cell activation and
trafficking into the CNS and hence probably involved in some of the early pro-inflammatory events in
MS [23-25]; (iii) are produced in increased amount by activated mononuclear cells of patients, resulting
in oxygen damage to DNA, lipids, and proteins—these molecules are frequently found in active MS
lesions and are associated with apoptotic oligodendrocytes and neurodegeneration in the brains of
patients with MS [16,26-28].

Besides reactions involving the electron-transport chain of mitochondria or those related to
the metabolism of amino acids and neurotransmitters, in the brain and neural tissue ROS are also
produced by enzymatic pathways, such as xanthine oxidase, lipoxygenase, and cyclooxygenase, as
well as by the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) systems [29,30].
Specifically, the NOX2 system is a complex that, in resting cells, is compartmentalized between
cytosol and plasma membrane: the core enzyme is composed of three cytoplasmic polypeptides
(p47phox, p67phox, and p40phox, encoded by NCF1, NCF2, and NCF4 genes, respectively), and
a membrane-bound flavo-hemo-cytochrome, b558, constituted by two components, the p22phox
and gp91phox subunits (encoded by CYBA and CYBB, respectively) [29,30]. When the resting cell
is exposed to stimuli (i.e., chemotactic reactants or particulate stimuli, such as bacteria and fungi),
p47phox becomes heavily phosphorylated, inducing all cytoplasmic components to translocate to the
membrane-bound cytochrome in order to form the active enzyme complex [29,30].

Given the proposed role of OS in MS, its contribution to the pathogenesis of the disease was
here investigated by genetic association and expression analyses of the five genes coding for the main
components of the NOX2 complex.

2. Results

2.1. NCF1 and CYBB Are Associated with MS in the Finnish Population

For investigating the potential role of OS genes in the pathogenesis of MS, we performed an
association analysis on a Finnish cohort of 63 MS families (547 individuals) with two microsatellite
markers and 11 SNPs mapping in or located close to the five genes coding for the main components of
the NOX2 complex (the soluble factors NCF1, NCF2, and NCF4, and the membrane-bound redox core
proteins of the complex, CYBA and CYBB) (see Table S1 in the Supplementary Materials). No significant
deviation from Hardy-Weinberg equilibrium (HWE) and no Mendelian inheritance errors were
observed for any of the markers included in this study. The overall average genotype call rate
was 96.5%, and the accuracy was >99.5% according to duplicated genotyping (5%) of all samples.

Table 1 shows the results of the allelic association analysis for each of the 11 variants for the whole
study cohort. Two polymorphisms, D751870 in NCF1 and rs5963310 in CYBB, showed suggestive
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evidence of association with MS in the transmission/disequilibrium (TDT) test (p = 0.038 and p = 0.027
for NCF1 and CYBB, respectively; not corrected for multiple testing). By using the more powerful
approach based on the TDT statistic implemented with the parental discordance test (see the Materials
and Methods section), we confirmed the association signal for the rs5963310 polymorphism in CYBB
(p = 0.013), which confers a protective effect against MS (the minor allele A is untransmitted in MS
cases). No significant allelic association between MS and the other NADPH variants could be detected
(Table 1).

2.2. CYBB Is Differentially Expressed in MS Cases

To verify the possible functional relevance of NADPH genes for MS predisposition, we performed
a genome-wide microarray-based gene expression analysis. We extracted total RNA from CD4"* and
CD4~ samples isolated from peripheral blood mononuclear cells (PBMCs) of 21 individuals from five
Finnish multiplex MS families. An adequate amount of high-quality total RNA was obtained from
nine MS cases (four males, five females) and ten controls (four males, six females) for the CD4 ™ cells,
and from nine cases (five males, four females) and 11 controls (six males, five females) for the CD4*
cells. All patients had a relapsing-remitting (RR) subtype, i.e., the most common form of MS (~80% of
cases), which is characterized by periods of acute intensification of symptoms followed by phases of
almost complete remission [31].

To screen for differential expression of the genes of interest in MS, we specifically searched
for probe sets corresponding to NCF1, NCF2, NCF4, CYBA, and CYBB in the NetAffx annotation
site (http:/ /www.affymetrix.com/analysis/index.affx). The 11 identified probes were individually
searched in the University of California Santa Cruz (UCSC) Genome Browser (hg19; Blat search) to
identify the correct target gene (http://genome.ucsc.edu/cgi-bin/hgGateway). Probe sets recognizing
only intronic sequences or mapping to several loci were excluded: in this way expression data were
available for seven probes mapping in the five genes.

As for the NCF1 gene, none of the probes were mapping correctly /specifically. As for NCF2, it did
not show appreciable expression signals in any of the CD4*/CD4~ samples. We hence monitored
for potential differential expression of these two genes by using the more sensitive semi-quantitative
real-time reverse transcription-PCR (RT-PCR) approach. Figure 1 shows the results of RT-PCR assays:
no significant difference between cases and controls in the expression levels of either genes was
evidenced (no significant difference between cases and controls was seen even stratifying individuals
on the basis of the D751870 genotype in NCF1; data not shown).
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Figure 1. NCF1 and NCF2 do not show any significant difference between MS cases and controls.
Boxplots show the expression levels of the NCF1 and NCF2 genes measured by semi-quantitative
real-time RT-PCR in CD4" and CD4 ™ cells (prepared from peripheral blood mononuclear cells, PBMCs).
MS cases and controls belong to five multiplex Finnish families (comprising both male and female
individuals). Boxes define the interquartile range; the thick line refers to the median. Results were
normalized to expression levels of the HMBS and ACTB housekeeping genes and are presented as
rescaled values. The number of subjects belonging to each group is indicated (N). The significance level
of t-tests was in all cases not significant (ns).

Concerning NCF4, CYBA, and CYBB, probes were correctly mapping on the corresponding
transcripts and gave appreciable signals. In Figure 2a, differential expression analysis for MS cases
and controls is shown for both CD4~ and CD4* cells, again indicating no differences between the two
groups. However, considering that the CYBB gene is located on chromosome X, we stratified patients
according to gender. Interestingly, this analysis allowed us to highlight an opposite molecular signature
not only between males and females, but also between CD4~ and CD4" cells (Figure 2b). In particular,
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we found a 1.76-fold significant up-regulation (p = 0.021) of CYBB in RR-MS male patients in CD4~
cells (with females showing an opposite, though not significant, trend; 0.80-fold decrease). Conversely,
in CD4" cells, we noticed the opposite situation, with a 1.75-fold significant CYBB increased expression
in RR-MS females patients (p = 0.014) and a 0.74-fold decrease (not significant) in MS male cases
compared to healthy controls.
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Figure 2. CYBB shows sex-related and cell-specific differential expression in MS cases and controls.
NCF4, CYBA, and CYBB expression levels (shown by histograms) were measured by means of
microarray-based experiments (see the “Materials and Methods” section). The number of subjects
belonging to each group is indicated (N). Error bars represent means + SD (standard deviation).
Significance levels of f-tests are shown. *: p < 0.05.

To validate the most interesting result obtained from the microarray profiling, expression of
CYBB was quantitated by real-time RT-PCR assays, performed on RNA extracted from PBMCs of an
independent cohort of 21 RR-MS Italian cases and an equal number of age-matched controls. Only
females were included in this analysis. We found a 1.43-fold significant up-regulation (p = 0.032) of
CYBB in RR-MS patients (Figure 3), which is consistent with the high abundance of CD4* cells in the
heterogeneous pool of PBMCs (25-60% of PBMC is composed of CD4" cells) [32].
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Figure 3. CYBB is upregulated in MS patients. Boxplots show the expression levels of the CYBB
gene measured by semi-quantitative real-time RT-PCR in PBMCs of an Italian case-control cohort
(only female individuals). Boxes define the interquartile range; the thick line refers to the median.
Results were normalized to expression levels of the HMBS and ACTB housekeeping genes and are
presented as rescaled values. The number of subjects belonging to each group is indicated (N).
Significance levels of t-tests are shown. * p < 0.05.

3. Discussion

Apart from the well-known implication of mutations affecting the NOX2 complex in the
pathogenesis of chronic granulomatous disease (CGD) [33], some information is currently available in
the literature on the possible predisposing role of polymorphisms in NCF1, NCF2, NCF4, CYBA, and
CYBB genes in other immune disorders. Among others, missense variants in the NCF1 gene have been
associated with systemic lupus erythematosus (SLE), Sjogren’s syndrome, and rheumatoid arthritis
(RA) [34]; two missense polymorphisms in NCF2 were described as predisposing to SLE [35]; and
common polymorphisms in NCF4 were associated both with RA and Crohn’s disease [36,37]. In our
exploratory study, we aimed at investigating the possible genetic association between MS and all of
the five genes coding for the NADPH oxidase complex. We found suggestive association signals for
the NCF1 and CYBB genes (lowest p = 0.038 and p = 0.013, respectively), which were paralleled, in the
case of CYBB, by a gender-specific differential gene expression between MS cases and controls.

However, we acknowledge the limited size of our study material, and a lack of a replication
step confirming the association of CYBB with MS. No significant association between the CYBB locus
and MS was reported in the previous GWAS analyses, which, however, excluded the X chromosome
harboring the CYBB gene from the genome-wide analysis. The role of the X chromosome in MS—a
pathology characterized by higher susceptibility in females than males—remains still largely unknown.
For instance, in the largest MS-related meta-analysis so far published, genome-wide, a total of 233 loci
were found to be significantly associated with the disease, and only one maps to chromosome X [10].
The case-control analysis did not take gender into account, while the study presented here was utilizing
family-based transmission analysis. Overall, the lack of association signals on chromosome X is indeed
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a common feature of complex traits: the X chromosome accounts for 5% of the nuclear genome
and underlies almost 10% of Mendelian disorders [38]. Nonetheless, only 114 associations (0.8%)
atp <5 x 108 have been reported on the X chromosome, on a total of more than 14,700 signals
identified by GWAS for ~300 traits [39]. These data could potentially be explained by the fact that the
vast majority of GWAS have not included chromosome X in their analyses and have not considered
gender. There is also a lack of specific bioinformatics pipelines to adopt in the analytic steps [40].

To overcome the limitation of the lack of a replication cohort in the association study, we focused on
the investigation of an “intermediate phenotype”, i.e., the gene expression profile of NOX2 components
in CD4* and CD4~ cells. We used a two-tiered approach, based on both microarray and real-time
RT-PCR experiments. The most striking result was the differential gene expression for the CYBB
gene in MS cases, with opposite molecular signatures not only between males and females, but also
between CD4~ and CD4" cells. Indeed, sex-differential expression has recently emerged as a common
feature of many genes. For instance, by comprehensively analyzing the Genotype-Tissue Expression
(GTEXx) data across 53 tissues (publicly available at https: / /www.gtexportal.org/home/), Gershoni and
Pietrokovski were able to demonstrate that more than 6500 protein-coding genes showed significant
sex-differential expression in one or more tissues [41]. In most of the cases, these genes are differentially
expressed according to gender in just one or a few tissues. The CYBB gene seems to conform to this
rule, showing a certain degree of sex-differential expression in kidney cortex, bladder, and thyroid
(see Figure S1 in the Supplementary Materials); similar observations can be made for NCF1, NCF2,
NCF4, and CYBA. Of note, data relative to blood cell sub-populations are missing in the GTEx portal.

The differential gene expression evidenced by stratifying patients and controls on the basis of the
gender and, above all, according to the cell type, could contribute to explaining—if confirmed in other
immune disorders—some of the puzzling observations that have accumulated over the years on CGD,
SLE, or RA. For instance, RA patients show in blood a marked increase in ROS formation, protein
oxidation, as well as lipid peroxidation [42]. In addition, they also present a synovial tissue that is
invaded by inflammatory cells, a large proportion of which are activated CD4* T cells [43]. Both these
phenomena can collectively account for tissue damage and for the chronicity of the disease. However,
the development of RA has been associated with a lower copy number of the NCF1 gene [44], and this
association was supported by ncfl mutant rodents [45,46]. In this regard, it could be speculated that
lower expression levels of the NOX2 complex could be protective against the chronic inflammation
in RA relevant tissues; on the other hand, a lower oxidative burst response in antigen-presenting
cells, especially in the thymus during priming, could change the antigen-presentation capacity of the
cells, thus inducing autoimmunity [46]. Besides RA and SLE, previously shown examples of immune
pathology characterized by inappropriate over-activation or down-regulation of ROS also include
psoriasis, Hashimoto thyroiditis, vitiligo, and inflammatory bowel disease [47,48].

Concerning specifically MS, our results well fit with the observations of Fischer and colleagues [16],
who described a global NOX2 over-expression in microglia and infiltrating macrophages of MS patients’
autopsy brain tissues. These data also suggest that an inflammation-associated oxidative burst could
play a fundamental role in the demyelination process typical of MS.

In conclusion, our work adds another piece of information on the possible involvement of NOX2
in the pathogenesis of MS, suggesting that this particular topic deserves to be further investigated,
especially in the light of potential therapies based on decreasing/enhancing the oxidative burst.

4. Materials and Methods

4.1. Materials

All oligonucleotides for SNP genotyping and quantitative real-time RT-PCRs were purchased
from Proligo (Paris, France). Primer couples for microsatellite analysis were from Applied Biosystems
(Foster City, CA, USA). All sequences can be provided on request. The AmpliTaq Gold, DynaZyme,
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and HotStar Taq DNA polymerases were from Applied Biosystems, Finnzymes (Espoo, Finland), and
Qiagen (Hilden, Germany), respectively.

4.2. MS Pedigrees

The study was approved by the ethical committee of the Helsinki and Uusimaa hospital district
(Decision 46/2002, #192/E9/02), and all individuals included in the study gave their informed consent.
The study material consisted of a total of 63 families: 22 of them were multiplex MS families, having
two to six affected cases per pedigree, whereas the remaining 41 families were composed of MS
patients with their parents and unaffected siblings. These families were previously described [49]
and they all originate from the high-risk region for MS in Southern Ostrobothnia, Finland. In total,
the cohort consisted of 547 individuals, 116 being MS cases. Patient selection was hospital-based; only
definite cases were included (clinically or laboratory-supported definite). Diagnosis of MS in affected
individuals strictly followed Poser’s diagnostic criteria [50].

4.3. Genotyping

Genomic DNA was extracted from peripheral blood cells following standard procedures.

Two non-chimeric microsatellite markers (D7S1870 and D752518) were selected from databases for
the association analysis of the NCF1 gene, avoiding the highly duplicated regions characterizing this
chromosomal locus (7q11.23). Microsatellite markers were PCR amplified in two-plex format in 10-uL
reaction mixtures under standard conditions, using VIC (D751870) or PET (D752518) labeled primers,
the AmpliTaq Gold DNA polymerase, a M] Tetrad thermal cycler (M] Research INC, Waltham, MA,
USA), and a touch-down thermal profile. PCR products were run on an ABI-3730 Genetic Analyzer
(Applied Biosystems) and analyzed using the Genotyper software (Applied Biosystems).

For the association analysis of the other genes, we selected 21 SNPs, having heterozygosity
>10%. Primers flanking the putative SNPs were designed for multiplex PCR amplification using
the web-based program MPprimer (https://omictools.com/mpprimer-tool?t=tab-tool-variant-0).
SNPs were first tested for polymorphic content by direct sequencing the relevant PCR-amplified
fragment in 32 healthy Finnish individuals. Nine SNPs were monomorphic in the Finnish population,
whereas one was tri-allelic; those ten SNPs were not further investigated. The remaining 11 SNPs
were typed in MS samples using an in-house developed microarray, based on allele-specific primer
extension [51]. In particular, two allele-specific detection oligonucleotides were designed for each
SNP: these primers were characterized by the presence of a 5" aminolinker and a stretch of 9T
(poly-T), followed by the SNP-specific sequence. The 5" aminolinker and the poly-T served to spot
and anchor detection oligonucleotides onto silane/isothiocyanate-coated chrome mirror microscope
slides (Evaporated Coatings, Willow Grove, PA, USA). Spotting was performed in duplicate using an
OmniGrid 100 arrayer (Discovery Scientific, Vancouver, BC, Canada). Regions containing the SNPs
were PCR amplified with a touch-down protocol from genomic DNA in two multiplex reactions, using
SNP-specific primers with a T3 (forward) or a T7 (reverse) tail. Multiplex reactions were in-vitro
transcribed using the AmpliScribe T7 or T3 High Yield Transcription Kit (Epicentre Technologies,
Madison, WI, USA). The DNAsel-treated T3 or T7 RNA pools were hybridized to the arrays in a
hybridization buffer (1.67 M NaCl) at 42 °C for 20 min. Arrays were washed twice in a washing buffer
(0.3 M NaCl, 0.5x TE, 0.1% TritonX-100) and subsequently rinsed in ice-cold water. The allele-specific
extension was performed using the MMLV Reverse Transcriptase (Epicentre Technologies) in a 20-uL
reaction containing 50 mM Tris-HCl (pH 8.3), 10 mM MgCl,, 75 mM KCl, 10 mM DTT, 0.5 uM dATP,
0.5 uM dGTP, 0.5 uM ddATP, 0.5 uM ddGTP, 1 uM Cy5-labeled dCTP, 1 uM Cy5-labeled dUTP
(Cy5-labeled nucleotides were from Amersham Pharmacia Biotech, Uppsala, Sweden), 15% glycerol,
and 0.24 M trehalose. Reverse transcription was carried out at 52 °C for 20 min. Finally, arrays were
put in washing buffer under mild agitation for 15 min, dipped quickly in 50 mM NaOH, washed again
in washing buffer, rinsed in ice-cold water, air dried, and scanned using a ScanArray 4000 instrument
(Packard Biochip Technologies, Perkin Elmer Life Sciences, Boston, MA, USA). The image was analyzed
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using the ScanArray software (Packard Biochip Technologies, Perkin Elmer Life Sciences). Genotypes
were called using an in-house developed software (W. Wong and C. Li, unpublished data).
The list of selected polymorphisms is presented in the Supplementary Materials (Table S1).
Important note: the entire analysis was performed a while ago, i.e., before the genomic databases
became available with all the associated information on allele frequencies in different ethnicities.

4.4. Statistical Analyses

All genotypes were checked for Mendelian errors using PedCheck [52]. The check for the HWE
was performed using the Genepop program (option 1), which also admits multiallelic markers [53];
only genotypes of women were considered for X-linked SNPs.

TDT [54] and HRR (a modified TDT test that uses siblings as “pseudo-controls”) [55] analyses, both
implemented in the ANALYZE package [55], were used in the association study. Since the inheritance
pattern of MS is unknown, analyses were performed using two different modes of inheritance, i.e.,
dominant with reduced penetrance of f = 0.05 (with disease allele-frequency estimate of 0.01) or f = 0.76
(with disease allele-frequency estimate of 0.0006) [56].

Analyses were repeated using the PLINK software v.1.07 [57] by applying a more powerful
method based on the TDT statistic implemented with the parental discordance test. This test is based on
counting the number of alleles in affected versus unaffected parents (using each nuclear-family parental
pair as a matched pair). These counts are then combined with the transmitted and untransmitted
counts of the basic TDT to give a combined test statistic [58]. In this analysis, multiallelic markers were
analyzed as biallelic, considering from one hand the most common allele, and from the other all the
remaining ones clumped together as they were a unique alternative allele. In the text, p values, ORs,
and 95% Cls always referred to the minor allele.

Considering the exploratory hypothesis-generating nature of the present study and the limited
sample size as compared to the number of investigated genetic variants, we did not adjust for multiple
testing, and p values < 0.05 were considered to be statistically significant. However, the total number
of performed tests as well as the threshold of significance based on the over-conservative Bonferroni
correction has been indicated in the footnote of the relevant table.

4.5. RNA Samples

Fresh blood samples from 25 members (both male and female subjects) belonging to five of the
above-mentioned multiplex MS families were collected. PBMCs were separated using a Ficoll-Paque
(Amersham Pharmacia Biotech) density gradient centrifugation, and hence stratified to CD4* and
CD4~ cell populations by negative selection using the CD4" T-cell isolation kit (Miltenyi Biotec,
Auburn, CA, USA) and an autoMACS instrument (Miltenyi Biotec). Total RNA was extracted from
CD4* and CD4~ samples using the Trizol reagent (Ambion, Austin, TX, USA), treated with DNAse-I,
and further purified with RNeasy Mini Kit columns (Qiagen, Valencia, CA, USA) according to the
manufacturers’ instruction. RNA quality was assessed using the RNA 6000 Nano assay in a Bioanalyzer
(Agilent Technologies, Foster City, CA, USA).

As for the replication cohort, we collected PBMCs from 21 unrelated RR-MS patients and 21
healthy subjects, all females and Caucasians (coming from Northern Italy). Controls were age-matched
with cases. To avoid possible confounding effects, we focused only on RR-MS cases in remitting phase,
who had not received any immune-modulatory therapy within the month prior to blood withdrawal.
PBMCs were isolated from heparinized blood immediately after phlebotomy by centrifugation on a
Lympholyte Cell separation media (Cederlane Laboratories Limited, Hornby, ON, Canada) gradient.
Total RNA was isolated using the Eurozol kit (Euroclone, Wetherby, UK).

4.6. Sample Preparation, Microarray Processing, and Data Analysis

RNA samples were prepared for hybridization on the Affymetrix GeneChip Human Genome U133
Plus 2.0 Array (Affymetrix, Santa Clara, CA, USA) according to the manufacturer’s recommendations.
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In brief, 1 ug of total RNA was converted to biotin-labelled cRNA using the Affymetrix HT One-Cycle
c¢DNA Synthesis Kit and the HT IVT Labelling Kit. Fifteen g of cRNA were then fragmented and
hybridized for 16 hours at 45 °C, washed in Affymetrix Fluidics Station 450, and then scanned with
Affymetrix GeneChip Scanner 3000. Hybridization, washing, staining, and scanning were conducted
using the same instruments for all samples.

Raw intensity data files were imported to GeneSpring 7.3 (Agilent Technologies) and GC
Robust Multi-array Average (GC-RMA) normalized. We then excluded probe sets with low signal
intensity (GC-RMA normalized signal < 50). Probe sets with a p < 0.05 were considered to be
differentially expressed.

4.7. Semi-Quantitative Real-Time RT-PCRs

Random hexamers and the TagMan Gold RT-PCR kit (Applied Biosystems) were used to perform
first-strand cDNA synthesis starting from 1 pg of total RNA from CD4*/~ cells, according to the
manufacturer’s instructions. From a total of 20 uL of the RT reaction, 4 uL were used as template for
semi-quantitative real-time RT-PCRs for the quantitation of the NCF1 and NCF2 mRNAs. Assays were
carried out using the SYBR-Green Kit (Applied Biosystems) and a standard PCR thermal protocol on
the ABI Prism 7900 HT Sequence Detection System. Data were analyzed with the Sequence Detector
version 2.0 software (Applied Biosystems).

As for CYBB evaluation, random hexamers and the Superscript-lIl Reverse Transcriptase
(Invitrogen, Carlsbad, CA, USA) were used in the RT step starting from 1 pg of RNA extracted
from PBMCs of MS patients and controls. From a total of 20 uL of the RT reaction, 1 pL was used as a
template for amplifications, using the FastStart SYBR Green Master Mix (Roche, Basel, Switzerland)
on a LightCycler 480 (Roche), following a touch-down thermal protocol. Data were analyzed by the
GeNorm software [59].

In all cases, RT-PCRs were performed at least in triplicate. Expression levels were normalized
using HMBS (hydroxymethylbilane synthase gene) and ACTB (f3-actin) as housekeeping genes. Primer
sequences can be provided on request.

Supplementary Materials: Supplementary materials can be found at http:/ /www.mdpi.com/2227-9059/6/4/
117/s1.
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Abbreviations

ACTB B-actin

CD4* Cluster of differentiation 4 positive

CD4~ Cluster of differentiation 4 negative

CGD Chronic granulomatous disease

CI Confidence interval

CNS Central nervous system

CYBA Cytochrome B-245 alpha chain, coding for the p22phox subunit of the NOX2 system
CYBB Cytochrome B-245 beta chain, coding for the gp91phox subunit of the NOX2 system
GC-RMA GC Robust Multi-array Average

GWAS Genome-wide association study

HLA Human leukocyte antigen

HMBS Hydroxymethylbilane synthase gene
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HRR Haplotype relative risk

HWE Hardy-Weinberg equilibrium

MMLV Moloney Murine Leukemia Virus

MS Multiple sclerosis

NADPH nicotinamide adenine dinucleotide phosphate

NCF1 Neutrophil cytosolic factor 1, coding for the p47phox subunit of the NOX2 system
NCF2 Neutrophil cytosolic factor 2, coding for the p67phox subunit of the NOX2 system
NCF4 Neutrophil cytosolic factor 4, coding for the p40phox subunit of the NOX2 system
NOX NADPH oxidase system

NOX2 NADPH oxidase system 2 (isoform 2 of the complex)

OMIM Online Mendelian Inheritance in Men

OR Odds ratio

(O3] Oxidative stress

PBMCs Peripheral blood mononuclear cells

RA Rheumatoid arthritis

ROS Reactive oxygen species

RR Relapsing-remitting

RT-PCR Reverse-transcription polymerase chain reactions

SD Standard deviation

SLE Systemic lupus erythematosus

SNP Single nucleotide polymorphism

TDT Transmission/disequilibrium test
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Abstract: Multiple Sclerosis (MS) is a major cause of neurological disability, which increases
predominantly during disease progression as a result of cortical and grey matter structures
involvement. The gradual accumulation of disability characteristic of the disease seems to also
result from a different set of mechanisms, including in particular immune reactions confined to the
Central Nervous System such as: (a) B-cell dysregulation, (b) CD8* T cells causing demyelination
or axonal/neuronal damage, and (c) microglial cell activation associated with neuritic transection
found in cortical demyelinating lesions. Other potential drivers of neurodegeneration are generation
of oxygen and nitrogen reactive species, and mitochondrial damage, inducing impaired energy
production, and intra-axonal accumulation of Ca?*, which in turn activates a variety of catabolic
enzymes ultimately leading to progressive proteolytic degradation of cytoskeleton proteins. Loss of
axon energy provided by oligodendrocytes determines further axonal degeneration and neuronal
loss. Clearly, these different mechanisms are not mutually exclusive and could act in combination.
Given the multifactorial pathophysiology of progressive MS, many potential therapeutic targets
could be investigated in the future. This remains however, an objective that has yet to be undertaken.

Keywords: autoimmunity; axon; cortex; demyelination; mitochondria; multiple sclerosis; myelin;
neurodegeneration; oligodendrocyte; progressive multiple sclerosis

1. Introduction

Multiple Sclerosis (MS) is a chronic inflammatory disease of the Central Nervous System (CNS)
leading to demyelination and diffuse neurodegeneration in both brain and spinal cord grey and
white matter of the brain and spinal cord [1,2]. Although its etiology remains elusive results from
immunological, genetic, and histopathology studies of patients with MS support the concept that
autoimmunity plays a major role in disease pathogenesis [1,3]. Disease course can be highly variable,
however most patients present recurring clinical symptoms from onset followed by total or partial
recovery, the classic relapsing-remitting form of the disease (RRMS). After 10-15 years the pattern
becomes progressive in up to 50% of untreated patients, and symptoms slowly progress over a period
of many years. This stage is defined as secondary progressive MS (SPMS). Fifteen percent of MS
patients can present a progressive from onset, and is named primary progressive MS (PPMS) [4].
Actually, it is not known to whether PPMS is a different form of MS or is simply SPMS, without
identifiable clinical relapses.

The most characteristic brain tissue injury in MS is primary demyelination with partial
preservation of axons [2]. In general, actively demyelinating plaques in RRMS involves the
movement of immune cells from the periphery into the CNS, which is associated with disruption
of the blood-brain-barrier (BBB). In contrast, progressive disease involves the development of
compartmentalized pathological processes within the brain mediated mainly by resident CNS
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cells. Evidence of this comes from MRI showing decreased gadolinium (Gd) enhancement in CNS
lesions found in progressive MS patients, indicating reduced BBB breakdown and less movement
of immune cells into the CNS. Several tissue pathology findings are associated with progressive MS.
The most prominent is brain atrophy, caused chiefly by degeneration and chronic demyelination
of axons, ultimately leading to neuronal loss [5]. Representing a major cause of irreversible
neurological disability [6]. Although imaging and neuropathological studies have shown that both
axonal degeneration and neuronal death are present in acute or active MS lesions [7], progression
likely occurs once axonal loss exceeds CNS compensatory capacity. Whether inflammation and
neurodegeneration are primary or secondary processes, and how they interact during the course
of disease remains unclear. Another major pathological substrate of progressive MS is cortical
demyelination. Grey matter demyelination is also observed in cerebellar cortex, the hippocampus,
and in deep grey matter nuclei [8-11]. In addition to demyelination and oligodendrocyte loss,
demyelinating cortical lesions show neuritic transection, neuronal death and reduced presynaptic
terminal numbers [8,12]. In progressive MS lesions diffuse pathology is also present in normal
appearing white and grey matter, reflected by diffuse axonal injury with profound microglia activation
within a background of a global inflammation of the entire brain and the meninges [13]. Interestingly,
MRI studies suggest that cortical atrophy may be more closely related to diffuse neurodegeneration in
the normal appearing white matter than to the extent of focal white-matter demyelination [14].

In recent decades, better understanding of mechanisms underlying RRMS has led to the
development of different disease-modifying therapies, reducing both severity and frequency of new
relapses through immune system modulation [15,16]. In contrast, therapeutic options available for
progressive MS are comparatively disappointing, and remain a challenge. One possible reason may be
lack of knowledge regarding the pathogenic mechanisms driving progressive MS. At present, abnormal
tissue findings seen in progressive MS remain poorly represented in experimental animal models.

This review discusses present knowledge on grey matter involvement in progressive MS, as well
as the putative mechanisms that can determine the processes of neurodegeneration and neuronal death.

2. Grey Matter Changes Observed in MS

2.1. Cortical Compromise in MS

Even though MS was considered early on to be a demyelinating disease of CNS white matter
mediated by inflammation, the possibility has been raised in recent years that cortical and deep
grey matter demyelination may exceed that of white-matter demyelination, with both postmortem
and in vivo studies revealing presence of extensive lesions in grey matter (GM) structures [8,17,18].
Initially articles explained GM compromise as a phenomenon associated exclusively with prolonged
disease duration and progressive forms. Recently, however, cortical and deep grey matter lesions
in the thalamus, caudate, putamen and cerebellum cortex have been detected during early stages of
disease independent of white-matter pathology [19-22]. Indeed, evidence establishing that grey matter
involvement related to disease activity and more aggressive forms is growing [23]. In contrast to other
neurodegenerative diseases, it is not known whether cortical atrophy in MS is a more diffuse process or
develops instead following distinct anatomical patterns. Cortical regions of the frontal lobe, posterior
cingulate, insula and temporal lobes (especially hippocampus) as well as of the cerebellum are by far
the most frequent areas affected early on, causing disability progression and cognitive impairment [24].
Recently different patterns of cortical atrophy with or without concomitant white-matter lesions have
been described in patients with long-lasting MS. Most of these show a non-random and symmetric
distribution, as well as, stronger associations with clinical dysfunction than global cortical atrophy [25].
In CNS tissue samples obtained at autopsy, different cortical lesions have been detected [8,17] in
around 60% of the cases, while more recent 7T MRI protocols estimate a frequency above 90% [8,17,26].
Three types of cortical lesions have been reported in MS brain tissue: leukocortical, intracortical
and subpial [27]. Leukocortical lesions or type 1 lesions seems to start in the subcortical white
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matter and extend into the cortex to layers V and VI (Figure 1A,B). Cortical sectors of these lesions
showed increased numbers of lymphocytes and microglia/monocytes compared to normal appearing
cortex from the same brain or from aged-matched control brains, although numbers of these cells
are substantially less abundant than those seen in subcortical white matter [8]. Leukocortical lesions
have been detected in patients even during the earliest stages of MS. Intracortical lesions or type 2
lesions are located entirely within the cerebral cortex, are not in direct contact with subcortical white
matter or pia mater, and are in general small and perivascular. Finally, subpial lesions or type 3 lesions
represent the most abundant type of cortical lesions, and are most prominent during progressive stages.
These lesions often show myelin loss in cortical layers I through IV spanning several gyri. On occasion,
they can involve all six cortical layers, but rarely invade subcortical white matter, and are mostly
associated with meningeal inflammation [17,28,29]. With the exception of loss of myelin, subpial
lesions lack most of the other pathological signature findings described in white-matter lesions such as
blood-brain-barrier breakdown, as well as immune cells infiltration, perivascular cuffs, astrogliosis,
loss of oligodendrocyte progenitor cells, and complement activation. Active tissue damage is also
associated with microglial activation [22,30]. However, no correlation has been observed between
subpial and white-matter lesion loads [31,32], suggesting subpial demyelination occurs independently
of white-matter demyelination. General consensus from autopsy studies would indicate subpial
lesions are abundant in progressive stages of MS (both PPMS and SPMS) and rare in MS patients with
acute disease or during early stages of RRMS.

Figure 1. (A) Three-dimension sagittal T1-weighted. Hypointense cortical lesion (white arrow).
(B) Three-dimension sagittal T2-Fluid Attenuated Inversion Recovery (FLAIR). Hyperintense
leukocortical lesion (white arrow). (C) Axial FLAIR. Subcortical temporal demyelinating plaque
and perithalamic internal capsule lesion (white arrow). (D) Post-contrast 3D sagittal FLAIR. Focal area
of leptomeningeal enhancement (white arrow).
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2.2. Deep Grey Matter (DGM) Structures Changes in MS

Although less well studied, DGM structures involvement is often present together with cortical
atrophy, particularly of the thalamus. To date estimation of whole-brain volume has been used most
often as a surrogate marker of atrophy in MS, because it is relatively easy to measure. However, there is
growing evidence that grey matter volume loss may be more pronounced than that of white matter and
be more strongly linked to long-term disability [33,34]. The thalamus may be particularly susceptible
to neurodegeneration through different mechanisms, of which two are particularly prominent. First,
demyelinating lesions can occur in the thalamus and in perithalamic regions (Figure 1C). Indeed,
DGM demyelination can be frequently observed in postmortem MS brain, particularly in the caudate,
and in the medial and anterior thalamic nuclei [11]. Histopathologic characterization of the thalamic
lesions recapitulates the spectrum of active, chronically demyelinated, lesions observed in the white
matter. Similar to changes found in cortical grey matter at autopsy, parenchymal infiltration by T and
B cells is limited when compared to levels observed in classic active white-matter lesions. Second,
recent work has shown clear patterns of grey matter atrophy in patients with MS that are focused in
regions that are strongly connected with diverse neuronal networks [25]. Because DGM structures are
extensively connected to cortical grey matter regions, atrophy could also be due to a retrograde event
resulting from axonal transection in white-matter tracts projecting from the thalamus, or secondary to
trans-synaptic deafferentation of thalamic neurons [11,35]. Interestingly, recent studies have shown
that volume loss in DGM over time is faster than in other brain regions across all clinical phenotypes,
and drives disability [21,36,37]. Together these studies provide strong evidence that thalamic volume
and DGM volume more broadly, are dramatically affected in MS.

3. Mechanisms of Neurodegeneration

Different theories have been put forward to explain how progressive MS is triggered.
One suggestion is that although brain damage is driven by inflammatory processes similar to those
observed during RRMS, during progressive disease stages, a microenvironment is created within
the CNS favoring homing and retention of inflammatory cells, ultimately making disease-modifying
therapies ineffective [38]. A second possibility is that MS starts out as an inflammatory disease,
but after several years a neurodegenerative process independent of inflammatory responses becomes
the key mechanism behind disease progression [39]. Finally, MS could be a neurodegenerative disease,
with inflammation occurring as a secondary response, amplifying progressive states [40,41]. Clearly,
these different mechanisms are not mutually exclusive and could occur in combination. Therefore,
in MS neurodegeneration and ultimately progression of disease and chronic disability develop as a
result of many different molecular mechanisms. These have been summarized in Table 1.

Table 1. Mechanisms proposed to explain Multiple Sclerosis progression.

Mechanisms of Neurodegeneration and Axonal

Immunological Mechanisms and Effectors

Dysfunction
B Cells Mitochondrial Injury
Antibody production, Ag presentation, ectopic formation of ~ Impaired activity of respiratory chain complexes (I,
follicle-like structures Il and 1V)
Induction of compartmentalized population driving CNS Alterations in mitochondrial molecular motors
injury, independent of peripheral immune activity. mtDNA deletions

Secretion of IL-6, TNF-«, IL-10, and IL-35: Complement
activation and T cell functions
EBV-infected B-cell Induce CD8-mediated immune responses
against brain tissue

Energy deficiency: failure of Na* /K* ATPase, reverse
activity of NCX, and excess of intra-axonal Ca*.
Amplify oxidative stress. Mediates histotoxic
hypoxia, which magnifies energy deficiency

CD8* cytotoxic T lymphocytes

Release of Fe3*

Release of TNF-«: neuronal cell death via p55 receptor;
IFN-y: increased Glutamate neurotoxicity and Ca?* influx;
secretion of perforin and granzyme: cellular membrane
damage, associated to Na* and Ca?* influx

Iron accumulates with aging. The release of Fe**
from damaged OGD amplifies oxidative injury
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Table 1. Cont.

Mechanisms of Neurodegeneration and Axonal

Immunological Mechanisms and Effectors .
Dysfunction

Astrocytes * Anomalous Distribution of Ion Channels

Secretion of pro-inflammatory cytokines (IL-1, IL-6, TNF-«),
chemokines (CCL-2, CCL-5, IP-10, CXCL-12, IL-8) and BAFFE.
Blood-brain-barrier breakthrough: action on endothelial cells
and tight junctions
Activation of microglia: secretion of CXCL-10/CXR3,
GM-CSE, M-CSF and TGF-f. Production of
Lactosylceramide: induces secretion of CCL2 and GM-CSF
Production of ROS, RNS, NO and ONOO-limited Glutamate
transporters, increasing Glutamate excitotoxicity
Reactive astrogliosis: inhibition of remyelination and axonal
regeneration by over-secretion of FGF-2, CSPGs and EPH.
Upregulation of purinergic receptors: increased
responsiveness to ATP, formation of membrane pores and
increased of Ca?* influx
Cellular senescence: low level of chronic inflammation,
altered Ca®* homeostasis

Redistribution of Na* channels (Nay, 1.2, 1.6 and 1.8)
along the denuded axon: increased energy demand.
Activation of VGCC, ASIC1 and TRPM4 contributes
to excess of intra-axonal Ca®*
Glutamate excitotoxicity mediates massive influx of
Ca?* into neurons
Excess of intra-axonal Ca®* stimulates catabolic
enzyme systems: leading to proteolytic degradation
of cytoskeletal proteins

Loss of Myelin-Derived Trophic Support and

. -
Microglia Deficit in Axonal Transport

Decreased expression of immunosuppressive factors:
fractalkine-CX3CR1, and CD200-CD200R. Secretion of
pro—inﬂammatory cytokines: IL-1, IL-6, TNF-«, IFN-y. Ag
presentation of CD4" T cells via Major Histocompatibility
Complex (MHC) Class I
Oxidative burst: production of ROS and RNS
Acquisition of aging phenotype: expression of AGE and
RAGE

Alteration of a single myelin protein synthesis (PLP,
MGA, or CNP) can cause axonal dysfunction
Deficit in axonal transport can reduced expression of
kinesins (anterograde transport) and dyneins
(retrograde transport)

* Only deleterious mechanisms are presented. Ag: antigen; AGE: Advanced glycation end products; ASICI:
acid-sensing ion channel; BAFF: B-cell-activating factor; CNP: 2’3’ cyclic-nucleotide 3’ phosphodiesterase; CNS:
Central Nervous System; CSPGs: chondroitin sulphate proteoglycans; EBV: Epstein-Barr virus; EPH: ephrins; FGF-2:
fibroblast growth factor 2; GM-CSF: granulocyte-macrophage-colony stimulating factor; MAG: myelin—associated
glycoprotein; M-CSF: macrophage-colony stimulating factor; mtDNA: mitochondrial DNA; NCX: sodium calcium
exchanger; NO: nitric oxide; OGD: oligodendrocytes; ONOO™: peroxynitrite; PLP: proteolipid-protein; RAGE:
AGE receptor; RNS: reactive nitrogen species; ROS: reactive oxygen species; TRPM4: transient potential receptor
melastatin 4; VGCC: Voltage-gated Ca?* channel.

4. Inflammatory Events

Evidence from animal models and immunological studies in MS patients suggests that peripheral
immune response targeting the CNS drives the disease process during early phases, whereas immune
reactions confined to the CNS dominate later phases of progression [42,43]. The composition of
the inflammatory infiltrate within the CNS results from the combination of peripheral immune
cells influx, and resident cell activation, particularly of microglial cells, which can change their
intrinsic “resting” state in response to prolonged inflammation. Among potential candidates driving
inflammation during progressive MS, the role of B cells appears to be prominent. B-cell functions
that could be of relevance in progressive MS include: antibody production, increased secretion of
pro-inflammatory cytokines, deficient production of regulatory cytokines which impact complement
activation and T cell function, as well as antigen presentation and ectopic formation of follicle-like
structures [44,45]. Ectopic follicle-like structures are pathological tissue formations resembling
tertiary lymph nodes, found in the subarachnoid space of leptomeninges close to inflamed blood
vessels (Figure 1D), and also present in other chronic inflammatory diseases [46,47]. They can be
induced by follicular T- helper cells cytokine networks acting as positive (i.e., IL-21, and IL-22)
and negative (i.e., IL-27) regulators, as well by changes in the stromal networks in connective
tissue [48,49]. Composition of these pathologic structures is characterized by aggregates of T and B
cells often showing T/B segregation, and development of high endothelial venules, and follicular
dendritic cell networks [19,46]. They are capable of sustaining in situ antibody diversification, isotype
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switching, B-cell differentiation and oligoclonal expansion similar to ectopic germinal centers, which
can also support the production of autoreactive plasma cells at the site of local inflammation [48].
These structures co-localize with grey matter lesions and parenchymal infiltrates [50], and are present
during different stages of development, ranging from simple T and B-cell clusters to highly organized
follicles encapsulated by reticulin lining [51]. Once follicle-like develop, lymphoid chemokines CCL19,
CCL21, CXCL12, and CXCL13 are critical for their perpetuation and function, controlling homing
recruitment, maturation and antigenic selection of B cells [52], which in turn sustain a high level
of humoral response within the CNS independent of peripheral inflammation. This is of particular
relevance during progressive MS, when the BBB is intact and contribution to disease activity from
entry of peripheral immune cells into the brain is negligible. Antibodies against both myelin antigens
and to non-myelin antigens such as neurofascin, neurofilaments and the glial potassium channel KIR
4. 1 has been shown to play an important role in axonal and neuronal damage through complement
cascade activation [53-55]. In progressive MS cortical demyelination, neurodegeneration and atrophy
show positive correlation with diffuse inflammatory infiltrates and lymphoid-follicle structures in
leptomeninges, indicating activation of these structures contribute to cortical pathology [2,19,23]. As in
other chronic inflammatory diseases follicle-like structures occur in around 40% of SPMS cases [45,56],
but are uncommon in PPMS cases. However, it is not known whether follicle-like structures are a
typical feature of different disease subtypes from the beginning, or develop as a result of persistent
tissue damage and antigen release [20,49]. Notably, meningeal inflammation in SPMS is associated
with damage of glial limitans, and a gradient of neuronal loss, which is greater in superficial cortical
layers (I-III) nearer the pial surface than in inner cortical layers [23]. These findings suggest cytotoxic
factors diffusing from the infiltrated meninges may play a major role in subpial cortical lesions
development. Indeed, presence of follicle-like structures in patients with SPMS has been associated
with a more severe clinical course, shorter disease duration and earlier death [28,57,58]. Despite this
evidence, some studies have reported no substantial perivascular infiltration in pure intracortical
lesions found postmortem in patients with longstanding progressive MS [8,17]. These contradictory
findings could be due to a reduced sample size, or to insufficient inflammatory activity in the tissue
analyzed. Of note, questions remaining regarding neurodegenerative and immunological mechanisms
underlying PPMS and SPMS pathology are different. In both cases diffuse meningeal inflammation
and cortical neuronal pathology may be significant contributors to clinical progression, suggesting
similar pathogenic mechanisms, irrespective of a prior relapsing—remitting course, or the presence
of follicle-like structures [59]. Differences observed between both forms of the disease are more
quantitative than qualitative in nature [60]. Because serological and epidemiological studies have
found an association between B-lymphotropic Epstein-Barr virus (EBV) infection and MS [61], it has
been hypothesized that EBV infection of CNS- infiltrating B cells may drive MS pathology [62].
Analysis of postmortem brain tissue from MS patients with different forms of disease, have shown
that accumulation of EBV-infected B cells/plasma cells in the meninges and perivascular compartment
of white-matter lesions is common and that numbers of EBV-harboring cells correlates with the degree
of brain inflammation. Absence of EBV in brain-infiltrating B cells in other inflammatory neurological
diseases indicates that homing of EBV-infected B cells to the CNS is specific to MS and not a general
phenomenon driven by inflammation [63]. Colonization of cortical lesions has been associated with
EBV-encoded small nuclear mRNA (EBER) transcripts in B cells and plasma cells, predominantly
expressed during the latent phase of viral infection. Expression of the latency proteins EBNA2 and
LMP1, which provide proliferative and prosurvival signals to B cells, in active white-matter lesions
and in the meninges in most MS cases, as well as the presence of foci of B-cell proliferation in the
MS brain tissue, support a mechanism of EBV-driven B-cell expansion. Ectopic follicle-like structures
contained numerous LMP1*, but no EBNA2* cells. Meanwhile lytic proteins BZLF1 and BERF1 were
found restricted to plasma cells located in active cortical lesions, indicating these structures represent
main sites of viral reactivation [63]. Because cells expressing EBNA2 and LMP1 are usually not found
in blood, their presence in brain suggests complete disruption of EBV regulation [64]. However,
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other authors report absence of CNS EBV infection in MS [65]. Interestingly, early lytic EBV antigens
elicited CD8-mediated immune responses, triggering strong cytotoxic effects in brain tissue [66].
Indeed, the most active cortical MS lesions are often crowded with CD8" T cells, and contain few B
cells o plasma cells, suggesting cortical inflammation correlate with reduction in both B and plasma
cell numbers [67]. These observations suggest that EBV reactivation combined with a strong cytotoxic
antiviral response mediated by CD8" T cells may drive acute inflammation in both white and grey
matter, as well as within the meningeal compartment. CD8" T cells can also recognize specific antigens
present on oligodendrocytes, neurons or axons. Once activated, they may be partly responsible for
demyelination or axonal/neuronal damage in MS [68-70]. Most CD8* T lymphocytes recovered from
MS lesions belonged to a few clones [71]. Samples obtained from patients studied longitudinally have
shown that certain CD8* T cell clones found in MS patients may persisted over many years in CSF
and/or CNS tissue [5,72]. In sharp contrast, the repertoire of CD4" T cells recovered from the CNS
in MS patients is heterogeneous [5,71,72]. Overall, these findings reinforce the concept that CD8* T
lymphocytes present in the CNS of MS patients are not just bystander cells but are engaged in active
immune responses [73]. Axonal damage in white-matter lesions correlates with the number of both
CD8* T cells [74] and of activated microglia/macrophages [75] and resident CNS cells which show
intense MHC I expression in all types of inflammatory lesions [76]. These observations collectively
suggest that in white-matter lesions, CD8* T cells contribute as effector cells causing oligodendrocyte
as well as axonal damage. However, there is still controversy over the underlying mechanisms,
through which cytotoxic CD8* T lymphocytes harm axons and neurons in MS. Cytotoxic CD8" T
lymphocytes release cytokines, such as IFN-y, and TNF-«, as well as perforin, and granzymes A and
B [70,77,78]. IFN-y for instance, can increase glutamate neurotoxicity and Ca?* influx into neurons
through modulation of the IFN-y/AMPA Glutamate receptor complex [78]. TNF-c on the other hand
triggers cell death via the p55 receptor present on neurons [79]. Perforin and granzymes directly
damage the cell membrane, causing Na* and Ca?* influx, ultimately leading to energy breakdown and
consequent activation of lytic cell enzymes (see below). Granzymes disrupted calcium homeostasis
by increasing resting levels, and enhancing IP3-mediated endoplasmic reticulum calcium release.
Elevated concentrations of Ca®* are sufficient to activate calcium-dependent death effectors, including
caspases [80]. Although perforin did enhance GrB-mediated neurotoxicity, recombinant GrB can itself
induce neurotoxicity, independently of perforin [80]. Likewise, interactions between Fas antigen on
CD8* cytotoxic T lymphocytes and Fas ligand on neurons triggers Ca 2* release from intracellular
storage sites resulting in additional activation of the intracellular caspase cascade causing further
axonal/neuronal damage [81].

The role of cytotoxic CD4" T cells in progressive MS has not always been highlighted. However,
recent studies demonstrated an increase of this T cell population in late/chronic Experimental
Autoimmune Encephalomyelits (EAE) lesions as compared with acute lesions. Moreover, proportions
of cytotoxic CD4* T cells were further enriched in the CSF from SPMS patients as compared with
corresponding blood samples [82]. These cells arise from repeated antigenic stimulation, after which
they lose the co-stimulatory molecule CD28, presenting a cytotoxic phenotype, comparable with NK
and CD8* T cells [83]. In addition, CD4"CD28" T cells lose their sensitivity to apoptosis induction [84],
and are resistant to the suppressive actions of regulatory T cells [85]. Expansion of CD4*CD28" T cells
is associated with several autoimmune and chronic inflammatory conditions, including MS [86,87],
whereas in healthy individuals they are almost undetectable [88]. They have been identified not
just in the circulation of patients with chronic inflammatory diseases, but also in target tissues.
In MS CD4*CD28" T cells are capable of migrating to the CNS mainly through the fractalkine
(CX3CL1-CX3CR1) system. It comes as no surprise that patients who have high numbers of these cells
have more severe disease and poor prognosis. Indeed, recently baseline percentage of CD4*CD28" T
cells was associated with multimodal evoked potential (EP), indicating a link between these cells and
disease severity. In addition, the baseline CD4 *CD28" T cells percentage had a prognostic value since
it was associated with EP after 3 years and with EP and Expanded Disability Status Scale (EDSS) after 5
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years [89]. Notably, in patients with chronic inflammatory disorders it has been shown that CD4*CD28"
T cells have oligoclonal antigen receptors [90], produce high levels of inflammatory cytokines such
as IFN-y, and GM-CSF, and express cytotoxic molecules (e.g., NKG2D, perforin and Granzyme B),
features similar to innate-like T cells, which together could lead to neuronal and axonal loss similar as
described by CD8* T cell [68,83]. It remains unclear to date which are the antigens or cues that trigger
and/or drive the expansion of CD4*CD28" T cells and what stage they acquire cytotoxic activity that
contributes to tissue damage and consequent disease progression in MS.

Active demyelination and neurodegeneration have also been linked to microglial activation in
early lesions [91]. While in the surveillance state, microglia monitor brain parenchyma detecting danger
signals. This state seems to be maintained through a number of interactions with neurons. For example,
interactions have been described between CD200-CD200R, CD47-CD172a, and fractalkine-CX3CR1
interactions. As a consequence of brain injury or disease these interactions are lost and resident
microglia change their phenotype developing an “activated” state. This change can be induced
through several mechanisms including: production of pro-inflammatory cytokines released by
Th1 or Th17 T cells, presence of microbial pathogens (PAMPs) recognized by Toll-like receptors
(TLRs) or leucine-rich repeat containing receptors (NLRs), release of intracellular components from
necrotic or apoptotic cells, as well as presence of heat shock proteins, misfolded proteins (DAMPs)
or components of the complement cascade [92]. Microglial activation is not restricted to lesions,
but is also diffusely present in normal appearing white and grey matter [13]. In normal appearing
white matter (NAWM) for example clustering of activated microglia, so-called microglial nodules,
are abundant in areas adjacent to plaques, particularly in patients with progressive MS [93]. Notably,
microglia nodules have been associated with damaged axons expressing amyloid precursor protein
(APP) accumulation, and changes in neurofilament phosphorylation in the periplaque white matter.
Furthermore, direct spatial association has been observed between microglial nodules and axons
undergoing Wallerian degeneration [94]. These findings indicate microglial activation is associated
with signs of neuronal damage and tissue atrophy strongly suggesting microglial cells contribute to
CNS damage in progressive MS.

Damage induced by microglial cells in MS is mediated through different mechanisms (Figure 2A),
including secretion of pro-inflammatory cytokines such as IL-1, IL-6, TNF-«, and IFN-y, phagocytic
activity and presentation of antigens to CD4" T cells via MHC Class II molecules [95,96].
Pro-inflammatory cytokines can also induce mitochondrial injury both in neurons and glial cells.
In addition, reactive oxygen and nitrogen species (ROS/RNS), produced by microglial cells, cause direct
damage to neuron through loss of cytochrome C oxidase (COX1), as well as mitochondrial respiratory
chain complex IV activity, leading to mitochondrial dysfunction (see below) [97]. Importantly,
release of Fe?* into the extracellular space from injured oligodendrocytes may amplify oxidative
damage by generating highly toxic hydroxyl (OH) radicals, from H,O,. Fe?* uptake by activated
microglia determines their fragmentation and degeneration, leading to a second wave of Fe* release,
which can increase susceptibility of surrounding tissues to free radicals-driven axonal and neuronal
destruction [98].

Interestingly, cortical demyelinated lesions lack inflammatory lymphocyte or macrophage
infiltrates in progressive MS and does not show complement deposition. The majority of
phagocytic cells are ramified microglia in close apposition to neurites and neuronal cell bodies [8].
Activated microglia also possesses a puzzling array of neuroprotective functions, including
debris phagocytosis and clearance, growth factors production and neuronal-circuit shaping [95].
Distinguish neuroprotective from pro-inflammatory phenotypes remains a challenge when interpreting
microglial function.
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Figure 2. Possible mechanisms involved in MS progression. (A) In progressive MS the inflammatory

phenomena eventually leading to axonal degeneration and loss are compartmentalized within the CNS.
Cellular components are represented by cells that come from the periphery (T and B lymphocytes),
as well as by resident CNS cells (microglia cells and astrocytes). B cells can form ectopic follicle-like
structures resembling tertiary lymph nodes, producing antibodies against myelin and non-myelin
antigens, shown to play an important role in axonal and neuronal damage through complement
cascade activation. In turn, CD8* lymphocytes can recognize specific axonal antigens and produce
tissue damage through secretion of perforin or granzymes A and B. Autoreactive CD4* Th1 and Th17
lymphocytes can activate microglial cells, which in turn produce pro-inflammatory cytokines (IL-1,
IL-6, TNF-w) or oxygen or nitrogen free radicals (ROS/RNS) causing axonal damage and neuronal loss
through a bystander mechanism. (B) Following demyelination, energy requirements increase due to
disruption of paranodal myelin loops. Reduction in neuronal ATP production may lead to failure of the
Na*/K* pump failure, generating a sustained sodium current, which drives reverse sodium/calcium
exchange and accumulation of intra-axonal calcium. This, in turn activates degradative enzymes,
including proteases, phospholipases, and calpains, resulting in further neuronal and/or axonal damage
as well as impaired ATP production. (C) Axonal damage could be cause by poor trophic support.
Oligodendrocytes capture glucose from circulation, breaking it down glucose to form pyruvate or
lactate, which can enter axons, and be imported by mitochondria for ATP synthesis. An alternative
source of energy for axons comes from glycogen stored in astrocytes, which can be transformed into
glucose and later into pyruvate or lactate, depending on oxygen availability. (D) Several mechanisms
cause surveillance microglia activation including Th1 or Th17 T cells; presence of microbial pathogens
(PAMPs) recognized by Toll-like receptors (TLRs) or leucin-rich repeat containing receptors (NLRs);
release of intracellular components from necrotic or apoptotic cells; presence of heat shock proteins,
misfolded proteins (DAMPs), or components of the complement cascade. Once activated they in induce
activation and proliferation of astrocytes, leading to astrogliosis.

As previously mentioned, postmortem tissue studies have shown increased microglial numbers
and increased activation are associated with variable degrees of axonal /neuritic injury, demyelination,
and neuronal loss in cortical grey matter during progressive stages of MS. However, it is as yet unclear
how early during the course of MS these degenerative events begin. Future longitudinal in vivo studies
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linking microglial activation to local cortical atrophy or dysfunction levels as well as to progression of
disability in individual subjects should help to improve our understanding of the consequences of
cortical pathology at different disease stages. In this context, in vivo positron emission tomography
(PET) images of microglia, could clarify the role of activated microglia in MS-related neurodegeneration.
Use of a selective translocator protein (TSPO) radioligand 11C-PK11195 allows detection of activated
microglia on PET. TSPO is a protein, expressed on the outer mitochondrial membrane of microglial
cells, at low levels in the healthy CNS, but up-regulated upon microglial activation [99] making
TSPO a sensitive “real-time” marker of activation [100,101]. In non-neoplastic injury to CNS without
BBB damage, microglial are the main cell population expressing TSPO. However, blood-derived
macrophages, reactive astrocytes, and endothelial cells in the vasculature express TSPO [100,102].
Imaging studies in MS patients using the TSPO radioligand 11C-PK11195 have shown microglial
cells activation occurs early on and appears to be linked to disability and brain atrophy [103]. In the
NAWM of SPMS patients TSPO binding is significantly increased compared to age-matched healthy
controls [102,104]. PET imaging can also be used to differentiate active from inactive chronic lesions.
Slowly expanding chronic active lesions are thought to contribute to MS progression. Detection
of plaque kinetics in vivo will likely provide new information on underlying pathology driving
progression [105].

As in other neurodegenerative disorders, expansion and activation of microglia is the primary
mechanism behind astrocytosis (Figure 2D). Although astrocytes survive oxidative stress induced
by inflammation and ROS/RNS, they still shown signs of injury, mainly reflected by changes in
cell morphology and molecular expression [106]. Scar tissue is composed primarily of astrocytes,
however in severe lesions, interaction with other cell types including oligodendrocyte progenitor
cells, and fibromeningeal cells also occurs [107]. Several specific molecular and morphologic features
have been observed in astrocytes during reactive astrogliosis both in human pathology and animal
models [108], of which upregulation of Glial fibrillary acidic protein (GFAP), vimentin, nestin, and the
less investigated synemin are hallmarks. Glial scars are evident in tissue from MS patients and
mice with EAE and surround areas of demyelination [109]. The purpose of scar formation would
appear to be isolation of damaged CNS areas, to prevent spread of tissue destruction. However,
glial scar rigidity results in inhibition of both remyelination and axonal regeneration, both negative
effects mediated through different mechanisms. Over-secretion of FGF-2 by astrocytes may be
detrimental for remyelination, which in turn promotes oliogodendrocytes precursor cells (OPC)
proliferation and survival, but prevents maturation [110]. Another molecule that appears to play an
important role in preventing OPC maturation is the glycosaminoglycan hyaluronan, which is found
throughout the extracellular matrix and CNS white matter [111]. Oligodendrocytes that co-localize
with hyaluronan express an immature phenotype, and in vitro treatment of oligodendrocytes precursor
cells with hyaluronan in vitro prevents maturation [112]. In addition, astrocytes in injured areas release
inhibitory extracellular matrix molecules known as chondroitin sulphate proteoglycans (CSPGs) which
can severely in injured areas, affect both cytoskeleton and membrane components of growth cone
architecture [113]. CSPGs are a family of molecules characterized by a protein core to which highly
sulphated glycosaminoglycan (GAG) chains are attached. Neurocan (secreted) and brevican (cell
bound) are the major proteoglycans produced by astrocytes in vitro and both have been shown to
inhibit axon growth, following CNS damage [114]. There is clear evidence that CSPGs are produced in
excess by astrocytes when they become reactive and that CSPGs inhibitory activity depends on GAG
content, as removal of GAG chains from the protein core suppresses CSPG- mediated inhibition [114].
Aside from CSPGs, other less studied inhibitory molecules expressed by astrocytes can suppress
axonal growth. Ephrins (EPH) and their receptors for example are secreted by normal astrocytes and
increased in MS lesions, inducing axonal growth cone collapse through activation of axon-bound EPH
tyrosine-receptor kinase [115].

Likewise, astrocytes as part of the immune system could contribute to disease progression
through several mechanisms. First, they can directly affect cell entry to the CNS, via de the BBB,
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by regulating expression of adhesion molecules, particularly vascular adhesion-molecule-1 (VCAM-1),
and intercellular adhesion-molecule-1 (ICAM-1), that bind to lymphocyte receptors very late antigen-4
(VLA4), and lymphocyte function-associated antigen-1 (LFA-1), respectively [116,117]. Second,
astrocytes secrete different chemokines such as CCL-2 (MCP-1), CCL5 (RANTES), IP-10 (CXCL10),
CXCL12 (SDF-1) and IL-8 (CXCLS), which attract both peripheral immune cells (e.g., T cells, monocytes,
and DCs), as well as resident CNS cells (microglia) to lesion sites [118]. In addition, astrocytes
can secrete GM-CSF, M-CSF or TGF-f3, which can regulate MHC Class II molecule expression
by microglia and even their phagocytosis [119]. This could represent the primary mechanism
through which astrocytes perpetuate immune-mediated demyelination and neurodegeneration. Recent
investigations have demonstrated that in chronic phases of EAE, astrocyte depletion ameliorates
disease severity. This deleterious effect of astrocytes on EAE is mediated by preferential expression of
4-galactosyltransferase 5 and 6 (B4GALT5 and BAGALT6) [120]. Notably, BAGALT®6 is also expressed
by reactive astrocytes in human MS lesions. These enzymes synthesize the signaling molecule
lactosylceramide (LacCer), the CNS expression of which is significantly increased during progressive
phases of EAE. LacCer promotes astrocyte activation in an autocrine manner [120,121], inducing
GM-CSF and CCL2 genes, activating microglia and causing infiltration of monocytes from blood,
respectively. Remarkably, inhibition or knockout of BAGALT6 in mice suppresses disease progression,
local CNS innate immunity and neurodegeneration in EAE, and interferes with human astrocyte
activation in vitro [120].

Third, B-cell-activating factor (BAFF), critical for both B-cell development and survival, as well
as for immunoglobulin production, is constitutively expressed by astrocytes in normal CNS.
BAFF expression in astrocytes is up-regulated in MS lesions and in EAE affected mice, suggesting
astrocytes may contribute to drive B-cell-dependent autoimmunity [122], an important mechanism in
disease progression as described above. Finally, an important function of innate immune cells is to act
as antigen-presenting cells. However, although astrocytes express MHC Class I and Class II molecules
in vitro capable of presenting myelin antigens, their ability to also express co-stimulatory molecules
including CD40, CD80, and CD86 challenges this function, making their final effect unclear [123].
Nor is it clear to what degree astrocytes can perform phagocytosis, or process and present antigens,
particularly under physiological conditions in vivo [124].

In addition to being part of the immune system, astrocytes contribute to MS progression through
production of cytotoxic factors. In rodents, astrocytes stimulated with IL-17 or IFN-y induce nitric
oxide synthase (iNOS) [125]. Likewise, IL-1 as well as combined treatment with TGF-f3 plus IFN-y
increases the percentage of astrocyte secreted nitric oxide (NO), which is one of the most prominent
damage-inducing molecules in neurodegeneration [126,127]. Simultaneously, NO stimulates glutamate
release from astrocytes which further increase excitotoxicity [128]. Remarkably, the predominant
contribution of NO to excitotoxicity depends on increased superoxide ion O, production, which reacts
with NO forming peroxynitrite (ONOO™) resulting in neuronal necrosis or apoptosis, depending on
its concentration [129]. Furthermore, ONOO™ inactivates glutamate transporters in astrocytes, directly
damaging myelin, oligodendrocytes, and axons [130]. Decreased uptake of glutamate by astrocyte
transporters could also contribute to abnormal levels of extracellular glutamate, which are directly
toxic to oligodendrocytes, axons and neurons [131]. Excitotoxicity is caused mainly by sustained
activation of glutamate receptors and massive subsequent influx of Ca?* into viable neurons, which in
turn results in changes in microtubules and neurofilament phosphorylation, ultimately leading to axon
cytoskeleton breakdown (see below) [132].

It is important to note astrocytes have a dual role, not only aiding axonal degeneration, but also
creating a permissive environment promoting remyelination [133]. The actual impact of astrocytes on
pathogenesis and repair of inflammation therefore, will be dependent on a number of factors, including
timing after injury, type of lesion and surrounding microenvironment, as well as interaction with other
cell types and factors influencing their activation [134].
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5. Redistribution of Ion Channels and Axonal Damage

Because pathology findings and number of transected axons correlate with degree of inflammation
in MS [7,135], great interest has been focused on neurotoxic products release by the innate immune
system, in particular, ROS, RNS, and NO produced by macrophages, microglia, and astrocytes both
in MS and EAE [136]. Mitochondria and mitochondrial DNA (mtDNA) are highly susceptible to
oxidative injury. ROS and RNS generate mitochondrial enzymes deficit which can be either reversible or
irreversible. In MS highly active lesions show diffuse mitochondrial damage, making energy failure the
main mechanisms behind functional and structural loss [137]. During progressive MS mitochondrial
injury emerges in grey matter, and neuronal cell bodies in deeper layers of the cortex show both
impaired mitochondrial activity in the respiratory chain complexes as well as alterations in motor
proteins responsible for mitochondria movement from the cell body to axons [96,138]. Axonal transport
is essential for neuronal health, and has been implicated in different neurodegenerative conditions.
Mitochondria, like other membranous organelles are transported along the axon by two major families
of microtubule-based molecular motors, the kinesin family which mediates anterograde transport away
from the cell body toward the axon terminal, and cytoplasmic dynein which drives retrograde transport
from the distal axon toward the cell body [139]. Notably, in non-demyelinated cortex in progressive
MS patients mitochondrial transport deficits, associated with kinesin decrease, preceded structural
axons alterations, and morphological changes in mitochondria [140,141]. Additionally, progressive
MS neurons in deeper cortical layers present mitochondrias with mtDNA deletions, indicative of an
accelerated aging phenotype [138]. Consequences of mitochondrial abnormalities in neuronal cell
bodies and axons are two-fold. First, mitochondrial dysfunction results in energy deficiency, which in
mild forms will induce functional disturbances, in the absence of structural damage. However,
when injury surpasses a certain threshold, energy deficiency will lead to axonal degeneration and
cell death [142]. Once a neuronal system has lost it reserves capacity, it is less capable of spontaneous
recovery and hence less prone to functional improvement. Second, mitochondrial injury may amplify
oxidative stress through release of oxygen radicals, generated as a result of impaired respiratory
chain function, establishing a vicious cycle of tissue destruction [143]. Following demyelination,
redistribution of certain isoforms of Na* channels (Nay 1.1 and Nay 1.6) along the unmyelinated
segment ensues, resulting in increased sodium influx. Early redistribution of Na* channels along
denuded axons in white matter of MS plaques and EAE may allow continuation of action potentials
in the context of MS recovery of clinical function [144,145]. Interestingly, Nay 1.6, which generates
persistent electrical current much larger than those of Nay 1. 2 [146], is co-localized with Na*/ CaZ*
exchanger and with APP, a marker of axonal injury. Conversely, Nay, 1. 2 channels may serve an
adaptive function with limited ability to sustain high-frequency conduction of action potentials and
may contribute to slow depolarization, promoting ectopic firing patterns after demyelination [137].
Slow axonal transport of mitochondria as well as, mitochondrial damage may lead to failure of the
Na*/K* ATPase pump, generating a persistent sodium current. Na* accumulated in the axoplasm is
replaced by Ca®* through a reverse action of the Na*/Ca?* exchanger. Increased intra-axonal Ca®*
activate a variety of catabolic enzymes including proteases, phospholipases and calpains, ultimately
leading to progressive proteolytic degradation of cytoskeletal proteins [147]; (Figure 2B). Moreover,
intracellular Ca®* increase results in changes in microtubules and neurofilaments (NF) phosphorylation,
ultimately causing cytoskeleton breakdown [132]. Additional deleterious accumulation of Ca®* in
axons results from influx via L- and N-type Ca* channels [148], as well as release from intracellular
stores in the axoplasmic reticulum. Abnormal axonal accumulation of Ca** may also result from
glutamate neurotoxicity, which alters intracellular Ca>* homeostasis through a mechanism mediated
by axonal AMPA /kainate and metabotropic glutamate receptors, located in the intermodal region of
the axons [149]. In addition to Na* channels, others ion channels show parallel adaptive changes to
inflammatory stimuli by altering their distribution in neurons as an initial compensatory mechanism,
to preserve conductance and axonal integrity. Redistribution of voltage-gated Ca?* channels transient
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potential receptors melastatin 4 (TRPM4), and acid-sensing ion channels 1 (ASIC1) induce additional
overload of Ca?*, eliciting further deleterious effects on axons [142].

Abnormal accumulations of NF are a pathological hallmark of many human neurodegenerative
disorders. Therefore, neurofilament light chain protein (NfL) together with the neurofilament medium
(NfM) and heavy (NfH) subunits, are gaining increasing attention as candidate biomarkers of
neuroaxonal injury because they are abundant structural scaffolding proteins of the cytoskeleton,
with important roles in axon radial growth and stability, enabling effective nerve conduction velocity,
as well as dendritic branching and growth [150]. They are exclusively expressed in neurons and reach
abnormal levels as a result of axonal damage and eventual neuronal death. Under normal conditions
NF are highly stable within axons and their turnover is low. Pathological processes that cause axonal
damage release NF proteins into the CSF and peripheral blood, depending on the extent of damage.
Initial studies in MS revealed that CSF levels of NfL were associated with the degree of disease activity
and disability [151,152]. Furthermore, CSF levels of NfL, fall as a consequence of disease modifying
therapies (DMT), suggesting that NfL can be used to monitor therapeutic efficacy [153-155]. However,
despite these promising results in MS, a major barrier to widespread adoption of NfL assessment in
MS research and clinical practice has been the need for CSF sampling, a problem overcome by use
fourth-generation immunoassays, which allow evaluation of serum NfL levels [155]. High serum NfL
levels have been associated with disability worsening and relapse status [155,156]. Patients under
DMT have lower levels of serum NfL than untreated patients, indicating they are a marker of response
to treatment [155]. Notably, a longitudinal study demonstrated patients with increased serum levels of
NfL at baseline, independent of MRI variables, experience significantly more brain and spinal cord
atrophy over 2 and 5 years of follow-up [156]. Collectively, these observations indicate serum NfL
levels can be a useful marker of axonal damage, when applying adequate detection technique.

6. Loss of Myelin Trophism Induces Axonal Degeneration

Although myelin is traditionally viewed as a passive insulating structure, recent reports indicate
it may exert a more dynamic role. It has become clear that myelin is metabolically active, allowing
movement of macromolecules into the periaxonal space with important contributions to axonal health
and neuronal survival. Indeed, once myelination is completed, a major task of oligodendrocytes is
the provision of energy-rich substrates to axons required for fast axonal transport and propagation of
action potentials. Furthermore, bi-directional signaling exists for efficient recruitment of resources,
whereby the axons inform their myelinating cells of their metabolic needs proportionally to their
activity. The myelin sheath and its subjacent axon should therefore be regarded as a functional unit
coupled not only at the morphologic, but also at the metabolic level [157].

Animal studies have shown that oligodendrocytes exert a critical role in maintenance and
long-term survival of axons and neurons. Mice mutant of the oligodendrocyte-specific Plpl gene,
encoding PLP/DM20 a structural component of the myelin sheath, develop progressive axonal CNS
degeneration at an older age. However, in this model PLP/DM20 absence has minimal impact on
myelination [158]. Likewise, 2’3’ cyclic-nucleotide 3" phosphodiesterase (CNP) knockout mice develop
progressive axonopathy and die prematurely. Interestingly, these mice do not show demyelination
at ages when axon degeneration is prominent [159,160]. This is surprising because there is strong
evidence that CNP is expressed exclusively by oligodendrocytes. Although the pathology in both
mutants is similar, mice deficient in both CNP and PLP develop a more severe axonal phenotype than
either single mutant, indicating that each oligodendroglial protein serves a distinct role in supporting
myelinated axon function [160]. Axonal pathology preceding axonal degeneration includes altered
axonal transport and axonal ovoid formation. These findings are more prominent in paranodal
regions, where myelin-axonal communication is most likely to occur, and are highly reminiscent of
changes found in CNS tissue from MS patients [158,159]. Studies have also investigated the impact
of acute death of oligodendroglia on neuron function and survival. Selective ablation of mature
oligodendrocytes induced by diphtheria toxin produces axonal injury characterized by accumulation
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of non-phosphorylated neurofilaments and APP, without spread of myelin degradation Although some
mice exhibited abnormalities in myelin composition, overall myelination was not affected, suggesting
axonal injury is not due to demyelination [161]. Taken together, these observations from animal models
suggest that the myelin-producing function of oligodendrocytes is not coupled to their role in axon
preservation, and that oligodendrocytes themselves are critical for axonal function maintenance and
survival in adult life.

During development oligodendrocytes import glucose and lactate to allow rapid myelination
synthesize large amounts of lipids. When myelination is complete, oligodendrocytes-derived lactate
and piruvate can be taken up by energy-deprived axons for mitochondrial ATP production supporting
their energy needs [162]. Several experiments indicate monocarboxylic acid transporters (MCTs)
are critical to maintain axonal integrity. Based on sequence homology, 16 MCTs members have
been identified, of which only MCT1, 2 and 4 are found in the CNS [163]. As oligodendrocytes
accumulate intracellular lactate, this substrate can flow through MCT1 into the periaxonal space, where
neurons capture it through MCT2 and metabolize it to supplement energy requirements [162,164].
(Figure 2C). Notably, both genetic and pharmacologic down-regulation of MCT1, which is present
almost exclusively in oligodendrocytes, results in axon degeneration and neuronal loss both in vivo
and in vitro, without obvious oligodendrocyte damage [165]. Although the observations mentioned
above provide strong evidence for a role of oligodendrocytes in directly supplying energy support to
axons, other cells including astrocytes may also participate [166]. Astrocytes are essentially the only
cells containing glycogen in the adult CNS, and glycogen metabolism followed by glyscolisis provides
a source of lactate for other cells [167]. Studies show astrocytes transfer energy metabolites directly
to oligodendrocytes, which in turn support neurons and axons metabolism as previously discussed
(Figure 2C). Connections between astrcytes and myelinating cells occur via gap junctions formed by
connexins (Cx). These gap junctions comprise Cx32 and Cx47 expressed on oligodendrocytes which
form heteromeric channels with astrocytes through Cx30 and Cx43 respectively. Double mutant CX32-
and Cx43-deficient mice exhibit profound CNS demyelination and axonal injury [168]. Likewise,
CX47 and Cx30 double null mice, in which connections between astrocytes and oligodendrcoytes are
altered, also developed myelin pathology and severe axonal degeneration [169]. Similarly, loss of
Cx43 inhibits glucose delivery to progenitor oligodendrocytes cells and their proliferation, which can
in turn influence oligodendrogenesis, and oligodendrocyte metabolic support [170]. Overall these
findings provide new insights into the role of oligodendrocytes and astrocytes biology. Identification
of bi-directional signaling pathways by which oligodendrocytes influence the axonal metabolism,
is highly relevant to understanding MS progression.

7. Conclusions and Future Perspectives

Identification of effective therapies for progressive MS remains a priority and a challenge for
the MS community. In order to develop new and effective treatment strategies it is necessary to
better understand the pathological mechanisms driving disease. Unfortunately, absence of adequate
animal models makes identification of potential therapeutic targets even more difficult. In this article
we have recapitulated some of the main mechanisms involved in MS progression. Undoubtedly
more research will lead to a better understanding of the processes of demyelination/remyelination,
as well as of the importance of glial cells in neuronal homeostasis and neuronal degeneration. Clearly,
identifying effective therapies for progressive MS would largely be contingent upon a comprehensive
understanding of its pathogenesis, animal models incorporating these pathogenic characteristics,
novel trial designs including more sensitive outcome measures, and new models of collaboration
between physicians and basic science researchers.
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Abstract: Multiple sclerosis is a chronic autoimmune disease of the central nervous system that results
in varying degrees of disability. Progressive multiple sclerosis, characterized by a steady increase in
neurological disability independently of relapses, can occur from onset (primary progressive) or after
a relapsing-remitting course (secondary progressive). As opposed to active inflammation seen in the
relapsing-remitting phases of the disease, the gradual worsening of disability in progressive multiple
sclerosis results from complex immune mechanisms and neurodegeneration. A few anti-inflammatory
disease-modifying therapies with a modest but significant effect on measures of disease progression
have been approved for the treatment of progressive multiple sclerosis. The treatment effect of
anti-inflammatory agents is particularly observed in the subgroup of patients with younger age and
evidence of disease activity. For this reason, a significant effort is underway to develop molecules with
the potential to induce myelin repair or halt the degenerative process. Appropriate trial methodology
and the development of clinically meaningful disability outcome measures along with imaging and
biological biomarkers of progression have a significant impact on the ability to measure the efficacy
of potential medications that may reverse disease progression. In this issue, we will review current
evidence on the physiopathology, diagnosis, measurement of disability, and treatment of progressive
multiple sclerosis.

Keywords:  progressive multiple sclerosis; neurodegeneration; remyelination; outcome
measures; biomarkers

1. Introduction

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system that
affects over 2.3 million people globally, with an estimated prevalence of approximately 310 per
100,000 population in the United States [1,2]. Most patients (~90%) have relapsing-remitting disease at
onset, which typically is followed by a secondary progressive course, while a minority of patients have
a primary progressive course from onset (~10%). Relapsing-remitting MS (RRMS) is characterized by
frequent formation of inflammatory lesions in the brain and spinal cord. Approved disease-modifying
therapies (DMTs) target the inflammatory component of the disease, and strong evidence support
their effectiveness in RRMS. However, trials evaluating their efficacy in slowing disease progression
have shown mixed results, or have shown only modest effects in slowing progression. The goal of
this review is to provide a comprehensive overview on the current knowledge of the pathogenesis,
diagnosis, and treatment of progressive MS, as well as future directions in the field.

2. Pathogenesis

The pathogenesis of MS is incompletely elucidated. This is particularly the case for progressive
MS, for which various and sometimes conflicting data have been proposed to explain the underlying
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pathogenic process of progression [3]. In RRMS, actively demyelinating plaques are the most prominent
lesion type, and are characterized by inflammatory demyelination and axonal transection within the
lesions [4-6]. However, active lesions are rare in progressive MS, and axonal transection is not seen as
frequently within inactive lesions compared to highly inflammatory recently developed lesions [3-5].
Whole brain atrophy, smoldering and enlarging lesions, cortical demyelination (specifically subpial
lesions), and diffuse axonal injury and microglial activation in normal appearing grey and white matter
are prominent in patients with progressive MS compared to patients with early RRMS [6-10]. Disability
in progressive MS is thought to be related to secondary neurodegeneration of chronically demyelinating
axons, which is thought to be driven by a series of factors, including: (1) inflammation and lesion
accumulation, with subsequent retrograde and anterograde degeneration, (2) mitochondrial damage
and subsequently virtual hypoxia and oxidative stress, (3) iron accumulation in myelin sheath and
oligodendrocytes with subsequent amplification of oxidative stress, (4) lymphoid follicle-like structures
that might contribute to sustaining cortical pathology, and [5] age-related neurodegeneration and
reduced neuronal reserve (loss of the ability to compensate for axonal loss) [3,11-15]. A recent paper by
Brown et al. [16], among others, showed that the early use of DMTs, specifically highly-effective DMTs,
decreases the odds of conversion to secondary progressive MS (SPMS), which supports the role of early
disease activity in the development of long-term disability progression [16-21]. The role of age-related
mechanisms is supported by the fact that children with MS rarely present with progressive disease and
have a longer time to reach secondary progression and disability milestones compared to adult-onset
MS, and that certain disability milestones are acquired at certain ages independently of the duration
of the disease [22,23]. However, for primary progressive MS (PPMS), the time course of irreversible
damage is not clearly affected by the presence or absence of superimposed relapses [24]. Recent
observations support a change in the natural history of MS with earlier use of highly-effective DMTs;
however, this effect seems to be more clearly evidenced in RRMS [25]. Despite the wide variability of
clinical and radiological presentations and the inherent pathological differences between RRMS, SPMS,
and PPMS, the consensus is that PPMS is biologically part of the MS spectrum [13].

3. Diagnostic Criteria and Disease Course Definitions

The diagnosis of progressive MS is based on patient-reported clinical history, and should be
confirmed based on objective physical examination findings. Based on the 2017 McDonald diagnostic
criteria, PPMS can be diagnosed in patients with a 1-year history of disability progression, which
can be retrospectively or prospectively determined, independent of clinical relapses, plus two of
the following criteria: (1) One or more T2 lesions characteristic of MS in one or more typical brain
regions (periventricular, cortical or juxtacortical, infratentorial); (2) two or more T2 lesions in the spinal
cord, and (3) the presence of CSF-specific oligoclonal bands. Unlike the 2010 McDonald criteria, both
symptomatic and asymptomatic MRI lesions are taken into account [26,27]. The panel also recommends
specifying a provisional disease course at the time of diagnosis, and whether disease activity and/or
progression are present or not based on the previous year’s history, which can then be revisited based
on periodic re-evaluation [27]. Providing a clinical definition of disease progression, however, is
somewhat harder. Progression is characterized by a steady increase in neurological disability occurring
independently of relapses [27,28]. Symptoms can fluctuate (i.e., pseudo relapses), and bona fide
superimposed relapses might occur. Detailed history taking is key in differentiating events suggestive
of disease activity from worsening of previously experienced symptoms in the context of fatigue, heat,
or stress. PPMS is defined by a progressive course from onset and SPMS by a progressive course
following an initial relapsing—remitting course. The 2013 revisions of MS clinical course definitions
aimed at standardizing the terminology across clinicians and researchers, for prognostication, design
of clinical trials, and treatment decisions purposes [28]. These definitions included the presence or
absence of clinical or radiological activity, and the presence or absence of disability progression into the
phenotypic description of the disease. Figure 1 illustrates the currently used description of different
progressive MS phenotypes. The distinction between “active” and “inactive” progressive disease,
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whether primary or secondary, has important therapeutic implications. This will be discussed in the
treatment section of this manuscript.

Active, with

disability 4—‘ -
Active, without |
disability e~
Primary or progression
Secondary
Progressive
Multiple Sclerosis =
E Inactive, with -l
disability e
progression 2 @
Inactive, without |
disability
progression

Figure 1. Clinical course of progressive multiple sclerosis. The orange star indicates the presence of
radiological activity (new/enlarging T2 lesions or gadolinium enhancing lesions).

4. Disability Outcome Measures

Disability progression in MS affects multiple functional domains, occurs insidiously over time,
and can be difficult to quantify in an objective, comprehensive, and reproducible manner. Reliable
detection of clinical and sub-clinical progression is key to interpreting treatment efficacy in trials and
in clinical practice of DMT and repair promoting strategies in progressive MS. The expanded disability
status scale (EDSS) is the most commonly used clinical outcome measure in trials for quantification of
physical disability in MS. However, the EDSS does not comprehensively reflect disability status, and is
particularly restricted in assessing cognitive and upper extremity functions [29]. Other limitations of
the EDSS include poor intra and inter-rater variability especially for lower scores. The test also shows
little sensitivity to detect change, especially in patients with scores of 6.0 or more, and the EDSS is
difficult to administer in routine care [30-32]. Since it is an ordinal scale, changes in EDSS scores are
not equivalent across the range of the scale. Finally, the most commonly used outcome measure in
progressive MS trials is the 3 or 6-month confirmed disability progression, which might be insufficient
to predict long-term disability worsening [33]. Evaluating multiple functional domains improves the
likelihood of observing a change in patients with MS. The multiple sclerosis functional composite
(MSEC) [34,35] was developed as a quantitative clinical measure of neurologic disability to overcome
some of the shortcomings of the EDSS. Cognitive function was evaluated originally using the paced
auditory serial addition test (PASAT), but more recently using the symbol-digit modalities test (SDMT),
and upper extremity function is evaluated using the 9-hole peg test (9HPT) [36,37]. Walking speed
is usually evaluated using the timed-25-foot walk test (T25FW). The MSFC has proven to be more
sensitive to change than the EDSS, and correlates with subsequent changes in EDSS [34] T1 and T2
lesion load on brain MRI [38], and patient reported physical and emotional functioning and quality
of life [39]. In the interferon beta (IFN-f)-1a SPMS trial, there was some benefit of treatment on the
MSEFC z-scores but not on the EDSS [40]. This benefit was mainly driven by two of the components
of the MSFC, the 9HPT and the PASAT, which further illustrates the importance of a comprehensive
neurological evaluation to assess disability progression. The low contrast letter acuity testing using a
low-contrast Sloan letter chart was later proposed as an additional component of the MSFC to capture
visual dysfunction with a high sensitivity, and also correlates with other components of the MSFC and
the EDSS [37,41,42]. In addition, internal consistency (reliability) is higher for the MSFC (Cronbach’s
alpha coefficient 0.93—0.96) than for the EDSS (Cronbach’s alpha 0.7) [43,44]. Although the MSFC has
been used as an outcome measure in clinical trials [40,45,46], administration in routine clinical practice
is time consuming, and requires personnel to administer the test properly [47]. Recently, there has
been increasing interest in developing tools to facilitate and standardize testing in MS patients. For
example, a technology-enabled version of the MSFC has been developed and was incorporated into
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routine clinical practice. This tool, called the multiple sclerosis performance test (MSPT), comprises a
battery of quantitative neuroperformance assessments administered using a suite of iPad® applications
modeled after the MSFC approach, and has allowed the gathering of large-scale comprehensive and
standardized measures of disability from routine care [48,49]. A limitation of these outcome measures
is the uncertainty of what constitutes a clinically meaningful change, although a threshold of + 20%
change in T25FW [50,51] £15-20% in the 9HPT [52,53] £10% (or 4 points) in the SDMT [53,54] and
+7 letters in the low contrast letter acuity test [55] have been suggested as clinically meaningful in MS.

5. Measuring Disease Progression

Numerous imaging biomarkers that have been proposed for the monitoring of progressive disease
in MS trials, whole brain atrophy being the most widely used. Monitoring of T1 hypointensity evolution
over time on conventional imaging has also been suggested. Other more advanced MRI techniques that
can reflect axonal loss in progressive MS include thalamic volume, spinal cord atrophy, hippocampal
volume, gray matter fraction, cortical lesion quantification, and sodium imaging, among others [56,57].
Several additional advanced MRI measures have been used as exploratory outcomes [58] as well as
neurophysiological measures, such as evoked potentials [59]. Optical coherence tomography (OCT)
is a non-invasive tool that allows the measurements of retinal nerve fiber layer thickness, ganglion
cell/inner plexiform layer thickness, and macular volume. Since these measurements correlate with
whole brain and gray matter atrophy and physical disability, OCT can serve as an outcome measure
of axonal loss in phase 2 proof of concept clinical trials of progressive MS [60]. Other imaging and
non-imaging techniques are used in remyelination trials as biomarkers of myelin repair, and include
magnetization transfer ratio, diffusion-weighted imaging, myelin water imaging, and visual evoked
potentials [56].

There has been increasing interest in the use of serum neurofilament light chain (NfL) as a
biomarker in MS over the past few years [61]. Serum NfL levels correlate with CSF NfL levels
and reflect disease activity and response to therapy [61]. In progressive MS, NfL levels appear to
be associated with superimposed clinical or radiological activity, as well as T1-hypointense lesion
volume [62]. Recent data suggests that CSF NfL correlates with disease activity rather than progression,
irrespective of the disease subtype, and does not reflect disease severity [63,64], whereas previous
data report a strong correlation between NfL levels and future worsening on the EDSS and brain and
cervical spinal volume loss [65,66]. Serum NfL levels can be easily obtained, and are being further
investigated and used as an outcome measure in newer progressive MS trials.

6. Treatment
6.1. Anti-Inflammatory Disease-Modifying Therapies

6.1.1. Approved Therapies

Ocrelizumab (Ocrevus®) a humanized monoclonal antibody targeting the CD20 antigen on B-cells.
Ocrelizumab exerts its anti-inflammatory effects by causing rapid and profound depletion of B cells.
Ocrelizumab has been studied in patients with RRMS in two phase 3 double-blind, placebo-controlled
randomized clinical trial (OPERA I and II) [67] and in patients with PPMS (ORATORIO trial) [68],
but not in patients with SPMS. Participants with PPMS were required to have positive oligoclonal
bands to enroll in the study. In the ORATORIO trial ocrelizumab significantly reduced the risk of
24-week confirmed disability progression compared to placebo (29.6% with ocrelizumab versus 35.7%
with placebo). Treatment with ocrelizumab in PPMS also decreased worsening on the timed-25-foot
walk, T2 lesion volume, and brain atrophy at 120 weeks compared to placebo. In a pre-specified
subgroup analysis, the magnitude of the effect of ocrelizumab was larger in patients with baseline
enhancing lesions and younger patients; however, older patients without enhancing lesions at baseline
also derived benefit across primary and secondary endpoints [68]. The ENCORE study evaluated
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the effect of ocrelizumab on upper limb function in the ORATORIO cohort, and also showed positive
results (reduction in time—to 12- and 24-week confirmed >15% increase on 9HPT by 37% (hazard ratio
0.627; p = 0.001) and 39% (HR = 0.607; p = 0.002) for both-hands) [69]. Ocrelizumab was approved by
the FDA and the EMA to treat PPMS in 2017. Ongoing trials aim at evaluating the effect of ocrelizumab
on hand function in patients with more advanced disability (ORATORIO-HAND, NCT03562975),
and in a broader range of patients (with PPMS and SPMS, up to 65 years old) (CONSONNANCE,
NCT03523858). It is important to note that previous trials using the chimeric monoclonal antibody
rituximab, which has a similar mechanism of action as ocrelizumab, yielded results in one pivotal
trial that shaped the inclusion criteria for the ORATORIO study. In the OLYMPUS trial of rituximab,
the primary endpoint was negative but sub-group analysis found that younger patients with clinical
or radiological evidence of disease activity did derive treatment benefit. The subgroup of patients
who were older and did not have gadolinium-enhancing lesions had faster disability progression
than those on placebo [70]. This indicates a potential harm of treating with a B-cell therapy in this
population. Another recent observational study using retrospective data from three European centers
and propensity score matching, analyzed the effect of rituximab treatment on disability progression
in patients with SPMS. In this study, patients with SPMS treated with rituximab had significantly
delayed confirmed progression compared with matched untreated controls at up to 10 years [71]. The
difference in effects seen between ocrelizumab and rituximab are most likely related to trial design;
however, biological differences may exist as well, given that ocrelizumab appears to promote cell death
via greater antibody-dependent cellular cytotoxicity (ADCC) activity and less complement-dependent
cytotoxicity (CDC) activity compared to rituximab, and has a more favorable antigenic profile compared
to rituximab [72-74].

Siponimod (Mayzent®) is a selective sphingosine-1-phosphate receptor 1 and 5 modulator, which
inhibits the egress of lymphocytes from lymph nodes, thus decreasing their entry into the CNS. In
addition to its anti-inflammatory effects, siponimod has been found to have putative neuroprotective
and repair properties in preclinical studies. It was recently approved for the treatment of SPMS based
on the results of the EXPAND trial [75]. Compared to the placebo group, a significant reduction in
time to 3 and 6-month confirmed disability progression (relative risk reductions of 21% and 26%,
respectively) was observed in the siponimod group, and this trend was consistent in subgroup analysis
with respect to pre-treatment relapse activity, disease progression rate, and disease severity. Significant
reduction in markers of disease activity were also observed in the siponimod group, including
annualized relapse rate, time to relapse, and gadolinium-enhancing lesions, and new/enlarging T2
lesions. Brain volume change from baseline was lower in the siponimod group at both months
12 and 24 compared to placebo [75]. Pre-clinical data also suggest that sphingosine-1-phosphate
modulators cross the blood-brain barrier, and have the potential to improve morphological markers of
remyelination [76]. In addition, modulation of sphingosine-1-phosphate receptor 5 has been shown to
promote remyelination in vitro [76]. Interestingly, fingolimod, a sphingosine-1-phosphate receptor
1 to 5 modulator, failed to show significant reduction in confirmed disability worsening in patients
with PPMS in the INFORMS trial [77]. The fact that other DMTs with a similar mechanism of action to
siponimod and ocrelizumab failed to show benefit in PMS can be due to different patient population
and sub-optimal trial designs, but also illustrates the lack of efficacy of anti-inflammatory strategies
in the prevention of disability worsening in inactive PMS, and the need to develop molecules with a
potential effect on neurodegeneration.

Mitoxantrone is a DNA intercalating agent that interferes with the replication and proliferation
of B and T lymphocytes. Its use is nowadays limited due to the well-known serious adverse
events (including cardio-toxicity, leukemia, amenorrhea, infections, alopecia, leucopenia, anemia, and
hepatotoxicity) [78], and the availability of safer DMTs. The mitoxantrone in progressive multiple
sclerosis (MIMS) trial was a double-blind, multicenter, phase 3 trial that randomized patients with
worsening RRMS or SPMS to placebo or low (5 mg/m?) or high (12 mg/m?) dose mitoxantrone for
2 years [79]. About half of the participants had SPMS, with or without clinical activity in the year
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prior to enrollment. The primary outcome was a combination of five clinical measures: change from
baseline EDSS at 24 months, change from baseline ambulation index at 24 months, number of relapses
treated with corticosteroids, time to first treated relapse, and change from baseline standardized
neurological status at 24 months [79]. In the cohort as a whole, a beneficial effect on the primary
outcome clinical composite measure was observed for the mitoxantrone, with comparable treatment
effects in patients with and without relapses in the year prior to enrollment. A few years later, the
MIMS trial group analyzed the effect of low and high-dose mitoxantrone on measures of radiological
activity in a subgroup of patients with worsening RRMS or SPMS, and surprisingly did not show a
consistent effect of mitoxantrone on the presence of gadolinium-enhancing lesions for up to 24 months
compared to placebo [80]. Mitoxantrone is approved by the FDA for the treatment of RRMS, SPMS,
and what was previously referred to as “progressive relapsing MS”. There is no evidence that supports
a benefit of mitoxantrone in PPMS without clinical or radiological activity [81,82]. Single-nucleotide
polymorphism in the ATP-binding cassette transporter genes may serve as pharmacogenetic markers
associated with clinical response to mitoxantrone in RRMS and SPMS [83]; however, this association
was not observed in patients with PPMS [81].

Cladibine produces rapid and long-lasting reductions in T-lymphocytes and rapid but transient
reduction in B-lymphocytes, by disrupting cellular metabolism, inhibiting DNA synthesis and repair,
and subsequent apoptosis of affected cells. The oral formulation of cladribine (Mavenclad®) has recently
received FDA approval for the treatment of active RRMS and SPMS based on the results of the CLARITY
and ORACLE MS trials, and post-hoc analysis of the ONWARD trial [84-87]. Intravenous formulations
of cladribine have been mainly studied in progressive MS. An initial small trial (24 matched patients
with clinically definite progressive MS as defined at the time of the study, baseline EDSS of 4.7,
randomized to receive IV cladribine or placebo) showed a significant benefit of cladribine on EDSS
worsening, with some patients even experiencing improvement on EDSS at month 12 [88]. There was
also a positive effect on T2 lesion volume in this study. Another larger trial was then conducted in
light of these results. Patients with SPMS or PPMS and a median baseline EDSS score of 6.0 were
randomly assigned to receive either placebo or cladribine 0.07 mg/kg/day for 5 consecutive days every
4 weeks for 2 or 6 cycles, followed by placebo, for 8 cycles [89]. No benefit of cladribine on the primary
outcome (mean change in EDSS at month 12) was observed compared to placebo. As expected, there
was a significant effect of cladribine on gadolinium-enhancing lesions and T2 lesion accumulation, and
a somewhat marginal benefit in a subgroup analysis of SPMS patients. Similarly, in another study,
cladribine did not have a beneficial effect on whole brain volumes compared to placebo [90].

In the ONWARD trial, the effect of oral cladribine as an add-on to IFN-f in patients with active
RRMS or SPMS was studied [87]. As expected, cladribine + IFN-f3 was superior to placebo + IFN-f in
reducing annualized relapse rate and gadolinium-enhancing lesions. However, the confirmed EDSS
progression over 96 weeks was similar between the two groups. In a post-hoc analysis of subgroups in
the intention-to-treat population, cladribine + IFN-3 was superior to placebo + IFN-f in reduction of
annualized relapse rate (relative risk ratio of 0.11, 95% CI 0.01-0.94) in patients with active SPMS. Hence,
oral cladribine was approved by the FDA for the treatment of active SPMS, but not for progressive MS
without evidence of clinical or radiological activity.

6.1.2. Therapies with Negative or Weak Effect in Progressive MS

Studies of other anti-inflammatory DMTs in progressive MS have yielded deceiving results.
Interferon-beta (IFN-) has complex immunomodulatory effects (downregulation of pro-inflammatory
and upregulation of anti-inflammatory cytokines). There is no robust evidence of the beneficial effect
of IEN-{3 on progression, although early treatment in RRMS decreases conversion to SPMS, which
is attributable to its anti-inflammatory properties [16-19]. In SPMS, IFN-f significantly delayed
time to confirmed disability progression compared to those receiving placebo in the European SPMS
IFN-B-1b trial [91]. However, discrepant results were observed in the North American SPMS IFN-{3-1b
trial, which did not show a difference in time to 6-month sustained EDSS progression compared to
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placebo [92]. A post hoc pooled analysis of the clinical trial data of both groups was performed to
better clarify this discrepancy, and showed that patients in the European studies who benefited from
treatment were significantly younger (41 vs. 46.9 years, p < 0.001), with shorter disease duration (13.1
vs. 14.7 years, p < 0.001), and more active disease (number of relapses in the last 2 years 1.7 vs. 0.8,
contrast-enhancing lesions 2.6 vs. 1.5, p < 0.001) [93]. The lack of benefit of IFN-f3-1b in patients with
SPMS with less active disease was confirmed in other SPMS trials as well [94,95].

IEN-f trials in PPMS have also been largely mixed, with negative results on primary (confirmed
disability progression) and most secondary endpoints [96-98], although significant differences in MSFC
scores, MRI T2 lesion volume, and MRI T1 lesion volume after 2 years of treatment favoring IFN-3-1a
was observed in one trial [98].

Glatiramer acetate (GA), a synthetic polypeptide with a complex and incompletely understood
immunomodulatory mechanism of action, was studied in patients with PPMS in the PROMiSe trial, a
multicenter, placebo-controlled, double-blind randomized clinical trial comparing GA to placebo over
a 3-year period [99]. This trial was successful in including a large majority of patients without signs of
disease activity. GA decreased markers of radiological activity (gadolinium enhancing lesions and
accumulation of T2 lesions), and had some benefit on disability progression in males, but there was no
effect on the primary outcome and the study was terminated early [99,100].

As discussed earlier in this manuscript, the INFORMS trial failed to show a positive effect of
fingolimod (Gilenya®) on reduction in confirmed disability worsening in patients with PPMS [77].
The primary endpoint was defined by a composite of outcomes including the EDSS, T25FW, and
9HPT. There was no benefit of fingolimod on the disability composite (HR = 0.95, 95%FW CI 0.80-1.10,
p = 0.544). Fingolimod has not been studied in SPMS.

Natalizumab (Tysabri®) is a monoclonal antibody that exerts its potent anti-inflammatory effect
by inhibiting the alpha-4 integrin and subsequently preventing the migration of T-lymphocytes across
the blood-brain barrier. The ASCEND trial evaluated the effect of natalizumab on a composite score
including the EDSS, T25FW, and 9HPT in patients with SPMS [101]. No benefit was observed on the
composite primary outcome, and individually on the EDSS and 9HPT, although in a post hoc analysis,
there was a 44% reduction in hand function progression measured by the 9HPT (OR 0.56, 95% CI
0.40-0.80, p = 0.001).

Rituximab is a chimeric monoclonal antibody targeting the CD20 antigen on pre-B-cells and
mature B-cells that has been used in many autoimmune neurological disorders of the central and
peripheral nervous systems for decades [102]. Similarly to ocrelizumab, it causes rapid and profound
depletion of B-cells via antibody-dependent cellular cytotoxicity (ADCC) and complement-dependent
cytotoxicity (CDC) mechanisms leading to B-cell death [73,74]. Rituximab has been used off-label to
treat progressive MS in certain countries, and there has been long-standing evidence of its efficacy
to control inflammatory disease activity in observational studies [103]. Furthermore, as discussed
above, a recent study also suggests that rituximab significantly delayed confirmed progression in
SPMS [71]. The OLYMPUS trial evaluated the effect of rituximab on disability progression in patients
with PPMS [70]. This was a phase 2/3 multicenter, placebo-controlled trial involving 439 patients with
PPMS for 96 weeks. There were no differences in the primary endpoint in the overall cohort (time
to 12-week confirmed disability progression using the EDSS at 96 weeks). There was a significant
effect on T2 lesion volume, which was lower with rituximab. An important point of this trial is the
result of the subgroup analysis, which showed a significant difference on the primary endpoint in the
subgroup of patients who were <51 years old and who had baseline enhancing lesions (hazard ratio
0.52 (p = 0.010) and 0.41 (p = 0.007), respectively), whereas rituximab-treated patients who were older
than 51 years and had no enhancing lesions at baseline had non-significant but worse outcomes than
the placebo group (hazard ratio 1.27 (p = 0.425)). This highlights the predominantly anti-inflammatory
effect of B-cell therapies in MS.

There has been evidence of the presence of lymphoid follicle-like structures in the cerebral
meninges that are typically adjacent to large subpial lesions, and associated with more severe cortical
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pathology and accelerated disability progression in patients with SPMS [14,15]. Based on these
observations, the eventual role of these lymphoid follicles in sustaining cortical injury and accelerating
clinical worsening was hypothesized, and the effect of intrathecal rituximab was evaluated since IV
rituximab does not cross the blood-brain barrier [104-107]. The RIVITALISE trial, a randomized,
double-blind trial study of intravenous and intrathecal rituximab in patients with SPMS, showed that
intrathecal rituximab transiently decreased the B cell counts in the CSF and did not induce consistent
effects on CSF biomarkers [104].

A very recent trial evaluated the safety and efficacy of intrathecal rituximab in eight patients
with progressive MS who had focal leptomeningeal contrast-enhancement on contrast-enhanced
T2-FLAIR [105]. Transient reduction in CSF B cells and biomarkers (reduction in chemokine ligand 13
(CXCL-13) levels with an increase in B cell-activating factor belonging to the TNF family (BAFF) levels),
along with profound peripheral B cell depletion was observed; however, the number of leptomeningeal
lesions did not change.

Other immunomodulating and immunosuppressive therapies have been investigated in
PMS. Examples include azathioprine [108-110], cyclophosphamide [111-114], intravenous
immunoglobulins [110,115], methotrexate [116-118], cyclosporine [109,119], mycophenolate
mofetil [120], laquinimod [121], and MBP8298 [122]. Results from these trials have been largely
negative, with no or modest benefit on markers of disability progression.

6.2. Remyelination and Neuroprotection in Progressive MS

While some agents have shown to be beneficial on slowing disability progression, no molecules
have shown to have an effect on halting progression or reversing neurological damage in well-powered
clinical trials. There are two therapeutic approaches that are thought to be promising to achieve the
latter: remyelination and neuroprotection. Remyelinating agents can theoretically repair damage
and neuroprotective agents can theoretically prevent axonal loss. High-throughput methods have
generated many promising remyelinating molecules to test in pre-clinical studies, to be followed
by phase 1, 2, and 3 trials. Unfortunately, studies have been mostly negative or have shown only
modest benefits on measures of brain atrophy for which clinical significance still needs to be better
elucidated. Table 1 provides an overview of positive trials of molecules with a putative remyelinating
and neuroprotective effect. Some agents such as biotin and mesenchymal stem cells may have both
remyelinating and neuroprotective effects; these medications are discussed under neuroprotection.
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In MS, progression secondary to neurodegeneration is thought to be secondary to chronic
demyelination [3]. While neuronal cell bodies and axons have a low potential of regeneration, myelin
may have a potential for repair. Remyelination can be seen in shadow plaques, which supports this
potential repair property likely mediated by oligodendrocytes [3,6]. A few compounds promoting
endogenous oligodendrocyte progenitor cell differentiation have been found in pre-clinical work to be
promising remyelinating agents [156]. Out of thousands of compounds identified through high-volume
screening of existing drugs [124], opicinumab [128-130], and clemastine [125] have been studied in
phase 2 trials. Clemastine demonstrated improvement in P100 latency on visual evoked potential in
patients with chronic optic neuropathy compared to placebo [125]. Opicinumab showed a similar
effect in patients with acute optic neuritis [128,129] (Table 1). Other potentially effective molecules are
currently being evaluated, including domperidone (in SPMS, NCT02308137), quetiapine (in RRMS and
progressive MS, NCT02087631), liothyronine (in RRMS and progressive MS, NCT02760056), among
others. Miconazole and clobetazol have recently been identified as agents with a potential to produce
mature oligodendrocytes from progenitor cells [157].

Most of the trials of molecules with a potential for axonal repair have been deceiving. The
SPRINT-MS study results were promising; however, phase 3 trials are needed to confirm this
result before considering ibudilast as a therapy for progressive MS [132]. Similarly, lipoic acid and
simvastatin [134] appear to be potentially beneficial in slowing brain atrophy, and further studies
are needed to confirm the results of the phase 2 trials. In a randomized placebo-controlled phase
2 trial, phenytoin was found to have neuroprotective effects after acute optic neuritis compared to
placebo [139]. The MS-SMART trial (NCT01910259) failed to show a benefit of amiloride, fluoxetine,
or riluzole on brain atrophy in progressive MS (results presented at ECTRIMS 2018). High-dose
biotin [153-155] and mesenchymal stem cells appear to have a dual effect on neuroprotection and
remyelination, and have been studied in multiple small trials and open-label studies in progressive MS,
with promising results (Table 1). It is important to note that treatment with autologous hematopoietic
stem cell transplantation is reserved for patients with treatment-refractory highly active MS, specifically
those who have poor prognostic factors of future disability, including ongoing clinical or radiological
activity despite treatment with potent DMT [158], and is out of the scope of this review. Other
compounds that are being investigated in phase 2 or 3 trials, include idebenone (NCT01854359),
masitinib (NCT01433497), hormone-based therapies (ACTH (NCT01950234)), and erythropoietin
(NCT01144117), lithium (NCT01259388), and T-cell receptor vaccines (NCT02057159), among others.

6.3. Symptomatic Management

Optimal symptom management is essential to improve quality of life of patients and to complement
the beneficial effect of long-term maintenance therapies in MS. The most commonly encountered
symptoms in MS include fatigue, spasticity-related symptoms, neuropathic pain, urinary dysfunction,
sleep disturbances, and mood changes. A high number of patients complain of more than one symptom,
many of which may be interrelated. For example, poor sleep and depression worsens diurnal fatigue,
which can hence not solely be attributed to the disease. Routine evaluations should include screening
for persistent symptoms, preferably using validated scales. A general rule in our experience is to start
by treating the most disabling or consequential symptom, titrate medications up slowly, use molecules
that have a potential to address more than one symptom, and avoid polypharmacy. Combining
pharmacological and non-pharmacological approaches to address specific symptoms is important. For
example, gait difficulties can be addressed with physical therapy (with a focus on improving ataxia
or muscle strength depending on presentation), spasticity management (stretching, anti-spasticity
medications, botulinum toxin injections, baclofen pump), and fatigue with dalfampridine. A significant
emphasis should also be placed on physical, occupational, and speech therapy. Evaluation and
treatment by a multi-disciplinary team is key to provide optimal care across the range of dysfunction
in progressive MS. General wellness measures and management of comorbidities should always
be discussed with patients, most importantly hyperlipidemia, hypertension, and diabetes control,
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consuming a healthy diet, weight loss, smoking cessation, vitamin D supplementation, osteoporosis
management, and emotional wellness [159].

7. Challenges in Progressive MS Treatment and Research

There are many unmet needs in the field of progressive MS. First, our experience with
anti-inflammatory medications like ocrelizumab and siponimod has shown positive but modest
results. These medications work on the inflammatory component of the disease, and their potential
mechanism of action on the neurodegenerative aspect of MS is probably minimal, if any. As discussed
above, the rituximab/ocrelizumab and fingolimod/siponimod experiences in progressive MS provide
evidence that therapeutic approaches for progressive MS should probably focus on a different
pathophysiological aspect of the disease. Second, trial methodology has significant implications for the
effect of agents in progressive MS. Study population selection and amount of disease activity (pre-trial
and in-trial annualized relapse rates, presence or absence of baseline gadolinium enhancing lesions)
in enrolled subjects are key in driving these efficacy differences between therapies. The definition
of progressive MS also varies between trials, and often but not always, a minimum confirmed EDSS
step of three at trial entry is required in progressive MS trials, which makes the study populations
somewhat heterogeneous and trial results inconsistent and difficult to compare across studies [57].

Third, the selection of appropriate clinical outcome measures plays an important role in capturing
treatment effects in progressive MS trials, as discussed earlier in this manuscript [160]. Non-ambulatory
patients are typically excluded from progressive MS trials, and the benefit of different therapies on
functional domains other than gait function could yield more promising results, specifically in this
patient population. For example, studying hand and cognitive function or using composite outcomes
like the MSFC rather than relying solely on ambulation as a primary endpoint could inform treatment
effects in a more sensitive way. Hand function might be more amenable to treatment compared to
lower extremity function in patients with more advanced disability. In the ASCEND trial for instance,
natalizumab was associated with a 44% reduction in the relative risk of confirmed upper limb disability
progression measured by the 9HPT (adjusted OR 0-56 (95% CI 0-40-0-80); p = 0-001), whereas no benefit
was observed on other measures of disability like the EDSS and the T25FW [101]. In a pre-specified
baseline subgroup analysis of patients with EDSS >6.0 and age >45 years from the OROTARIO trial,
ocrelizumab also reduced disability progression as measured by the 12-week confirmed 9HPT in older
non-ambulatory patients [161]. Moreover, despite the high prevalence of cognitive dysfunction in
progressive MS, there are methodological gaps in outcome measures of cognition in MS, and cognitive
function is not adequately and comprehensively evaluated in trials [57,162]. The use of composite
outcome measures has been used increasingly in progressive MS trials, and appear to have higher
sensitivity to changes. For example, the primary endpoint of the INFORMS trial was a novel composite
outcome measure that was defined as a 3-month confirmed change from baseline of the EDSS, the
T25FW, or the 9HPT, and although the trial was negative, this outcome measure detected changes
with excellent sensitivity in this population [77] Trials evaluating therapies with a remyelinating or
repair potential are expected to have a modest clinical effect and can particularly benefit from using
composite measures to enhance detection of changes. This approach was used in the opicinimab
(SYNERGY) [129] and ibudilast (SPRINT-MS) [132] trials. MRI outcome measures also have some
limitations. For example, measures of whole brain atrophy are mostly used as primary endpoints,
and have the issue of being variable, which is a concern for interpretability. Other measures like
cortical atrophy or magnetization transfer ratio might be more useful depending on the population
and mechanism of action of the investigational product.

Finally, the efficacy of molecules with a potential for remyelination and/or neuroprotection needs
to be confirmed in large trials with clinically meaningful outcome measures, which will require time
and resources. Ultimately, for FDA approval, an agent that can demonstrate clinically meaningful
changes in disability measures in large multicenter phase 3 trials is needed. To be able to achieve that,
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research on the optimal outcome markers is needed. Moreover, many of these molecules are old drugs
that do not generate interest in the pharmaceutical industry.

Overall, optimal and novel trial methodology and development of sensitive and clinically
meaningful outcome measures and biomarkers are needed in the near-future. The International
Progressive MS Alliance and the UK Expert Consortium for Progression in MS Clinical Trials have
a mission to expedite development of therapies for progressive forms of MS, which includes the
development of optimal trial designs and more responsive outcome measures.

8. Conclusions

A significant amount of effort is delivered to improve knowledge in the field of progressive MS.
Future trials will incorporate lessons from previous trials, and hopefully, therapies that halt or even
stop neurodegeneration in MS will be available in the future.
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Abstract: Neuromyelitis optica spectrum disorder (NMOSD) and anti-myelin oligodendrocyte
glycoprotein (anti-MOG) syndromes are immune-mediated inflammatory conditions of the central
nervous system that frequently involve the optic nerves and the spinal cord. Because of their similar
clinical manifestations and habitual relapsing course they are frequently confounded with multiple
sclerosis (MS). Early and accurate diagnosis of these distinct conditions is relevant as they have
different treatments. Some agents used for MS treatment may be deleterious to NMOSD. NMOSD is
frequently associated with antibodies which target aquaporin-4 (AQP4), the most abundant water
channel in the CNS, located in the astrocytic processes at the blood-brain barrier (BBB). On the
other hand, anti-MOG syndromes result from damage to myelin oligodendrocyte glycoprotein
(MOG), expressed on surfaces of oligodendrocytes and myelin sheaths. Acute transverse myelitis
with longitudinally extensive lesion on spinal MRI is the most frequent inaugural manifestation of
NMOSD, usually followed by optic neuritis. Other core clinical characteristics include area postrema
syndrome, brainstem, diencephalic and cerebral symptoms that may be associated with typical MRI
abnormalities. Acute disseminated encephalomyelitis and bilateral or recurrent optic neuritis are
the most frequent anti-MOG syndromes in children and adults, respectively. Attacks are usually
treated with steroids, and relapses prevention with immunosuppressive drugs. Promising emerging
therapies for NMOSD include monoclonal antibodies and tolerization.

Keywords: neuromyelitis optica spectrum disorders; anti-MOG syndrome; aquaporin 4-IgG; myelin
oligodendrocyte glycoprotein; multiple sclerosis

1. Introduction

Neuromyelitis optica spectrum disorders (NMOSD) and anti-myelin oligodendrocyte glycoprotein
(anti-MOG) syndromes are immune-mediated inflammatory conditions of the central nervous system
(CNS) that frequently involve the optic nerves and the spinal cord. Because of their clinical manifestations
and habitual relapsing course, they are frequently confounded with multiple sclerosis (MS). Early
and accurate diagnosis of these distinct conditions is very relevant as they have different therapeutic
approaches. Even a more important reason is the observation that some agents used in MS treatment
may be deleterious to patients with NMOSD [1-3].

Although NMOSD and anti-MOG syndromes share a number of clinical manifestations, they are
independent nosological entities with distinct pathophysiological mechanisms and histopathological
features [4-7].

Whereas NMOSD is most frequently associated with antibodies which target aquaporin-4 (AQP4),
the most abundant water channel in the CNS, particularly expressed in the astrocytic processes at the
blood-brain barrier (BBB) [8], anti-MOG syndromes result from damage to myelin oligodendrocyte
glycoprotein (MOG), a membrane protein expressed on oligodendrocyte cell surfaces and on the

Biomedicines 2019, 7, 42; doi:10.3390/biomedicines7020042 73 www.mdpi.com/journal/biomedicines



Biomedicines 2019, 7, 42

outermost surface of myelin sheaths. Because of this particular location, MOG is a good antigen
candidate for autoimmune demyelination [6,7,9-11]. Moreover, three fourths of NMOSD patients test
positive for AQP4 antibody, while serum MOG antibody is only detected in a minority of seronegative
AQP4-IgG NMOSD patients [12-14].

The lack of coexistence of AQP4-IgG and MOG-IgG in the serum of a same patient further suggests
that AQP4-IgG NMOSD and anti-MOG syndromes are distinct diseases [15]. On the other hand, failure
to identify either AQP4-IgG or MOG-IgG in a proportion of patients with NMOSD phenotype supports
the view that other autoantibodies or factors may also play a role in NMOSD pathogenesis. In line
with that, N-methyl-D-aspartate receptor-IgG and CV2/CRMP5-IgG have been described in association
with NMOSD phenotype [16-19].

2. Neuromyelitis Optica Spectrum Disorders

The term neuromyelitis optica was introduced by Eugene Devic and Fernand Gault in 1894, who
first recognized the association of amaurosis and myelitis as a new clinical entity. Devic [20] reported
the case of a 45-year-old French woman who was seen at the Hotel-Dieu hospital of Lyon because
of an intractable headache and depression in addition to general asthenia. One month later, she
developed urinary retention, complete paraplegia and blindness, and died few weeks later. Autopsy
disclosed severe demyelinating and necrotic lesions extending 4-5 cm length in the lower thoracic
and lumbar spinal cord. There was demyelination of the optic nerves, but a gross examination of the
brain was unrevealing. In this paper, Devic emphasized the similarity of the pathological process
involving the spinal cord and the optic nerves, named the syndrome “neuro-myélite optique”, or
“neuroptico-myélite”, and discussed its relationship with MS. Fernand Gault, a disciple of Devic’s,
reviewed in detail 17 cases of this condition in his doctoral thesis named “De la neuromyélite optique
aigué” [21]. The eponym “Devic’s disease” was suggested by Acchiote [22]. However, the association
of myelitis and blindness had already been reported by other authors in the early and mid 19th century.
The case of Marquis de Causan—known as the first description of this association by the French anatomist
and pathologist Antoine Portal in 1803-1804—was characterized by relapsing myelitis followed by
amaurosis and signs of brainstem involvement [23]. Other previously reported cases included those
by Giovanni Battista Pescetto in 1844 [24], Christopher Mercer Durrant in 1850 [25], Jacob Augustus
Lockhart Clarke in 1862 [26], Thomas Clifford Albutt in 1870 [27], and Wilhelm Heinrich Erb in
1879-1880 [28]. Also, in the American continent, the association of optic neuritis and myelitis was
identified by Seguin (1880) [29] prior to Devic and Gault’s pioneering publication. None of these
previous authors however, had used the term “neuromyelitis optica”, or considered their cases as
expression of a new nosological entity. It was only in 1943 that the disease was first identified in Latin
America, when Aluizio Marques, in Rio de Janeiro, described two female patients who developed
bilateral blindness and acute transverse myelitis [30].

2.1. Pathophysiology

The discovery of NMO-IgG and AQP4 as its targeted antigen unequivocally confirmed
neuromyelitis optica as a disease distinct from MS and allowed its early laboratorial recognition [31,32].
The serum identification of AQP4-IgG expanded the clinical spectrum of the disease to include its
limited forms (single or recurrent longitudinally extensive transverse myelitis [LETM], defined by MRI
as a lesion extending for three or more vertebral segments, or recurrent isolated optic neuritis) [33],
along with a wide variety of brainstem, diencephalic, and cerebral manifestations [34,35].

Aquaporin-4 monomers assemble to form tetramers which further aggregate in cell plasma
membranes to form supramolecular arrays called orthogonal arrays of particles (OAP). There are two
major forms of AQP-4: the full-length 323 amino acid M1 isoform, and the shorter 301 amino acid M23
isoform. Only the M23 isoform forms large OAPs [14]. It has been shown that M1 isoform does not
form OAPs on its own, but can co-assemble with M23 in heterotetramers that limit OAP size [36,37].
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Aquaporin-4 is widely expressed throughout the CNS. It is also highly expressed in the optic nerves
and spinal cord, explaining their preferential involvement in the disease. Other CNS sites expressing
AQP-4 include the supraoptic nucleus of the hypothalamus, the periventricular structures such as area
postrema and the vascular organ of lamina terminalis, which lack BBB and contain osmo-sensitive
neurons that regulate fluid homeostasis and release arginine-vasopressin, which facilitates this process.
Aquaporin-4 is also expressed in non-neural tissues including skeletal muscle cells, lung airway
cells, gastric parietal cells, renal collecting duct cells, inner ear, retinal Muller cells, lacrimal gland
and salivary duct cells, and olfactory epithelial cells [38]. Human and experimental studies have
shown that AQP4-IgG belongs mainly to IgG1 class, a potent activator of complement. The antibody
enters the CNS, binds the antigen at astrocyte processes, induces complement-mediated inflammation,
granulocyte infiltration, and astrocyte death [37,39]. Complement-mediated inflammation with
secondary neutrophils and eosinophil infiltration plays a key role in the pathophysiology of NMOSD
attacks [40].

Aquaporin-4 antibodies are more abundant in the peripheral blood than in the cerebrospinal
fluid (CSF) [41]. In the periphery, they are produced by a number of B cell subpopulations which
are vulnerable to interleukin-6 (IL-6), which enhances their survival and AQP4-IgG secretion [42].
Although AQP4-IgG can gain direct access to AQP4 on astrocytes located at circumventricular organs
where the endothelia lack tight junction, the mechanisms of its penetration into other CNS sites that are
protected byBBB are still unclear. Recent findings have shown that AQP4-IgG is not sufficient or even
necessary to cause BBB disruption [43]. Sera from NMO patients contain non-reactive AQP4 antibodies,
identified as recombinant antibodies (rAb) ON-12-2-46 and ON-07-5-31 which target glucose-regulated
protein 78 (GRP78) on the cell surface of brain microvascular endothelial cells (BMEC). GRP78 is a
stress protein of the heat shock 70 family expressed in all CNS cells [44]. However, only rAb ON 12-2-46
induces nuclear translocation of nuclear factor kB (NF-kB) p65, which is a marker of cell activation [43].
BMECs activation causes increased secretion of vascular endothelium growth factor (VEGF) and
metaloproteinases (MMP)-2/9 which result in a down regulation of claudin 5 and disruption of the
BBB. Leakage of the BBB allows entrance of AQP4-IgG to the CNS and its binding to AQP4 in the
astrocytic endfeet. Evidences showing the causal role of AQP4-IgG in NMOSD include its nearly
absolute specificity for the disease; its correlation with disease activity, higher number of relapses and
more severe course as compared with seronegative patients; some distinct demographic and clinical
features; increased concentration of AQP4-positive plasmablasts in NMOSD patients, mainly during
disease relapses; and decreased serum AQP4-IgG concentration following successful treatments and
during disease remission [45-47]. Histopathological features such as a marked loss of astrocytes and
accumulation of IgG and IgM around blood vessels, the site of AQP4 expression; spare of myelin
and axons in some lesions suggesting that astrocytes (which have a higher expression of AQP4) are
the initial cell target in the disease, whereas in more recent lesions there may be preservation of glial
fibrillary acidic protein (GFAP), a marker of astrocyte damage, suggesting that AQP4 is the primary
target of the immune attack. The initial loss of AQP4 with astrocyte preservation might reflect the
internalization of AQP4 of either M1-AQP4 or both isoforms before a complement becomes locally
available to mediate a lytic inflammatory process. This would account for the rapid reversal of some
MRI abnormalities in the area postrema and some parts of the cerebrum. The disease individual clinical
phenotype and severity may be related to the ratio of AQP4-M1 to M23 in the optic nerves, brain, and
spinal cord. While CNS regions with a higher proportion of M1 would rapidly internalize, avoiding a
cascade of tissue damage, areas richer in AQP4-M23 isoform would be more liable to necrotic lesions
and cavitation [44-46].

Additionally, following a decreased serum concentration of AQP4-IgG, the AQP4-M1 isoform
is rapidly replaced in the astrocytic membrane. Experimental studies have showed that a passive
transfer of AQP4-IgG from NMOSD patients to animals with disrupted BBB by previous experimental
autoimmune encephalomyelitis (EAE), or through pretreatment with Freund’s adjunct, develop CNS
typical NMO histopathological lesions [37,48-51].
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2.2. Epidemiology

Some caveats are needed before looking at published data on the epidemiology of NMOSD. First,
studies on the frequency and distribution of the disease across the world are still scanty and most
of them are based on small cohorts. Additionally, they employed non-standardized methodology
and inconsistent inclusion of seronegative patients, and differ regarding used diagnostic criteria and
assays for AQP4 antibodies detection. In spite of these limitations, a number of issues related to
disease prevalence, ethnicity and geography have been clarified. Studies in different populations and
geographic regions show that NMOSD is a rare disorder with worldwide distribution [52]. However,
an exception to these studies is the seroprevalence study from Olmsted County, in the United States,
and Martinique [53] which showed a 2.5-fold higher prevalence rate of the disease in Martinique
(10 per 100,000) than in Olmsted County (3.9 per 100,000), all other studies [52] indicated a fairly
uniform prevalence rate below 5 per 100,000 people in different regions and populations (Table 1).
Likewise, incidence rates were also homogeneous in different countries, ranging from 0.2 per 1 million
per year, in Mexico [54] to 4.0 in Denmark [55]. Although most studies point to incidence rate below
1 per 1 million, a peak incidence rate of 7.3 per 1 million was again found in Martinique [53].

Table 1. Incidence and prevalence of NMOSD across the world.

Incidence (95% CI) Prevalence (95%
Authors, Year Country Number of Cases (per Million per Year) CI) (per 100,000)
E%era etal, 2008 fexico 34 0.20 (0.05-0.35) 1
Cabrera-Gomez et
ol 2009 [56] Cuba 58 0.44 (0.3-0.62) 0.43 (0.29-0.61)
é;?a“ etal, 2011 1y mark 42 4(3.0-5.4) 441 (3.1-5.7)
Aboul Enein et al., .
2011 [57] Austria 71 0.54 (0.01-0.03) 0.71 (0.17-0.96)
Cossburn et al.,
2012 [58] UK 14 NA 1.96 (1.22-2.97)
Eg]uze“ etal, 2012 Japan 3 0.8 (0.3-1.6) 0.72 (0.31-1.42)
{ggj’b etal, 2013 UK 13 0.8 (0.3-1.6) 0.72 (0.31-1.42)
Etemadifar et al.,
2014 [61] Iran 95 NA 1.95 (1.62-2.23)
Pandit et al., 2014 India 1 NA 26
[62]
Kashipazha et al.,
2015 [23] Iran 51 NA 0.8 (0.54-1.06)
Flanagan et al., USA 6 0.7 (0.0-2.1) 3.9(0.8-7.1)
2016 [53] Martinique 39 7.3 (4.1-10.1) 10.0 (6.8-13.2)
E]:ﬁ Pelt et al,, 2016 Netherlands 1.2 NA
Eg]uzen etal, 2007 1 ban 14 NA 41(22-6.9)
Hor etal,, 2017 [66] Malaysia 14 NA 1.99 (1.09-3.35)
ﬁ)‘;ll‘han etal, 2017 Nz 81 0.37 (0.36-0.38) 0.7 (0.66-0.74)
Sepulveda et al., .
207 [63] Spain 74 0.63 (0.45-0.8) 0.89 (0.87-0.91)
United
Holroyd et al., 2018 Arab 10 059 0.34
[69] 5
Emirates

NMOSD: neuromyelitis optica spectrum disorders; NA: not available; ANZ: Australia and New Zealand.
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Although NMOSD has been regarded to have a predilection for non-Caucasians, the similarity of
prevalence and incidence rates in different geographic regions and distinct ethnicities may suggest that,
as in opposition to MS, latitude and genetic factors may not play a key role in NMOSD pathogenesis [70].
This contradicts the ethnicity-specific higher prevalence for blacks in Olmsted County, which was
similar to that found in the black population of Martinique [53]. The Australian-New Zealand study
also observed higher prevalence rate in people with Asian ancestry than in Caucasians [67].

Ethnicity, however, influences age at onset and phenotype of AQP4 seropositive NMOSD. A recent
study comparing the clinical manifestations and outcome of 603 NMOSD patients of three different
races (Asians, Caucasians and Afro-Americans/Afro-Europeans) showed that non-white patients are
younger at disease onset, and more frequently have brain attacks at onset or during the disease course,
as well as more frequent abnormalities on brain MRI. Afro-American and Afro-European patients
have more severe attacks at onset than Asians and Caucasians, but the outcome at the last follow-up
was similar in the different racial groups [71]. This observed that the similarity of the outcome at the
last follow-up for all racial groups is in opposition to previous reports of a more severe outcome of
NMOSD in Afro-Caribbean than in Caucasian patients [56,72,73].

Usually, the initial clinical manifestations of NMOSD occur at an age of around 35-45 years
(median age at onset is 39), but children and the elderly account for 18% of cases. Women comprise 70%
to 90% of all cases, but there is no gender predilection in children [74]. The estimated proportion of
familial cases (3%) is greater than expected based on the disease prevalence [75]. In some populations,
human leukocyte antigen (HLA) has been reported to be associated with susceptibility to NMOSD,
such as HLA-DPB1*0501 allele in Japanese and Chinese populations [76,77] and HLA-DPB1*03 in
Caucasian, Afro-Caribbean, and Indian patients [78-81]. These genetic factors may account for the
phenotypic variability among racial groups.

2.3. Clinical Manifestations

For a long time, the hallmark of NMOSD had been considered as the preferential involvement of
the optic nerves and the spinal cord in absence of brain symptoms. However, following the discovery
of NMO-IgG in 2004, a wide variety of brainstem, diencephalic and cerebral signs were described
in seropositive patients [34]. In 2015 the International Panel for NMO Diagnosis (IPND) added area
postrema, brainstem, diencephalic and cerebral manifestations to optic neuritis and LETM to the
revised diagnostic criteria for NMOSD [35]. Table 2 shows the clinical manifestations of NMOSD.
Clinical analysis of the largest international cohort of AQP4-seropositive NMOSD so far published [71]
shows that the disease was relapsing in 85% of the cases. Myelitis was the initial manifestation in 48%,
optic neuritis in 42%, area postrema syndrome in 10%, brainstem/diencephalic/cerebral symptoms
in 14%, and simultaneous optic neuritis and myelitis in 4%. During the disease course, 84% of the
patients presented myelitis, 63% optic neuritis, 15% APS, 17% brainstem syndrome, 3% diencephalic
syndrome and 14% cerebral syndrome. In almost one half of the patients (45%) the inaugural attack
was severe (defined as an Expanded Disability Status Scale (EDSS) score at >6.0 or visual acuity <0.1 in
at least one eye at nadir).

Severe transverse myelitis in NMOSD most commonly causes symmetrical motor and sensory
loss, mainly of the lower limbs, associated with sphincter disturbances. Hiccups and respiratory failure
may result from an extension of cervical lesions to the medulla oblongata. Intractable nausea, vomiting
and hiccups indicate involvement of the area postrema. The area postrema is the chemosensitive
vomiting center located in the dorsal part of the medulla oblongata. It is highly vascularized, lacks
blood brain barrier and has a high AQP-4 expression. Its fenestrated capillaries and loosely apposed
astrocytic processes likely facilitate IgG access to the CNS [82]. This increased exposure to AQP4-IgG
may explain the frequent occurrence of incoercible nausea/vomiting/hiccups in AQP4-IgG seropositive
patients. Cervical lesions with rostral extension to the area postrema as seen on MRI, have been
observed in other conditions, such as sarcoidosis, lymphoma, paraneoplastic myelitis, spondylosis
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and dural arteriovenous fistula. However, area postrema lesions on MRI occurring in association with
incoercible nausea, vomiting or hiccups are specific for NMOSD [83].

Table 2. Clinical manifestations of NMOSD according to anatomic involvement *.

Site Symtoms

Eye pain or headache
Blurred vision
Disturbance of color vision
Optic nerve/chiasm Amaurosis
Optic disc edema
Optic atrophy
Scotomas and other visual field defects
Limb weakness
Lower limb spasticity
Gait abnormalities
Sensory disturbances
Radicular pain
Spinal cord Pruritus
Painful tonic spasms
Trunk and limb ataxia
Sphincter disturbances
Respiratory weakness
Lhermitte phenomenon
Motor and sensory disturbances
Incoercible nausea, vomiting and hiccups
Intractable cough
Weight loss
Anorexia
Diplopia/ocular movement disorders
Facial dysesthesia and trigeminal neuralgia
Dysgeusia
Facial paralysis
Hearing loss, tinnitus
Vertigo
Dysarthria/dysphagia
Narcolepsy
Hypophyseal abnormalities
Antidiuretic hormone syndrome
Diencephalon Pre-syncopal symptoms
Disturbances of body temperature
Anhydrosis/excessive sweating
Hyperphagia
Posterior reversible encephalopathy syndrome
(PRES)
Mental confusion
Cerebrum Seizures
Aphasia
Apraxia
Cognitive dysfunction
Psychiatric symptoms

Brainstem

* Modified from Lana-Peixoto and Callegaro, 2012 [34]. NMOSD: neuromyelitis optica spectrum disorders.
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Optic neuritis in NMOSD may differ from isolated idiopathic optic neuritis, and from optic neuritis
occurring in MS. In NMOSD, optic neuritis is characterized by more severe visual loss at onset, bilateral
involvement of the optic nerves or optic chiasm, relapsing course, poor response to IV corticosteroid
pulses, poor recovery with permanent visual deficits, and association with normal brain MRI, or
with unspecific lesions on brain MRI. Bitemporal hemianopsia points to the presence of chiasmal
involvement, which is more common in AQP4-IgG NMOSD than in MS or anti-MOG syndromes.

Brainstem symptoms occur in about one third of the NMOSD patients and are the inaugural
manifestation of the disease in about one half of these cases. The most commonly observed brainstem
symptoms are vomiting (33%), hiccups (22%), oculomotor dysfunction (20%), and pruritus (12%),
followed by hearing loss, facial palsy, vertigo, and trigeminal neuralgia (about 2% each) [84].

In a study of a multi-racial cohort, associated systemic autoimmune diseases were observed in
30% of the Caucasian, 9% of Asian, and 19% of the Afro-American/Afro-European AQP4-seropositive
patients [71]. Serum autoantibodies associated with autoimmune conditions are frequently found
in NMOSD patients, even in the absence of clinical manifestations. The most common autoimmune
abnormalities associated with NMOSD include those related to thyroid disease, systemic lupus
erythematosus, and Sjogren syndrome [46].

2.4. Laboratorial Characteristics

Patients with suspected NMOSD need a careful history and physical examination followed by a
comprehensive laboratory work-up to rule out mimickers. Laboratory evaluation should include tests
for infectious diseases, sarcoidosis, lymphomas and other tumors, paraneoplastic disorders, metabolic
and nutritional disorders as well as a number of other autoimmune conditions. Testing for serum
AQP4-IgG and MOG-IgG has diagnostic relevance for all patients with suspected NMOSD. Previously
employed techniques for serum detection of AQP4-IgG such as indirect immunofluorescence and
enzyme-linked immunosorbent assay (ELISA) proved to have lower sensitivity and specificity than
cell-based assays (CBA) (mean sensitivity of indirect immunofluorescence and ELISA were 63% and
64%, respectively). Moreover, ELISA may yield 0.5%-1.2% of false-positive results [85-87]). There is a
marked variation in assay sensitivity, which ranges from 48.7% to 76.7%, with the highest sensitivity
obtained with CBA [88]. The specificity of the different assays ranged from 86.9% to 100% with the
commercial fixed CBA having higher specificity than the live CBA. False negative results are higher
during remissions, after plasma exchange, or in use of immunosuppressive drugs [88].

Recommendations for testing for serum AQP4-IgG include: (1) patients with acute transverse
myelitis associated with a LETM lesion on spinal MRI, or with myelitis associated with normal brain
MRI or without evidences of MS or other causes; (2) patients with optic neuritis with atypical features,
such as the occurrence of relapses, bilateral simultaneous involvement of the optic nerves or chiasmal
involvement, poor recovery, or optic neuritis associated with a long lesion of the optic nerve; (3) patients
with area postrema syndrome; (4) patients with diencephalic symptoms and MRI abnormalities of
unknown etiology; and (5) patients with encephalopathy of unknown nature. Testing for AQP4-IgG is
not recommended in patients with typical clinical and imaging evidences of MS [14,88].

Cerebrospinal fluid (CSF) analysis usually discloses distinct features from those found in MS.
While oligoclonal bands (OCB) restricted to the CSF occur in more than 90% of the MS population [89],
they were found in only 18% of a large NMOSD cohort [90]. Interestingly, OCB restricted to the CSF are
less frequently observed in Asian than in Caucasian or African-American/African European NMOSD
patients [71]. During acute relapses a variable pleocytosis with presence of neutrophils and eosinophils
may be observed [46].
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2.5. Diagnostic Criteria

Current diagnostic criteria for NMOSD were developed by the IPND in 2015 [35]. The panel took
the following decisions: (1) unify NMO and NMOSD under the single term “NMOSD”; (2) define (i)
optic neuritis; (ii) acute myelitis; (iii) area postrema syndrome or episode of otherwise unexplained
hiccups or nausea and vomiting; (iv) acute brainstem syndrome; (v) symptomatic narcolepsy or acute
diencephalic clinical syndrome with NMOSD-typical diencephalic MRI lesions; and (vi) symptomatic
cerebral syndrome with NMOSD-typical brain lesions as the six “core clinical characteristics” of
NMOSD, according to involvement of anatomic sites; (3) establish diagnostic criteria for both NMOSD
with AQP4-IgG and NMOSD without AQP4-IgG (negative serology or not performed test) (Table 3); (4)
require additional supportive MRI characteristics to diagnostic criteria for NMOSD without AQP4-IgG
or with unknown AQP4-IgG in order to enhancing specificity; (5) recommend the use of CBA for
AQP4-IgG detection due to their higher sensitivity and specificity; (6) list some clinical features as well
as laboratory and imaging findings that may point to alternative diagnoses, and therefore must be
seen as “red flags”.

Table 3. International consensus diagnostic criteria for NMOSD *.

1. Diagnostic criteria for NMOSD with AQP4-IgG
1. Atleast one core clinical characteristic
2. Exclusion of alternative diagnoses
2. Diagnostic criteria for NMOSD without AQP4-IgG or NMOSD with unknown AQP4-IgG status
1. At least two core clinical characteristics meeting all of the following requirements:
a. At least one core clinical characteristic must be optic neuritis, acute myelitis with
LETM, or area postrema syndrome
b. Dissemination in space (two or more different core clinical characteristics)
c. Core clinical syndromes must be associated with respective MRI findings:
i. Optic neuritis:
1. Brain MRI is normal or with nonspecific lesions; OR
2. Optic nerve lesion extending over % of the optic nerve length;
or chiasmal lesion
ii. Acute myelitis: MRI with lesion or spinal atrophy extending over >3
contiguous segments
iii. Area postrema syndrome: MRI with dorsal medulla/area postrema lesions
iv. Acute brainstem syndrome: MRI with periependymal brainstem lesions
v. Narcolepsy or acute diencephalic clinical syndrome: MRI with
NMOSD-typical diencephalic lesions
2. Exclusion of alternative diagnoses

* Modified from Wingerchuk et al., 2015 [35]. NMOSD: neuromyelitis optica spectrum disorders; AQP4: aquaporin-4;
IgG: immunoglobulin G; LETM: longitudinally extensive transverse myelitis lesions.

Table 3 shows the international consensus diagnostic criteria for NMOSD with AQP4-IgG, and
the diagnostic criteria for NMOSD without AQP4-IgG or with AQP4-IgG unknown status. For
AQP4-IgG seropositive individuals, at least one of six “core clinical characteristics” must be present.
For individuals without AQP4-IgG or with unknown AQP4-IgG status, diagnosis of NMOSD requires
at least two of the six core clinical characteristics. One of the six core clinical characteristics must
be optic neuritis, transverse myelitis or area postrema syndrome, and all of them need additional
supportive MRI characteristics.

Clinical signs, CSF, MRI and optic coherence tomography (OCT) findings usually distinguish
NMOSD from MS. Most frequently, atypical features for NMOSD (“red flags”) point to the diagnosis
of MS (Table 4). However, a number of other conditions may mimic NMOSD by involvement of the
optic nerves and/or the spinal cord (Table 5) [91].
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Table 4. Distinctive characteristics between MS and NMOSD.

Distinctive characteristics of MS
Progressive course
Partial transverse myelitis
Brain MRI features
Perpendicular periventricular lesions (Dawson fingers)
Periventricular lesions in the inferior temporal lobe
Juxtacortical lesions involving subcortical U-fibers
Cortical lesions
More severe brain atrophy
Spinal cord MRI features
Lesions <3 complete vertebral segments
Lesions located predominantly in the peripheral cord
Diffuse, indistinct signal change on T2-weighted sequences
Cerebrospinal fluid analysis
Presence of oligoclonal bands
Optic coherence tomography features
Predominant atrophy of temporal RNFL
Distinctive characteristics of NMOSD
Complete transverse myelitis
Brain MRI features
Multiple patchy enhancement with blurred margin in adjacent regions
(cloud-like enhancement)
Large and edematous callosal lesions
Large and confluent white matter lesions (as in PRES)
Predominantly posterior brainstem lesions (around the fourth ventricle
lesions and periaqueductal lesions)
Hypothalamic lesions
Extensive optic nerve lesions and chiasmal lesions
Spinal cord MRI features
Longitudinally extensive transverse myelitis lesions (>3 contiguous
segments)
Longitudinally extensive spinal cord atrophy (>3 contiguous segments)
Centrally-located or holomedullary spinal cord lesions
Cerebrospinal fluid analysis
Moderate or marked pleocytosis
Presence of neutrophils and eosinophils
Optic coherence tomography features
Predominant atrophy of superior and inferior RNFL

MS: multiple sclerosis; NMOSD: neuromyelitis optica spectrum disorders; PRES: posterior reversible encephalopathy
syndrome; RNFL: retinal nerve fiber layer.

Table 5. Differential diagnosis of NMOSD.

Multiple Sclerosis

Acute disseminated encephalomyelitis
MOG-related disorders
Sarcoidosis
Lymphoma
Paraneoplastic disease
Central nervous system infections
Syphilis
Tuberculosis
Human T-lymphotropic virus-I (HTLV-I) infection
Herpes virus infection
Dengue-virus infection
Lyme disease
Schistosomiasis
Sjogren syndrome
Systemic lupus erythematosus
Neuro-Behget’s disease
Spinal dural arteriovenous fistula

NMOSD: neuromyelitis optica spectrum disorders.
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2.6. Magnetic Resonance Imaging

Magnetic resonance imaging of the brain and spinal cord is an essential tool for the diagnosis
and management of demyelinating diseases of the CNS. The correct differentiation of NMOSD and
anti-MOG syndromes from MS is important to provide patients with the most appropriate treatment.

Longitudinally extensive transverse myelitis, is the most specific imaging feature of NMOSD
(Figure 1a). The length of the lesion has been considered the most distinguishing feature from MS,
although long lesions may occur in MS and short lesions in NMOSD. Frequently, LETM lesions
exhibit non-homogeneous contrast-enhancing that may persists for months following acute attacks.
An extensive centrally-located hypointense signal in T1-sequence denotes cavitation secondary to
tissue necrosis (Figure 1b). Cervical lesions may extend rostrally to the medulla oblongata (Figure 1c).
Longitudinally extensive cord atrophy results from severe or recurring myelitis (Figure 1d). Short
lesions, characterized by extension < three vertebral segments have been reported, predominantly at
disease onset in 14% of the patients [92].

Figure 1. Examples of longitudinally extensive spinal cord lesions detected by MRIin AQP4- seropositive

NMOSD patients. (a). T2-weighted central longitudinally extensive cervical lesion. (b). T1-weighted
lesion with gadolinium showing multiple hypointensities (cavitations) throughout the cervical cord.
(c). T2-weighted cervical lesion extending to brainstem. Another lesion is seen in the upper thoracic
levels. (d). Longitudinally extensive spinal cord atrophy of the cervical cord.

Optic nerve abnormalities differ between, NMOSD and MS. Thickened, contrast-enhancing and
long (> one-half the length of the optic nerve) lesions, as well as preference for involvement of the
posterior segment of the nerve or chiasm are all in favor of NMOSD (Figure 2).
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Figure 2. Optic nerve abnormalities on MRI in AQP4-seropositive NMOSD patients. (a). Sagittal
T1-weighted MRI shows edematous gadolinium-enhancing optic nerve lesion extending from the eye
to the intracranial segment. (b). Axial T1-weighted extensive gadolinium-enhancing lesion in both
optic nerves. (c). Coronal T1-weighted MRI shows edematous gadolinium enhancing lesion in the

optic chiasm.

Most NMOSD patients have abnormalities on brain MRI [93]. More commonly, brain MRI lesions
are unspecific, but they fulfill Barkoff’s criteria for MS in up to 42% of patients [93,94]. In a minority
of cases, NMOSD typical brain lesions can be identified mainly in AQP4 enriched regions, such as
around the lateral, third and fourth ventricles [93]. Brain lesions that favor NMOSD more than MS
include peri-ependymal lesions surrounding the ventricles and aqueduct, hemispheric tumefactive
lesions, extensive lesions involving corticospinal tracts, and “cloud-like” enhancing lesions [95]. One
recent study [96] showed that criteria comprising (1) at least one lesion adjacent to the body of the
lateral ventricle and in the inferior temporal lobe; or (2) the presence of an S-shaped U-fiber lesion; or
(3) a Dawson’s finger type lesion were fulfilled by 90.9% RRMS, 12.9% AQP4-IgG NMOSD, and 4.8%
MOG-IgG NMOSD patients.

Adults and children with MOG antibody disease frequently had fluffy brainstem lesions, often
located in pons and/or adjacent to fourth ventricle. Children across all conditions showed more
frequent bilateral, large, brainstem and deep grey matter lesions. MOG antibody disease spontaneously
separated from multiple sclerosis, but overlapped with AQP4 antibody disease. Multiple sclerosis
was discriminated from MOG antibody disease and from AQP4 antibody disease with high predictive
values, while MOG antibody disease could not be accurately discriminated from AQP4 antibody
disease. The best classifiers between MOG antibody disease and multiple sclerosis were similar in
adults and children, and included ovoid lesions adjacent to the body of lateral ventricles, Dawson’s
fingers T1 hypointense lesions (multiple sclerosis), fluffy lesions and three lesions or less (MOG
antibody). In the validation cohort patients with antibody-mediated conditions were differentiated
from multiple sclerosis with high accuracy [96].

2.7. Treatment

In spite of their clinical similarities, NMOSD and MS have different treatment. It has been shown
that most MS disease modifying drugs, including beta-interferons, glatiramer acetate, natalizumab,
alemtuzumab, fingolimod and dimethyl-fumarate are not only inefficacious in NMOSD, but may cause
disease exacerbation [97].

In NMOSD the outcome of attacks is usually poor. Recent analysis of 871 attacks revealed that
complete remission occurred in only 21% of them and 6% of them had no improvement [98]. The
sequence of treatments is of fundamental importance to improve the outcome. Medical therapy,
therefore, aims both to enfeeble an ongoing inflammatory attack, and avoid future relapses.

2.7.1. Therapy of Acute Relapses

Relapses are usually treated with intravenous pulses of methylprednisolone (one gram/day for
five days). In severe NMOSD attacks, or when corticosteroids fail to stabilize progression of symptoms
plasma exchange (PLEX) must be added [99]. Apheresis eliminates the pathogenic antibodies, from
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circulation and has higher therapeutic efficacy than IV corticosteroids. Its early use as first-line therapy
following attack is a predictor of better remission.

Post-infusion oral prednisone is usually recommended, mainly when an immunosuppressive
agent with delayed onset of action is prescribed as prophylaxis of new events [100]. Azathioprine,
mycophenolate mofetil, and rituximab are the most commonly used immunosuppressive treatments
for prevention of new attacks of the disease.

2.7.2. Therapy for Relapses Prevention

Table 6 shows the various drugs used for prevention of relapses in NMOSD. Prednisone,
azathioprine, mycophenolate mofetil and rituximab are the first-line drugs. The choice of the initial
treatment depends on availability, costs, co-morbidities, and disease course. Prednisone is inexpensive
and has a rapid-onset therapeutic action, but adverse effects frequently restrain its continuation for a
long time.

Table 6. Drugs used in relapse prevention in neuromyelitis optica spectrum disorders.

Drugs Route  Regimen Comments
Prednisone Oral >30 mg/d Keep until until azathioprine or
mycophenolate fully effective, then
taper over six months
Azathioprine Oral 2-3 mg/kg/d in 2 doses First line treatment; latency four to
six months; target dose guided by
ALC and MCV; monitor liver
function
Mycophenolate mofetil Oral 1500-3000 mg/d in 2 Target dose guided by ALC and
doses blood concentration (1-2 ug/mL)
Rituximab v 1000 mg given twice, 14 First-line therapy; CD19 B cells as a
d apart.Repeat every 6 marker
mo or based on
reemergence of CD19 B
cells
Methotrexate Oral 15-25.0 mg weekly Supplement with folic acid 1 mg/d,
monitor liver function
Ciclosporin A Oral 2-5 mg/kg/day in 2 doses  Nephrotoxic, target dose guided by
blood concentration (70-100 ng/mL)
Tacrolimus Oral 1-6 mg/day in 2 doses Nephrotoxic, target dose guided by
blood concentration (5-10 ng/mL)
Mitoxantrone v 12 mg/m?2 every 1-3 Cardiac monitoring (LVEF), target
months dose guided by leukocyte count;
total cumulative dose 100 mg/m2
Tocilizumab v 8 mg/kg every 4 weeks 8 mg/kg every four weeks;

monitoring for infections; CRP no
reliable biomarker for infection

ALC = absolute lymphocyte count; MCV = mean corpuscular volume; IV = intravenously; LVEF = left ventricular
ejection fraction; CRP = C-reactive protein.

Azathioprine is probably the most commonly used drug in the preventive treatment of attacks
in NMOSD. Initially, it should be combined with prednisone for three to six months until its
maximal therapeutic effect can be reached. The lymphocyte count should decrease to 600-1000/cubic
millimeter and the mean erythrocyte volume should increase five points from baseline. Thiopurine
methyltransferase enzyme activity testing, when available is recommended before the administration
of the drug to avoid higher risk of adverse effects. Monitoring of blood cell count and liver function
tests on a regular basis is mandatory.

Mycophenolate mofetil is recommended as an alternative treatment in patients who develop
intolerance or poor response to azathioprine.
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Rituximab is a chimeric monoclonal anti-CD20 antibody that produces rapid depletion of
circulating CD20 B cells. A number of studies have showed its efficacy and tolerance in the treatment of
NMOSD, but some aspects of treatment strategy and long-term safety still remain to be clarified [101].

Monoclonal antibodies will probably play a most important role in treatment of NMOSD in the
coming years. Eculizumab and tocilizumab have already shown their efficacy in small groups of
patients [102].

Eculizumab is a humanized monoclonal antibody that inhibits the complement protein C5 and
blocks terminal complement activation [103]. The complement cascade is a fundamental part in the
inflammation process in NMOSD lesions. In spite of eculizumab efficacy in preventing relapses the
increased risk of patients developing meningococcal meningitis raises important safety concerns [104].

Tocilizumab is a monoclonal antibody that targets Interleukin-6 (IL-6) receptor and decrease
survival of the antibody-producing plasmablasts. Inebelizumab is a humanized anti-CD19 monoclonal
antibody that targets B cell lineage. Although there is still no open-label study supporting its use,
it is probably more efficacious than rituximab, which targets the more mature CD20. Inebelizumab
removes plasmablasts that express CD19, decreasing the production of AQP4-IgG [102].

Satralizumab is an anti-IL-6 receptor monoclonal antibody. A recent communication on results of
a phase III study showed that Satralizumab is a promising therapeutic agent by reducing the risk of
relapses by 62% in NMOSD patients [105].

Tolerization is a recent therapeutic approach that uses innovative techniques to restore immune
tolerance to host antigens and suppress autoimmune diseases [106]. Tolerization techniques include
inverse DNA vaccination, T-cell vaccination, peptide-coupling strategies, tolerogenic dendritic cell
vaccination, as well as T-cell receptor engineering-, and chimeric antigen receptor-based therapeutics.
As AQP-4 is a specific target to NMO-IgG, there is reason for optimism that this new approach might
offer marked beneficial to NMOSD patients, avoiding the wide variety of adverse effects of chronic
immunosuppressive agents.

3. Anti-Myelin Oligodendrocyte Glycoprotein Syndromes

Myelin oligodendrocyte glycoprotein is a component of myelin expressed exclusively in myelin
produced by oligodendrocytes in the CNS, making up less than 0.05% of total myelin proteins. It
presents a length of 245 amino acids with a molecular weight of approximately 26-28 kDa [107-109].

The introduction of experimental autoimmune encephalomyelitis (EAE) as an animal model
of demyelination raised the interest in the search of anti-MOG antibodies in MS patients. Some
investigators reported a prevalence as high as 41% of anti-MOG antibodies serum positivity in MS
patients [110]. Others, however, found similar rates of positive MOG-IgG serostatus inpatients with
MS, other neurological disorders and healthy controls [111-117]. Recently, the introduction of CBA in
substitution to enzyme-linked immunosorbent assays and immunoprecipitation techniques for the
detection of MOG-IgG, methods which were not reliable, led to a major change in the understanding
of the relationship between MOG-IgG and CNS disorders in humans. Using CBA, a technique that
preserve the conformational structure of full-length human MOG, antibodies targeting MOG have
been identified in both children and adults with a variety of phenotypes such as ADEM, optic neuritis,
transverse myelitis, NMOSD, and brainstem encephalitis [118-122]. Conversely, MOG-IgG has rarely
been found in patients with MS phenotype [123,124].

3.1. Pathophysiology

While the role of AQP4-IgG in the pathophysiology of NMOSD has been established by a large
number of clinical and experimental evidences the innermost mechanisms underlying the variety of
human demyelinating phenotypes in association with anti-MOG antibodies remain to be better clarified.

Anti-MOG antibodies are produced peripherally and usually reach the CNS following a breakdown
of the BBB secondary to infections. A history of preceding infectious prodrome is reported in almost
50% of the patients [124]. The absence of restrict oligoclonal bands in the CSF of patients with anti-MOG
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syndromes supports the notion of its peripheral origin. Circulating lymphocytes may also migrate to
CNS with subsequent clonal expansion [125].

Both in vivo and in vitro studies have suggested the presence of complement in mediating
demyelination [126,127]. The observation of complement-mediated cytotoxicity from in vitro studies,
and the development of a NMOSD-like disorder in animal models are strong evidences in favor of
MOG-IgG pathogenicity [18,128,129].

However, in some instances there are reversible alterations to myelin without complement
activation or inflammatory cell infiltration [130]. This is in consonance with the better recovery of some
patients with anti-MOG syndromes as compared with NMOSD [119,131].

There are few pathological studies on anti-MOG syndromes [7,10]. A brain biopsy from a
patient with MOG-antibody-associated encephalomyelitis revealed typical MS-type Il histopathological
features characterized by deposition of IgG and activated complement at sites of ongoing demyelination.
There were well demarcated areas of loss of myelin with relative preservation of axons and astrocytes,
numerous lipid-laden macrophages containing myelin debris, and inflammatory infiltrates with
predominately perivascular T cells and some perivascular B-cells [7]. However, search for MOG-IgG
and a number of other autoantibodies in a series of patients with Type-II MS failed to show any direct
relation between type II-MS and MOG-IgG [6]. In contrast with seropositive AQP4-IgG NMOSD,
co-existing serum autoantibodies are rare in anti-MOG syndromes. Associated autoimmune disorders
are found in over one third of patients with AQP4-IgG seropositive NMOSD, but in only 9% of the
anti-MOG syndromes.

3.2. Epidemiology

Major published series show that anti-MOG syndromes have an earlier age at onset, a lower
female to male ratio, and a different racial predisposition as compared with seropositive AQP4-IgG
NMOSD [96,119,124,132]. In a recent analysis of 50 cases [6], the age at onset ranged from 6 to
70 years (median 31 years) and 64% were females. Caucasians comprised 73% of the 59 patients in
Australia/New Zealand series [124].

3.3. Clinical Manifestations

Almost all patients with anti-MOG syndromes present a relapsing course. The proportion of
patients with a monophasic disease declines with extension of the follow-up. Relapses occurred in
93% of patients with disease duration >8 years [6]. In a study of 276 relapses in 50 patients, optic
neuritis occurred in 88%, acute myelitis in 56%, brainstem attacks in 24%, supratentorial encephalitis
in 14%, and cerebellitis in 4% of the patients. Bilateral simultaneous optic neuritis occurred in 51% and
simultaneous optic neuritis and myelitis in 18 % of the patients [6].

Anti-MOG syndromes have distinct clinical features in children and adults. In children MOG-IgG
most frequently expresses clinically as ADEM phenotype, whereas optic neuritis, usually with bilateral
involvement, predominates in adults. In a study of 59 patients with relapsing anti-MOG syndromes
(33 children and 26 adults) [124] the inaugural symptoms in the pediatric group were ADEM (36%),
bilateral optic neuritis (24%), unilateral optic neuritis (15%). In adults, optic neuritis was the presenting
symptom in 73% (bilateral optic neuritis 42%; unilateral optic neuritis 31%). Simultaneous involvement
of the optic nerves and spinal cord (NMOSD phenotype was the presenting symptom in two children
(6%) and five adults (19%). ADEM did not occur in the adult group. Transverse myelitis was less
common. Conversely, myelitis occurred at disease presentation in 34% of the patients in another
series [6], whereas optic neuritis in 74%, brainstem encephalitis in 8%, cerebral symptoms in 6% and
cerebellar symptoms in 2%. At presentation, most patients exhibit either isolated optic neuritis (64%),
isolated myelitis (18%), or combined optic neuritis and myelitis (10%). [6]. Optic neuritis is usually
severe. Visual acuity >20/200 is observed in almost 70% of patients and optic nerve head swelling in
the vast majority of the cases [124,132].
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Interestingly, 25% to 32% of the patients in both series fulfilled the 2015 International consensus
criteria for NMOSD, whereas 15% to 33% of them fulfilled revised McDonald criteria for MS [124,132].

3.4. Anti-MOG Testing

The recently introduced CBA techniques to detect specific autoantibodies that recognize
conformational epitopes of membrane proteins, are the currently recommended method for the
detection of AQP4-IgG and MOG-IgG. Indications for testing are based on the presence of specific
clinical and paraclinical abnormalities that are considered typical for these disorders and atypical for
MS. As some patients with MOG-related disorders may test negative for MOG-IgG during disease
remission and treatment with immunosuppressive agents, it is recommended that the search for the
antibody should be performed during acute relapses.

Many factors influence the sensitivity and specificity for anti-MOG antibody detection and
the discrepancies found in early studies are now considered as a result of the use of inappropriate
methodology for antibody detection, such as ELISA and immunoblot techniques. Using CBA antibodies
targeting MOG have been recently identified in both children and adults with demyelination disorders
including acute disseminated encephalomyelitis (ADEM), optic neuritis (ON), transverse myelitis
(TM), and AQP4-seronegative NMOSD [124].

3.5. Cerebrospinal Fluid Analysis

Pleocytosis is found in over one half of patients with anti-MOG syndromes. White cell counts
>100 cell/uL. have been reported in 28% of cases [132]. Neutrophils may be present in variable
proportion. Intrathecal IgG synthesis as measured by the presence of restricted oligoclonal bands in
CSF was found in 11% to 13% of patients [124,132].

3.6. MRI Features

Optic neuritis in anti-MOG syndrome exhibits some peculiar features that may distinguish it
from optic neuritis in AQP4-IgG NMOSD and MS. Bilateral optic nerve lesions occur more commonly
in MOG (and AQP4-IgG) optic neuritis than in MS optic neuritis (Figure 3a). Usually, lesions are
longitudinally extensive and tend to locate in the retrobulbar and orbital segments of the optic nerve.
Chiasmal involvement is very rare. Perioptic contrast enhancement which may extend to surrounding
orbital tissues (Figure 3b) is observed in over one third of patients [132].

Figure 3. Examples of MRI abnormalities in anti-MOG syndrome. (a). Axial T1-weighted MRI reveals

longitudinal extensive gadolinium enhancement of both optic nerves. (b). Coronal T2-weighted MRI
shows hyperintense thickening of perioptic nerve sheath. (c). Sagittal T2/FLAIR-weighted image shows
large fluffy lesion in the medulla.

Spinal MRI shows in patients with acute myelitis at disease onset LETM lesions in two thirds
lesions occur and short lesions (<3 vertebral segments) in one third of patients. Swelling and contrast
enhancement of the lesions are frequently observed [131].

Brain MRI is normal in a large majority of anti-MOG NMOSD patients. However, when brain
MRI is abnormal, some lesion characteristics may discriminate between anti-MOG NMOSD and MS
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with high predictive values [96]. Imaging features that are useful to differ between the two conditions
are the presence of three lesions or less, and of fluffy brainstem lesions in the pons/or adjacent to
fourth ventricle (anti-MOG syndrome) (Figure 3c); and of ovoid lesions adjacent to the body of lateral
ventricles, or Dawson’s fingers T1 hypointense lesions (MS). On the other hand, brain MRI does not
discriminate anti-MOG-NMOSD from AQP4-IgG NMOSD [96].

3.7. Diagnosis

Recently, an international panel of experts [133] formulated the diagnostic criteria for MOG-related
disorders in adults. Accordingly, MOG-related disorders should be diagnosed in patients who meet all
of the following criteria:

1.  Monophasic or relapsing acute ON, myelitis, brainstem encephalitis, or any combination of
these symptoms

2. MRI or electrophysiological (visual evoked potentials in patients with isolated ON) findings
compatible with CNS demyelination

3. Seropositivity for MOG-IgG as detected by means of a cell-based assay employing full length
human MOG as target antigen.

Clinical, laboratory and imaging features that favor the diagnosis of conditions other than
MOG-related disorders (“red-flags”) include:

a. Chronic progressive course (progressive MS, sarcoidosis and tumors) or acute onset (ischemia);
b.  Clinical and paraclinical findings suggesting other conditions such as:
i Tuberculosis, borreliosis, syphilis, Behget’s disease, subacute combined degeneration

of the spinal cord, Leber’s hereditary optic neuropathy, lymphoma, and
paraneoplastic disorders;

ii. Peripheral demyelination
c. Brain MRI abnormalities such as:
i Lesion adjacent to lateral ventricle associated with inferior temporal lobe lesion, or

Dawson’s finger-type lesion;
ii. Increasing number of lesions between relapses.

d.  Serum MOG-IgG at low titers.

It is recommended that patients who test positive for MOG-IgG but in whom a “red flag” is
suspected undergo retesting, preferably employing a different CBA [133].

3.8. Treatment

Patients with anti-MOG syndrome are usually responsive to steroids, but frequently relapse after
prednisone withdrawal or with a rapid taper [134]. More severe attacks or those with suboptimal
response to steroid may be treated with plasma exchange or IV immunoglobulin. As relapsing
disease is the rule with extended follow-up long-term immunosuppression should follow first-line
treatment [132]. Azathioprine, mycophenolate mofetil and rituximab have all been used but studies on
their comparative efficacy are still lacking. Multicenter studies are needed to provide physicians with
more robust data on the most appropriate way to treat this rare condition.

3.9. Conclusions

The understanding of NMOSD has enormously advanced in the last few years. Pathophysiological
and clinical studies have cleared up a number of uncertainties and deeply changed the concept of the
disease. Previously considered as a variant of MS, characterized by monophasic course and exclusive
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involvement of the optic nerves and spinal cord, NMOSD is now recognized as an independent disorder,
most frequently with relapsing course and a variety of clinical manifestations. The 2015 diagnostic
criteria [35] allows for the identification of NMOSD in both patients with AQP4-IgG seropositivity
and without the antibody, or who were not tested. High doses of IV steroids and PLEX are the main
therapeutic measures during relapses, whereas immunosupressive drugs and rituximab are most
useful to prevent new attacks. Monoclonal antibodies and tolerization are emerging and promising
therapeutic approaches. Recently, MOG-IgG was identified in patients with relapsing optic neurits,
acute myelitis, NMOSD phenotypes, and brainstem encephalitis, in addition to ADEM. Although
these patients are treated with IV corticosteroids and immunosupressive agents, data are too scanty to
evaluate the real efficacy of these drugs.

As NMOSD and anti-MOG syndromes are rare conditions, international collaborative efforts
are necessary to determine their distribution in different regions and populations, their intimate
pathophysiological mechanisms and the most efficacious therapeutic approach, in order to improving
patients care.
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Abstract: Multiple sclerosis (MS) primarily affects women in childbearing age and is associated
with an increased risk of adverse post-partum outcomes. Relapses and now fetal exposure to
disease modifying treatments in the early phase of pregnancy and thereafter are of concern. Safe
and effective contraception is required for women who wish to delay or avoid pregnancy while on
disease-modifying treatments. Counseling and planning is essential to assess the risk of both fetal
and maternal complications, particularly now in the era of highly efficient and riskier therapies. The
purpose of this review is to provide a practical framework using the available data surrounding
pregnancy in MS with the goal of optimizing outcomes during this phase in MS.

Keywords: multiple sclerosis; pregnancy; post-partum; treatment

1. Introduction

Multiple sclerosis (MS) is an autoimmune disease of the central nervous system (CNS) characterized
by inflammation and demyelination with almost 1 million affected in the US [1]. The disease
predominantly affects females and often starts in childbearing age [1], making this period a particularly
important stage for treatment decisions. Evidence supporting a reduction of disease activity during
pregnancy [2] is likely contributing to the recent observation that more women with MS are considering
pregnancy [3]. Because most disease-modifying treatments (DMT) are contraindicated during
pregnancy, understanding the risk behind discontinuation and early pregnancy exposure is important.
In the current era, a neurologist can now be faced with concerns relating to pregnancy, including
contraception, fertility, relapses during pregnancy and post-partum, and breastfeeding.

The purpose of this paper is to provide a practical clinical framework to assist physicians
in the treatment of women with MS surrounding pregnancy by reviewing the most recent data
surrounding pre-conception care, pregnancy and the post-partum phase in MS with the goal of
facilitating informed decisions.

2. Methods

We performed a literature search in Pubmed using the search term “multiple sclerosis,” with
additional search terms of “pregnancy,” “breastfeeding,” “contraception,” “fertility,” “disease modifying
therapy,” “pregnancy outcomes,” “guidelines,” and “counseling” in the last 10 years. The studies felt
to be most relevant for clinical practice were selected for inclusion in this review.

”ou

3. Pre-Pregnancy

3.1. Family Planning and Counseling

The rates of pregnancies in MS patients has increased in the US from 2006 to 2014, from 7.91% to
9.47%, while the rate of women without MS decreased from 8.83% to 7.75% over this time [3]. Because
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there is a high rate of unintentional pregnancies [4] and safety concerns surrounding certain MS DMTs
in pregnancy [5], counseling should be performed for all women with MS of reproductive age. In
addition, the neurologist should be aware of other related issues such as contraception, fertility, and
the low risk of transmission of MS to offspring (2-3% if one parent is affected and about 20% if both
parents are affected) [5]. Once a patient has decided to become pregnant, a number of steps can be
taken in an effort to achieve optimal outcomes. These are described below, and are outlined in Figure 1.

« Recognize that certain
neurological symptoms
may worsen

« Discuss plans for

breastfeeding and how that

may impact DMT use and
timing of DMT resumption

« Evaluate recent labs
pertinent to DMT and MRI
activity

« Women with active disease
should be discouraged
from contemplating
pregnancy until their
disease is stable for at least

6 months

« Symptomatic medication
used to treat MS symptoms

« Disease modifying therapy
in MS

 General advice on the use
of prenatal, folic acid and
vitamin D intake

« Behavioral: smoking

Figure 1. Pre-pregnancy care. (A) Multiple sclerosis (MS) disease activity assessment, (B) medication
reconciliation, (C) anticipation of issues during pregnancy and post-partum.

3.1.1. MS Disease Activity Assessment

The current MS disease activity should be evaluated. Appropriate laboratory analysis and MRIs
should be included in this assessment. For those with active MS disease activity, postponing attempted
conception until disease is stable for at least six months is recommended.

3.1.2. Medication Reconciliation

The current symptomatic MS medications a patient is taking and their safety in pregnancy should
be evaluated. This should be performed with the assistance of a patient’s obstetrician-gynecologist
whenever possible. Current DMT use should be discussed in regards to safety and optimal
discontinuation timing, which is typically 5 maximal half lives of the DMT, but this time frame
may vary in specific circumstances [6]. Standard prenatal medications including prenatal vitamins
and folic acid supplementation is advised [6]. Optimal Vitamin D supplementation is important to
maintain throughout pregnancy, as an increased risk of MS was seen in offspring of women with low
gestational Vitamin D (25(OH)D) levels of less than 30nmol/L in a Finnish study [7]. Smoking cessation
is recommended for all patients, given its impact on both MS disease activity and on pregnancy [6].

3.1.3. Anticipation of Issues Encountered during Pregnancy and Post-partum

Physicians should discuss the potential for MS symptoms to worsen or for new MS symptoms
to appear, especially during the less-protective phases of pregnancy and especially in patients with
highly active disease or on DMTs with risk for rebound activity. Plans regarding breastfeeding should
also be discussed pre-conception, as this will affect the timing of DMT resumption.

3.2. Oral Contraceptives and Multiple Sclerosis (MS) Disease Activity

Estrogen has known anti-inflammatory properties and has shown to be neuroprotective in
preclinical studies [8]. The reduction in disease activity observed during pregnancy is thought to be
related to high levels of estriol, especially in the third trimester [9]. In experimental autoimmune
encephalomyelitis (EAE) models, administration of estriol improved EAE, which correlated with
a decrease in the number of CNS inflammatory cells [8]. However, retrospective and prospective
studies have reported mixed results regarding oral contraceptive (OC) use and MS risk [10-12] and
have reported a positive influence on relapse rates [13]. While Hellwig et al. found that OC use was
associated with a slightly increased risk of MS/clinically isolated syndrome (CIS) (adjusted odds ratio
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(OR) = 1.52, 95% CI = 1.21-1.91; p < 0.001) [12], the risk did not change with duration of OC use,
suggesting non-causal association. Other studies have supported a positive effect. Rejali et al. found a
statistically significant relationship between history of OC use (OR = 0.492, p = 0.002) and MS risk
and in the duration of OC use (OR = 0.881, p = 0.008) and MS risk [11]. Holmqvist et al. found the
mean age of MS onset was significantly higher in patients with OC use prior to MS onset than those
without OC use (26 years old vs. 19 years old, p < 0.001). Additionally, age of MS onset increased with
increasing time of OC use prior to MS onset [10]. Bove et al. evaluated effects of past-, current- or
never-OC use in women with new onset relapsing remitting multiple sclerosis (RRMS) or CIS started
on a first-line injectable disease-modifying therapy and found that past OC users had a statistically
significant lower annualized relapse rate (ARR) compared to never OC users (Relative Risk (RR) = 0.64,
p = 0.031) and that current OC users had a non-statistically significant lower ARR compared to never
OC users (RR =0.97, p = 0.91) [13].

The anti-inflammatory effects of estradiol in combination with injectable MS therapies have been
demonstrated in preliminary studies [9,14]. Pozzilli et al. combined low-dose and high-dose oral
contraceptives with interferon beta and evaluated disease activity via cumulative number of combined
unique active (CUA) lesions on magnetic resonance imagining (MRI) at 96 weeks. There was a 26.5%
(p = 0.04) reduction in CUA lesions in the high dose OC group compared to interferon beta alone and a
non-significant reduction in the low dose OC group compared to interferon beta alone [14]. Voskuhl et
al. published a randomized, double-blind, placebo controlled phase 2 trial to assess the safety and
efficacy of estriol and progesterone in combination to glatiramer acetate versus glatiramer acetate alone
using a primary endpoint of annualized confirmed relapse rate at 24 months, and using a significance
level of p = 0.01. Confirmed relapse rate was 0.25 (95% CI 0.17-0.37) relapses per year in the estriol
treated group compared to 0.37 (95% CI 0.25-0.53) relapses per year in the placebo group with an
adjusted rate ratio of 0.63 (95% CI 0.37-1.05, p = 0.077) [9]. Larger studies with longer treatment times
are needed to better evaluate the effect of OC treatment and to help better stratify the risk-benefit of
long term estrogen use.

Clinical considerations: reliable contraception is recommended for patients taking DMT.
DMT-specific recommendations for contraceptive use are included in Table 1 [15-20], if provided
specifically in the prescribing recommendations. Beyond the need for pregnancy protection while
using DMT, oral contraceptive use is considered safe in MS [13], and potential additional benefits
on disease activity may be seen with oral contraceptive use in combination with platform injectable
therapy [9,14].

Table 1. Summary of prescribing contraception recommendations for MS disease-modifying
treatments (DMTs).

Disease Modifying Treatment (DMT) Prescribing Contraception Recommendations *
Interferon beta N/A
Glatiramer acetate N/A
. . Effective contraception during treatment and two months
Fingolimod .
following therapy [15]
Dimethyl fumarate N/A

Effective contraception during treatment and until
Teriflunomide plasma concentrations of teriffunomide are less than
0.02 mg/L [16]
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Table 1. Cont.

Disease Modifying Treatment (DMT) Prescribing Contraception Recommendations *
Natalizumab N/A
Alemtuzumab Effective contraceptive measures during treatment and

for 4 months following that course of treatment [17]

Effective contraception during therapy and for 6 months

Ocrelizumab after the last infusion [18]
Mitoxantrone Women should not become pregnant during therapy [19]
Cyclophosphamide ** Effective contraception during therapy and for up to

1 year after completion of treatment [20]

* Contraception recommendations included if provided in the prescribing label. ** Not Food and Drug Administration
(FDA) approved for use in MS.

3.3. Fertility

3.3.1. Effects of MS on Fertility

There are multiple observational studies supporting the argument that fertility may be influenced
by MS [21-25]. An Italian study found that women with MS are more frequently childless compared
to the general population, with reported rates of 22% vs. 13%, respectively [21]. However, it is
unclear if childlessness is due to behavioral factors such as disability, fear or beliefs about caring
for a newborn child or transmitting MS to her offspring, or actually a disease-related pathology [26].
Another important factor impacting fertility in MS patients includes sexual dysfunction, which is very
common, reported in 30-70% of MS patients [26] and is beyond the scope of this paper.

Reassuringly, an observational study in a French cohort evaluated fecundity, defined as the time
to become pregnant, in MS patients both before and after MS onset [22]. No differences in the time
to conception prior to or after MS disease onset were found (on average <1 year). However, despite
their normal fecundity, the mean number of children per women with MS was less than in the general
French population (1.37 versus 1.99, respectively) [22]. It is important to note that infertility in Western
populations is not uncommon, estimated at 10-20%, and because MS occurs at a fertile age, it is possible
that infertility is not actually MS mediated [27]. Nevertheless, assisted reproductive techniques (ART)
have been reported to be more common in women with MS [23].

Other studies have focused on evaluating hormonal differences, where higher levels of prolactin,
luteinizing hormone (LH), and follicle-stimulating hormone (FSH) and lower levels of estrogen have
been reported among MS women [24]. Elevated FSH in the early follicular phase is an indicator of low
ovarian reserve [25]. Another marker of low ovarian reserve, Anti-Mullerian hormone (AMH), has
been found to be decreased in reproductive-aged women with other autoimmune diseases and does
not fluctuate with menstrual cycles as FSH and LH levels do. To better understand ovarian reserve in
women with MS, serum AMH levels were examined in 76 RRMS patients and in 58 healthy controls
and found serum AMH levels to be significantly lower in patients with RRMS than in healthy controls,
and a higher proportion of RRMS patients showed very low AMH levels [25]. However, in a follow
up study, no significant differences in AMH levels were found [28] indicating that larger studies are
needed to better understand if lower ovarian reserve is found in reproductive-aged women with MS.
Thus, the ability to conceive may be influenced by various factors which makes fertility a concern for
many women affected with MS.

If a woman with MS does suffer from infertility, ART should be considered with caution.
Gonadotropin-releasing hormone (GnRH) agonists and antagonists are used to suppress the influence
of the hypothalamic-pituitary gland axis, preventing an LH surge and thus spontaneous ovulation.
Subsequent ovarian hyperstimulation is accomplished by administration of gonadotropins. Following
stimulation, controlled ovulation is accomplished by human choriongonadotropin (hCG), and
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administration of progesterone to support the luteal phase. Fertilization is completed by intrauterine
insemination, in vitro fertilization, or intracytoplasmatic sperm injection [27].

There are no randomized control trials to evaluate the safety or changes in relapse rate in MS
patients who are treated with ART. Despite the clinical improvements seen with the use of GnRH
agonists in EAE models [29], their use in humans with MS have shown opposite effects [27]. ART
therapy in MS patients may cause increased disease activity, and patients who plan to pursue these
therapies should be counseled about this risk sufficiently. Hellwig et al. published a review of five small
studies evaluating ART use in MS patients using various reproductive techniques. This collection of
studies demonstrated an increase in relapse rate following unsuccessful ART and increased MRI activity.
Downregulation of pituitary GnRH receptors via GnRH agonists might account for this increased
relapse rate. Additional theories behind worsening MS activity following ART include discontinuation
of DMT, stress related to infertility, rapidly changing hormone levels inducing pro-inflammatory
changes, and ART-medjiated increases in immune cell movement across the blood-brain-barrier via
induction of interleukin-8 (IL-8), vascular endothelial growth factor (VEGF), and CXC chemokine
ligand 12 (CXCL-12) [27].

3.3.2. Effects of Disease-Modifying Treatments (DMTs) on Fertility

In evaluating the potential influence of DMT use on fertility, information on humans is currently
scarce. Table 2 summarizes reported effects of DMTs on fertility with special concerns to the
following DMTs: interferon beta [30], natalizumab [31], alemtuzumab [17], mitoxantrone [31], and
cyclophosphamide [31]. An additional concern exists for autologous stem cell transplant in combination
with high-dose chemotherapy, which is an experimental MS treatment and may decrease fertility [32].

Table 2. Summary of reported MS DMT effects on fertility.

DMT Fertility
Interferon beta Reduced fertility in animals; no information in humans [30]
Glatiramer acetate No effects
Fingolimod No effects
Dimethyl Fumarate No effects
Teriflunomide No effects
Natalizumab Reduced fertility in animals; no information in humans [31]
Alemtuzumab Reduced fertility in animals; no information in humans [17]
Ocrelizumab No effects
Mitoxantrone Amenorrhea and transient azoospermia have been reported [31]
Cyclophosphamide * Amenorrhea and transient azoospermia have been reported [31]

* Not FDA approved for the treatment of MS.

Clinical considerations: because it is prudent to optimize a patient’s chance of conception off of
DMT, strategies such as substituting barrier methods for OC, waiting for ovulation cycles to resume
prior to discontinuing DMT, and referrals for evaluation of fertility if pregnancy does not result after
6 months of attempt should be considered [6].

4. Pregnancy

4.1. Pregnancy and the Risk of MS

There are multiple studies supporting the argument that pregnancy can be protective. Both
a reduction in MS risk [10,11,33-35] and a delay in MS onset [10] has been reported. For example,
Runmarker et al. found a higher risk of MS in nulliparous women compared to parous women,
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suggesting that pregnancy can be protective. This risk appeared to increase with older age [35].
Magyari et al. reported a 46% reduced risk of MS in Danish women during the five years following
childbirth [33], while Ponsonby et al. found that a higher parity and a higher number of offspring was
associated with reduced risk of a first clinical demyelinating event, and that each pregnancy conferred
a decreased risk [34]. Similarly, in a case-controlled study, Rejali et al. found a significant relationship
between the number of pregnancies and reduced risk of MS (OR = 0.586, 95% CI = 0.461-0.745),
suggesting that higher parity also influences MS risk [11]. Holmqvist et al. found that pregnancy
significantly delayed the mean age at MS onset in women who had given birth prior to disease onset.
This increase in age was seen for each child born to a woman prior to MS onset, suggesting a protective
effect of each pregnancy [10] which could be related to long-term epigenetic effects [36].

4.2. Pregnancy and Risk of Disease Activity

During pregnancy, the female’s immune system is reported to be more immunotolerant due to a
shift in the ratio of T helper 1 and 2 cells, mediated by high levels of estrogens, especially estradiol, in
addition to other important hormones including progesterone and androgens [6,10]. Some of these
changes support the clinical observation of decrease relapses during pregnancy and likely also support
the return of disease activity observed in months post-partum.

One of the pivotal studies to support this was reported in 1998, where Confravreux et al.
prospectively reported on the natural history of MS in pregnancy. A reduction in ARR during
pregnancy of 70%, especially during the third trimester, compared with the year prior to pregnancy was
reported and was followed by an increase in ARR during three months post-partum. The relapse rate
subsequently returned to the pre-partum relapse rate [37]. Contrary to Poser’s report [38], there was
no negative effect of pregnancy on disability progression [37]. In 2004, a two-year post-partum follow
up by Vukusic et al. noted that the risk of post-partum relapse was correlated to the number of relapses
in the year prior to pregnancy, in the number of relapses during pregnancy, and in those with a higher
Expanded Disability Status Scale (EDSS) at baseline [39]. Other studies [40,41] published worldwide
have found similar trends in the pattern of relapse occurrence during pregnancy and post-partum
which supports that the observations are more likely to be return of activity.

Clinical considerations: because there is the theoretical risk for relapses to occur in the early phases
of pregnancy, it is important to provide a recommendation in the clinical setting concerning treatment.
This risk of early relapses has become more apparent in patients who are becoming pregnant while on
fingolimod and natalizumab.

Previous studies have reported on treatment effects with interferon beta or glatiramer acetate on
relapse rates but little information is available concerning second-line therapies that are only more
recently available and are not typically used during pregnancy due to safety concerns [42]. There is
data to support the argument that the older treatments, such as glatiramer acetate or interferon beta
had no effect [43]. There have been reports of rebound with newer and higher efficacy DMT with
discontinuation of therapy prior to or during pregnancy [42]. A cross-sectional study of 99 pregnancies
with nearly 90% of women treated with DMTs during the year prior to pregnancy showed a higher
relapse occurrence during pregnancy than previously reported [42]. A four-fold increase in relapses
during pregnancy occurred, mostly during the first and third trimesters. Relapses were primarily seen
in patients treated with natalizumab and fingolimod before pregnancy. Longer DMT washout periods
before pregnancy resulted in a higher probability of relapse (OR 3.9, 95% CI 1.4-10.6, p = 0.008), and
were seen in patients previously treated with natalizumab and fingolimod who relapsed during the
first trimester of pregnancy [42].

It is important to recognize that there are certain DMT’s that can place a woman at risk for relapse
prior to or during pregnancy. Discontinuing fingolimod has been reported to increase risk of rebound
disease and a suggested washout of 2 months is recommended [15]. Women taking fingolimod should
be counseled regarding the risk of rebound activity, and switching to a safer medication such as
glatiramer acetate or interferon beta should be considered, based on newer data from postmarking
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studies [42,44-46]. Patients taking natalizumab may also be at increased risk of rebound disease activity
and switching to glatiramer acetate or interferon beta may be similarly considered [42,46]. For women
on natalizumab with highly active disease, Thone et al. [45] recommends a consideration of either
shortening the washout period, continuing natalizumab until conception, or continuing natalizumab
during pregnancy with extended interval dosing every 6 weeks through gestation week 30, with a
pediatric check upon delivery for hematologic abnormalities. This should be done on a case-by-case
basis and after a discussion about the risks with each patient [45]. Continuation of natalizumab during
the entire pregnancy has also been suggested in those patients with high disease activity who are
at high risk of rebound [47]. However, a full discussion between patient and physician needs to
occur highlighting the potential risk of fetal hematologic abnormalities reported with natalizumab
use [46,47]. If exposed, we recommend that women be under the care of a high-risk obstetrician and
consider delivering in a hospital where a pediatrician is accessible to assess the newborn for potential
complications [47]. Other considerations for these patients include discontinuation of DMT followed by
empiric treatment with prophylactic monthly high-dose corticosteroids during attempted conception
after a negative pregnancy test [6], switching treatment to alemtuzumab and waiting 4 months before
attempted conception [17], or switching treatment to B-cell therapy and waiting 6 months before
attempted conception [18]. These studies are part of the recommendations found in the joint European
Committee of Treatment and Research in Multiple Sclerosis (ECTRIMS) and European Academy of
Neurology (EAN) guidelines for treatment of women with MS who wish to become pregnant [48]
(Table 3).

Table 3. European Committee of Treatment and Research in Multiple Sclerosis (ECTRIMS)/European
Academy of Neurology (EAN) Guidelines for management of DMT in women with MS in pregnancy.

Only Glatiramer Acetate 20 mg/mL is Approved for Use during Pregnancy (Consensus) [48].

For women who are at risk of disease reactivation and planning pregnancy:

O  Consider switching the glatiramer acetate or interferon beta until conception is confirmed (weak) [48].
O For specific cases in women with active disease, consider continuing treatment throughout pregnancy
(weak) [48].

Delaying pregnancy is advised for women with persistent, highly active disease.

O  Women who become pregnant unintentionally or despite reccommendation, treatment with natalizumab
during pregnancy can be considered after counseling about the potential consequences (weak) [48].

O For planned pregnancies with very active disease, alemtuzumab can be considered, but treatment must
be followed by 4 months of effective contraception (weak) [48].

Relapses during pregnancy should have clinical and radiologic assessments when indicated. A
brain MRI without contrast does not appear to be harmful to the fetus [49]. Treatment with prednisone,
prednisolone, or methylprednisolone can be used to shorten symptom duration, as these medications
are metabolized by the placenta by about 90% [50]. However, their use in the first trimester of pregnancy
is considered teratogenic and an increased risk of cleft lip or palate has been reported [51].

4.3. Maternal and Delivery Complications

The effect of MS on pregnancy outcomes in the US and throughout the world has been previously
described, with conflicting results [40,41,52-55]. A meta-analysis cited a relatively higher prevalence of
abortions, cesarean sections, prematurity, and low birth weight in women with MS. However, due to the
high heterogeneity between the studies, they felt the effects of regional, legal, and cultural differences
could have hyper-inflated the abortion and cesarean section rates [40]. Studies using claims databases
have mixed reports. A higher risk of both antenatal [53] or post-partum [52] hospitalization of mothers
with MS were reported in two studies, whereas other studies found no increased risk [3,54,55]. Reports
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of maternal infections such as urinary tract infections (UTI) [54] and sexually transmitted diseases
(STD) [3], cesarean section rates [53,54] and induction of labor [54] were increased in women with MS
compared to controls. Risk of premature labor [3] and preterm delivery [55] have also been reported.

The conflicting evidence regarding pregnancy outcomes in women with MS may stem from
ascertainment bias and other confounding variables. Both older age and an increased prevalence of
co-morbidities in women with MS can independently affect pregnancy outcomes. There are several
potential issues with using claims based databases, where coding and billing might simply reflect
increased health care use in MS patients due to increased caution by their providers [41], where
different databases capture differing MS subpopulations based on the health insurance included in
that database, where reliance on hospital discharge summaries for identification of MS patients may
not capture all patients if they are asymptomatic at the time of delivery and no code for MS is entered,
and where a lack of vital background information including MS disease duration, disability, prior IV
corticosteroid use during pregnancy, other medications used during pregnancy, and prior pregnancy
outcomes limit interpretation of the results [3,52-55].

There is still much to be learned about MS and whether it is associated with adverse pregnancy
outcomes. Well-designed analyses not reliant on recall, standardized and more detailed data collection,
and increased participation in pregnancy registries are all vital to our future knowledge [3].

4.4. Fetal and Neonatal Complications

A majority of reported data regarding fetal and neonatal outcomes in women with MS has
been reassuring [40,52-55]. Rates of malformations and neonatal deaths have been reported as low
as 1.13-6.25%, which is similar to US reported rates [40,56]. Several US claims based studies have
evaluated the rate of fetal malformations in newborns born to mothers with and without MS, and
most [52-55], but not all [3], have not demonstrated an increased risk. Houtchens et al. alone found that
a higher proportion of patients with MS than without MS had claims for acquired fetal damage (27.8%
vs. 23.5% p = 0.002) and congenital fetal malformations (13.2% vs. 10.3% p = 0.004) [3]. Importantly, in
this study, both MS and control groups had a higher rate of labor and delivery complications than
reported in the general population [56]. Additional considerations include the fact that MS patients
were older, were more likely to have other chronic medications conditions, and due to the study design,
other pertinent health and pregnancy information was not available. Thus, independent predictors of
adverse pregnancy outcomes were present, but were not able to be appropriately interpreted, again
highlighting the need for additional information which could not be ascertained from the data [3,56].

Clinical considerations: none of the current US Food and Drug Administration (FDA) approved
DMTs used to treat MS are specifically approved for women who are trying to conceive, who
are currently pregnant, or who are breastfeeding. There are variations in DMT washout prior to
pregnancy [15-19,57,58] which are summarized in Table 4 along with their associated FDA pregnancy
categorization [46,59]. The recommendations differ in other countries from those in the US, especially
for glatiramer acetate [48].

Table 4. FDA pregnancy categories and recommended washout periods for MS DMTs.

DMT FDA Pregnancy Category Recommended Washout Period
Interferon beta Category C [46] 0-1 Menstrual cycles [57,58]
Glatiramer acetate Category B [46] 0-1 Menstrual cycles [57,58]
Fingolimod Category C [46] 2 Menstrual cycles [15]
Dimethyl Fumarate Category C [46] 0-1 Menstrual cycles [57,58]
Either: (1) Wait 24 Menstrual cycles, OR (2)
Teriflunomide Category X [46] Perform accelerated elimination until plasma

concentration <0.02 mg/dL [16]
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Table 4. Cont.

DMT FDA Pregnancy Category Recommended Washout Period
Natalizumab * Category C [46] 1-3 Menstrual cycles [58]
Alemtuzumab Category C [46] 4 Menstrual cycles [17]

Ocrelizumab N/A 6 Menstrual cycles [18]
Mitoxantrone Category D [46] 6 Menstrual cycles [19]

* Natalizumab: Case by case decision should be made in females with highly active disease or with history of severe
natalizumab withdrawal relapse after full discussion of the risks and benefits with the patient.

A summary of prescribing recommendations in pregnancy can be found in the labels of MS DMTs,
including a summary of their safety, lactation warnings, and contraception guidelines. Most FDA
approved MS DMTs have established pregnancy registries, and providers should encourage patients
with DMT exposures during pregnancy to enroll. Interestingly, a recent retrospective study using
an international MS pregnancy database found an increasing percentage of MS patients becoming
pregnant on DMTs, rising from 27% in 2006 to 62% in 2016, with a median exposure duration of one
month. The proportion of pre-term births or miscarriages compared to the unexposed pregnancies
were no different [60]. Updated information on the safety of DMT use during pregnancy based
from the FDA label, registry data and other sources may be found in the Supplementary Materials,
Table S1 [15-19,30,31,46,57,61-78].

5. Post-Partum

5.1. Post-Partum and the Risk of Disease Activity

Several studies have down that the post-partum period is a time of risk for increased disease
activity [37,41,42]. In a cross-sectional study of 512 patients, Poser et al. found that women at six months
post-partum were at increased risk of developing MS, disability progression, and of experiencing a
higher number of relapses compared with during pregnancy [38]. Pregnancy may also increase the
risk of conversion from radiologically isolated syndrome (RIS) to CIS [79]. In a small French cohort
of 60 women with RIS, those who became pregnant developed a first neurologic event earlier or had
more active MRI lesions than those who did not become pregnant [79]. Due to its small sample size
and the rarity of RIS, larger studies are needed to better understand the influence of pregnancy on the
risk of conversion from RIS to CIS.

As none of the current DMTs are FDA-approved for use during breastfeeding, it is important
to discuss the appropriate time to resume DMT. To balance the risk of relapse to the mother with
the benefit of breastfeeding to the baby in considering resuming DMT, the physician must consider
a patient’s likelihood to experience post-partum disease activity. Research supports that there is a
relationship between post-partum relapse rates and prior disease activity the year before pregnancy [39].
The highest predictor of post-partum relapse was a higher annualized relapse rate in the 2 years
prior to pregnancy [80]. For women at increased risk of relapse, a discussion regarding benefits of
resuming DMT versus the risks of relapse with breastfeeding should occur. Women who chose to
forego breastfeeding to resume DMT or who simply do not wish to breastfeed should resume DMT in
7-10 days post-partum [45].

5.2. Breastfeeding and Disease Activity

Breastfeeding has numerous health benefits to both the mother and infant. Exclusive breastfeeding
for six months should be encouraged if possible, as recommended by the World Health Organization [81].
The reported effects of breastfeeding on post-partum relapse rate in MS have varied [6,37,82-84] and
generally the patient is advised to make an informed decision.
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Several prospective studies have found a benefit with breastfeeding and in particular exclusive
breastfeeding on post-partum relapse rates [37,82,83] (Table 5). Exclusive breastfeeding is thought
to provoke lactational amenorrhea and ovarian suppression, which may be important in the
pathophysiology behind the observed benefit in MS [85]. In a small prospective study, women
who exclusively breastfed were five times less likely to experience a relapse in the year following
pregnancy compared to those who did not and exclusive breastfeeding was associated with protracted
lactational amenorrhea. This study was limited by its small size, but showed a consistent benefit of
exclusive breastfeeding when women with more highly active disease, a source of possible confounding,
were excluded from analysis [82]. A meta-analysis of the effects of breastfeeding on relapse rate
reported that women who breastfed were half as likely to have a post-partum relapse than women who
did not [84]. Limitations included high heterogeneity between studies, exclusivity of breastfeeding was
not always defined or was simplistically defined, and recall bias in the included retrospective studies.
A larger prospective study was conducted using the German MS and Pregnancy Registry that enrolled
pregnant MS women based on their intention to exclusively or non-exclusively breastfeed. A lower
risk of relapse in the six months post-partum was seen in women who chose to breastfeed exclusively
compared to those who did not, and compared to those who resumed DMT within 30 days [83].

Table 5. Annualized relapse rates (ARR) in breastfeeding.

Study Breastfeeding ARR ARR During ARR Post Partum
Pre-Pregnancy Pregnancy

1-3 months: 1.2

Confavreux et al. [37] Yes 0.6 0.3 4.6 months: 0.9

1-3 months: 1.3

No 08 05 4-6 months: 1.0
Hellwig et al. [83] Exclusive N/A 0.22 0.48
Non-Exclusive N/A 0.36 0.77
Langer-Gould et al. [82] Exclusive 0.57 0.19 0.36
Non-Exclusive 0.83 0.18 0.87

A recent study examined the effects of breastfeeding on the risk of MS in the nursing mother.
The authors hypothesized that breast-feeding leads to anovulation, which confers decreased MS risk.
Interestingly, in this matched case-control study, a cumulative duration of breastfeeding for >15 months
was associated with a reduced risk of developing MS (adjusted OR 0.47, 95% CI 0.28-0.77; p = 0.003)
compared to <4 months of breastfeeding, concluding that longer breastfeeding confers protection of
developing MS to the nursing mother. Interestingly, the authors did not find an association between
ovulatory years and MS risk. Limitations of this study included recall bias, the lack of hypothesized
association of ovulatory years with MS risk, and lack of information as to why women chose not to
breastfeed [86]. The effect of breastfeeding on MS risk requires further evaluation.

Clinical considerations: when resuming DMT, it is important to consider that the patients with
more highly active disease pre-pregnancy and/or during pregnancy are more likely to chose not to
breastfeed and to resume DMT post-partum and thus confound the above results [6], although the
authors did account for this as best they could [82,83]. A larger, prospective study evaluating the effects
of exclusive breastfeeding on post-partum relapse is needed. At the least, breastfeeding appears to be
safe in women with MS, and exclusive breastfeeding may be beneficial until food supplementation is
introduced into the infant’s diet. For women who wish to breastfeed, the data support greater benefit
from exclusive and without supplementation.

In patients who wish to breastfeed but are at a high risk of post-partum relapse, a protective
strategy is using monthly corticosteroids [87]. Although only about 10% of an infant’s endogenous
corticosteroid production is ingested from breast milk, the long-term risks are unknown. Thus, a
four-hour period of delayed breastfeeding, or “pumping and dumping,” is recommended [88]. For
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monitoring purposes, routine screening MRI with gadolinium after delivery, again followed by delayed
breastfeeding for 24 h, in breastfeeding mothers is recommended to help identify subclinical MS
activity, and those who may need DMT earlier than anticipated [6].

5.3. Newborn Care

Women with MS are faced with balancing their own needs with those of their newborn child
during the post-partum period. Sleep management, rehabilitation (often in the form of pelvic floor
exercises), and resumption of DMT are important maternal considerations. Family or paid assistance
should be encouraged. Women should also be screened for post-partum depression due to its high
overall prevalence in the population, with the strongest risk factor of having baseline depression [5].

6. Conclusions

Women with MS are becoming pregnant with increasing rates, while newer and more effective
DMTs are used to treat MS patients. Knowledge about safe and effective DMT use and the pattern of
disease activity around pregnancy is vital. Decisions regarding breastfeeding and DMT resumption
post-partum are shared between patient and physician, but with appropriate discussion about risks
and benefits. Special consideration should be taken with women who have highly active disease, or
who take medications that might cause rebound disease activity. Generally speaking, women should
feel reassured and confident about the management of their MS in the reproductive years.

Supplementary Materials: The following are available online at http://www.mdpi.com/2227-9059/7/2/32/s1:
Table S1: Updated information on the safety of DMT use during pregnancy.
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Abstract: Cognitive impairment affects 40-60% of patients with multiple sclerosis. It may be present
early in the course of the disease and has an impact on a patient’s employability, social interactions,
and quality of life. In the last three decades, an increasing interest in diagnosis and management
of cognitive impairment has arisen. Neuropsychological assessment and neuroimaging studies
focusing on cognitive impairment are now being incorporated as primary outcomes in clinical
trials. However, there are still key uncertainties concerning the underlying mechanisms of damage,
neural basis, sensitivity and validity of neuropsychological tests, and efficacy of pharmacological
and non-pharmacological interventions. The present article aimed to present an overview of the
assessment, neural correlates, and impact of cognitive impairment in multiple sclerosis.

Keywords: multiple sclerosis; demyelinating diseases; cognitive impairment; cognitive dysfunction

1. Introduction

Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of the central nervous
system (CNS). Typically, the disease affects the brain, spinal cord, and optic nerves, with acute
inflammation as seen during MS relapses, and variable degrees of chronic inflammation and
neurodegenerative processes within the white and gray matter, associated with progressive
accumulation of disability. In about 85% of the patients, MS begins as a relapsing-remitting course and
secondarily evolves to a progressive stage (secondary-progressive MS) in about 15-30% of patients [1,2].
From the onset, about 15% of the patients will develop a primary progressive course [3].

Most people experience their first symptoms of MS between the ages of 20 and 40. The clinical
heterogeneity of MS, as well as the findings of different pathological patterns, suggests that MS may
be a spectrum of diseases representing different processes [4-7]. MS can be clinically categorized
in different phenotypes, including clinically isolated syndrome (CIS), relapsing /remitting (RRMS),
primary progressive and secondary progressive MS (SPMS), and can be subclassified according
to its clinical and radiological activity [8]. These phenotypes are related to potentially different
pathophysiological disease mechanisms, including acute/chronic inflammation, axonal /neuronal loss
and gliosis, and variable degrees of tissue repair, as well as plasticity and clinical recovery, mainly
related to each individual [7], although these differences have yet to be demonstrated at the molecular
level [2].

Clinical symptoms of MS may include motor dysfunction (pyramidal); tremor, dysmetria, or ataxia
(cerebellar); diplopia or nystagmus (brainstem); numbness (sensory); urinary/bowel hesitancy,
incontinence, or retention; disturbances in vision and cognitive impairment. The latter functional
systems can be measured with the Expanded Disability Status Scale (EDSS), which range from
0 (normal neurological examination), to 10 (death due to MS) [9], and although it is the most
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widely used disability score worldwide, cognitive impairment related to the disease seems fairly
underrepresented, even when cognitive and neuropsychiatric symptoms are a major cause of disability,
loss of employment, and poor quality of life of patients and their families [10].

Although more than a century ago J.M. Charcot described “marked enfeeblement of the memory”
with “conceptions that are formed slowly” in persons with “sclérose en plaques” [11], this elegant
clinical observation was almost forgotten for more than a hundred years as a remarkable symptom of
what is now known as MS. In 1991, S. Rao brought renewed attention to cognitive impairment in MS
patients [12]. Since then, it has been a topic of clinical and basic research, trying to reveal the precise
mechanisms behind its presentation, in order to develop effective treatments that include cognitive
impairment as an outcome in clinical trials, many of them with unsatisfactory results [13].

The following manuscript is not a systematic review about the topic, but an overview that aims to
raise awareness on the cognitive deficits in MS, including the most affected cognitive domains and
related neuropsychological batteries for their assessment, their neural correlates with an emphasis on
neuroimaging, and a potential therapeutic approach as well as future perspectives.

2

2. Cognitive Impairment in Multiple Sclerosis

Cognition represents the function of several neural pathways involved in the processing of
information in the brain, including several correlated and interdependent cognitive domains such as
executive function, perceptual-motor function, language, learning and memory, complex attention,
and social cognition, as defined by the Diagnostic and Statistical Manual of Mental Disorders 5th
edition (DSM-5) [14]. Impairment of individual domains may cause dysfunction of the global cognitive
performance [15].

Although impairment in cognitive function occurs in different neurologic diseases, the clinical
syndromes, the degree of dysfunction, and related disability, depend on the involvement of different
brain structures (cortical or subcortical), the extent of neural damage or number of affected domains,
and the patient’s previous cognitive reserve and performance. In MS, as a heterogeneous disease,
all of the aforementioned characteristics makes it even more difficult to study cognition as a single
manifestation of the disease [16,17].

Despite advances in knowledge about the neural basis of cognitive function in MS, there are
still key uncertainties concerning what it is called ‘normal cognition’, and consequently with the
assessment of cognitive dysfunction, typically defined as a performance below a chosen threshold in
a number of cognitive domains, assessed in a specific neuropsychological test (e.g., 1.5-2 standard
deviations below normal of a Z-score of one or more cognitive domains). In these batteries, results are
commonly expressed as “intact/preserved” or “impaired” [18], and prevalent studies usually differ in
cognitive impairment definitions.

Almost thirty years ago, in a population-based study performed by S. Rao et al., a 45% frequency
of cognitive impairment in MS was found [12]. Other epidemiological studies reported frequencies
of cognitive impairment in patients with MS between 40-70% in North America and Europe [19].
Frequencies of 40-60% have been reported in Latin America [20]. Even though a variety of different
methodological approaches and neuropsychological batteries have been used, results are very similar
across all reported populations.

MS is commonly diagnosed during a patient’s most productive life period, and employment
years and cognitive impairment supposes a severe impact over a patient’s behavior, social functioning,
adaptative strategies, and profound functional limitations affecting the activities of daily living and
employment [10,21]. A large cross-sectional study carried out in nine European countries showed
that only 35.8% of MS patients were employed. Low mood and cognitive impairment affecting
domains like memory, attention, and slowed information processing speed were reported as frequent
determinants of work-related difficulties, but only working memory impairment was responsible
for higher unemployment rates [22]. Employment provides higher quality of life, independence,
social participation, personal and professional reaffirmation, monetary income, health insurance,
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financial support for medication, and in some countries access to work benefits and social security [23],
so cognition should be a priority in an era with highly active treatments reducing relapses and new
lesions, and even new horizons in preventing accumulation of physical disability with new disease
modifying treatments available [2].

A review by Shiavolin et al. concluded that difficulties that people with MS can experience
with employment are always secondary outcomes of research, and it is quite difficult to address
which factors contribute to reduced work participation. In their review, fatigue, mobility reduction,
and cognitive impairment were reported as the main drivers of unemployment, and unemployment
was related with worse quality of life scores [21].

In the same line, social cognition has gained relevance as a non-traditional cognitive domain
present in MS since early stages of the disease, a domain that has been related to the capability
for developing deep social interactions [24]. Recent evidence has shown 20% of social cognition
impairment among patients, with a similar distribution for different phenotypes [25], and social
cognition deficits show a significant correlation with the performance in other cognitive domains as
working memory, processing speed, and executive functions [26-28] and exhibit behavioral impact
affecting moral evaluation of other individuals” actions [29].

Finally, cognitive impairment not only affects patients, but also affects their relationship with their
families and is a frequent complaint of higher burden for caregivers [21]. Mickens et al. studied the
mediational effect on the relationships between MS impairments (neurological, cognitive, behavioral,
emotional, and functional), unmet family needs (household information, financial, social, support,
and health), and caregiver mental health (satisfaction with life, anxiety, burden, and depression) using
a structural equation model. They suggested that intervention research on MS caregivers in Latin
America may consider focusing on caregiver mental health problems by addressing unmet family
needs and teaching caregivers’ ways to manage the impairments of the individual with MS [30].

3. Cognitive Domains

All cognitive domains may be affected in MS, but the most affected ones are episodic memory
and information processing speed [17,31]. Working memory, executive function, verbal fluency,
and attention have also been widely described [12,32,33], with a recent interest in social cognition
impairment [24,34]. Although clinical phenotypes may differ in the prevalence or severity of cognitive
impairment, main determinants are physical disability as measured by EDSS, and patients” age [35].
Other individual characteristics such as gender, genetic factors, and cognitive reserve may also play a
relevant role [36]. For a summary of the most frequent cognitive domains affected in MS see Table 1.

Table 1. Frequency of cognitive impairment in patients with multiple sclerosis (MS) by
cognitive domain.

Cognitive Domain Frequency
Learning Memory 40-65%
Visual Episodic Memory 20-75%
Verbal Episodic Memory 15-80%
Complex Attention 5-25%
Information processing Speed 15-50%
Executive Function 15-25%
Working Memory 15-60%
Inhibitory control 15-30%
Language 20-58%
Verbal Fluency 15-25%
Social Cognition 20-40%

MS: Multiple sclerosis. Adapted from Rao et al. 1991 [12], Benedict et al. 2006 [32], Chiaravaloti et al. 2008 [17],
Dulau 2017 [25], Cotter et al. 2018 [34], Ciampi et al. 2018 [37], Ntoskou et al. 2018 [38].
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3.1. Learning Memory

Long-term memory refers to the ability to learn new information and to recall that information
at a later time point [39]. It is the most consistently affected cognitive domain in MS patients.
Impaired learning of new information seems to be the primary problem [36], but the encoding,
storing, and retrieval from long-term storage processes of memory seems to be affected in MS patients,
so there is still controversy about which of these components of memory is the most influential factor
for explaining memory deficits [40]. Other factors, such as slow processing speed, susceptibility
to interference, executive disfunction, and perceptual deficits can also determine poor learning
abilities [41].

3.2. Complex Attention—Information Processing

Complex attention domain involves sustained attention, divided attention, selective attention,
and processing speed [42]. MS patients usually present with deficits in information processing
efficiency, which refers to the ability to maintain and manipulate information in the brain for a short
time period (working memory-executive function) [43] and to the speed with which one can process
that information (processing speed—complex attention) [44]. It represents a key cognitive deficit in MS
patients and might contribute to the presence of impairment in other cognitive domains [45,46].

3.3. Executive Function

Executive function is a complex domain which involves goal-directed behavior to adapt
individuals to changes and demands of the environment, including planning, decision-making,
working memory, responding to feedback, inhibition, and flexibility [42], and is affected in around
20% of MS patients. Some studies claim the difficulty to differentiate executive impairment from
information processing, due to most of the tests used to evaluate executive function imply integrity of
information processing and are affected by emotional affections such as depression. Leavitt et al. [47]
studied executive functions and speed tasks (trail making test and Wisconsin card sorting test)
in MS patients versus healthy controls. They found that MS patients score worse than controls,
but differences decreased when corrected for information processing. They concluded that slow
information processing accounts for executive function deficits in MS patients. The difficulty in
assessing a specific domain, such as executive function, may be extrapolated to all other domains,
as cognitive abilities are assessed individually in optimal environments, but patients usually struggle
with managing multiple goals simultaneously [18].

3.4. Language

The language domain includes tasks such as object naming, word finding, fluency, grammar
and syntax, and receptive language [42]. In MS, language deficits have been less studied than
episodic memories or information processing speed. While some articles show intact functionality [48],
more recent studies report frequencies of language impairment between 20% and 58% in RRMS
or SPMS, respectively [38]. The most affected tasks seem to be phonological and semantic fluency,
although verbal fluency tests are directly influenced by executive functions, thus many of the deficits
have been considered as due to a dysfunctional executive syndrome [39].

3.5. Social Cognition

Social cognition, including social perception, empathy and theory of the mind, focuses on how
people process, store, and apply information about other people and social situations, guiding social
interactions [24]. Therefore, it is the sum of these processes that allow subjects of the same species
to interact and exchange social codes to obtain information about another’s behavior, and about the
environment [49]. Its recent inclusion within the six main cognitive domains of the DSM-5, and its
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association with quality of life and employment, have raised awareness among MS researchers in the
last years [34].

Social perception has been defined as the ability to perceive information about the mental state
of other subjects based on behavioral signals [50]. Empathy refers to the generation of an emotional
response in the observer to situations affecting other subjects (e.g., same or different emotion), and it
is an essential component of human emotional experience and social interaction, because when an
observed mental state is understood, and affective responses are generated, prosocial and cooperative
behaviors can exist [51,52]. Theory of the mind is the ability to represent the psychological perspective
of interacting subjects, requiring an internal theorization about their thoughts and beliefs, emotions,
affective states, and feelings [53].

Recent studies have shown 20-40% of social cognition impairment in MS patients, with similar
distribution across phenotypes, greater impact in theory of the mind tasks, as well as in the recognition
of certain negative facial emotion expressions [25,34]. It also seems that social cognition interacts
with other cognitive domains, although a distinct patter of association with an exclusive domain
(e.g., executive functions) has not been demonstrated [34,37].

4. Neuropsychological Assessment

Cognitive function assessment in MS patients should become a part of everyday clinical practice
and as a constant outcome in clinical trials. Ideally, every patient with a diagnosis of MS should
undergo a complete neuropsychological assessment and routinely repeat a standardized and validated
battery to detect clinically meaningful changes, as well as start a timely and effective treatment,
similar to what the Magnetic Resonance Imaging in MS (MAGNIMS) group has proposed for the MRI
protocols in the diagnosis and monitoring of the disease [54,55]. Nonetheless, this desire from the
cognitive research community has many obstacles, including key knowledge gaps and methodological
limitations related to the understanding and measurement of cognitive deficits, neuroimaging of
neural bases and correlations of deficits, as well as the development of effective treatments [18].

Mini-Mental State Examination by Folstein in 1975, which was used for dementia, is not sensitive
to MS cognitive disorders [56]. The three most frequently used neurocognitive batteries in MS are:
(1) The Brief Repeatable Battery of Neuropsychological tests (BRB-N), also known as Rao’s battery [57],
(2) the minimal assessment of cognitive function in MS (MACFIMS) introduced by Benedict et al. [32],
and (3) the Brief International Cognitive Assessment for Multiple Sclerosis (BICAMS), a shorter version
that was developed in 2012 by an expert team, and is recommended for small centers with one or few
staff members who may not have neuropsychological training [58]. All these screening batteries allow
to establish the presence or absence of cognitive dysfunction and the specific domains affected. All of
them have similarities and differences but share the fact that they are sensitive, specific, and cover the
most frequently affected cognitive domains, and are also reasonably brief.

It is important to note that BICAMS should not be used within one month of recovery from
relapse or within one month of steroid therapy, and the recommended order of administration is first
the Symbol Digit Modalities Test (SDMT), then the California Verbal Learning Test (CVLT-II T1-5),
and then the Brief Visuospatial Memory Test Revised (BVMT-R T1-3). In most clinical situations, yearly
or bi-annual BICAMS evaluations will be appropriate.

Emphasis in testing MS cognitive impairment must be focused on the assessment of the most
frequently affected domains, learning/memory, and information processing speed. In this context,
experts are encouraging the MS multidisciplinary team (e.g., neurologists, nurses, psychologists,
speech therapists, etc.) to be trained to use short MS cognitive assessment batteries, such as the
BICAMS [12]. The subtests that compose the structure of domain specific evaluation of these batteries
are shown in Table 2.
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Table 2. Comparison of the three most used neuropsychological batteries in MS.

Cognitive Domain BRB-N MACFIMS BICAMS

Auditory processing speed and working memory PASAT PASAT -

Visual processing speed and working memory SDMT SDMT SDMT

Auditory or verbal episodic memory SRT CVLT-II CVLT-IT
Visual or spatial episodic memory 10/36 Spatial Recall Test BVMT-R BVMT-R

Expressive language COWAT COWAT -

Spatial processing - JLO -

Executive function - DKEFS sorting -

MS: Multiple sclerosis, BRB-N: Brief Repeatable Battery of Neuropsychological tests, MACFIMS: Minimal assessment
of cognitive function in MS, BICAMS: Brief International Cognitive Assessment for Multiple Sclerosis, PASAT: Paced
Auditory Serial Addition, SDMT: Symbol Digit Modalities Test, SRT: Selective Reminding Test, CVLT-II: California
Verbal Learning Test, BVMT-R: Brief Visuospatial Memory Test Revised, COWAT: Controlled Oral Word Association
Test, JLO: Judgement of Line Orientation test, DKEFS: Delis-Kaplan Executive Function System.

For the purpose of this review, we will describe the components of the BICAMS battery, due to
its extensive use and validation in many countries, as well as the PASAT as being included as the
cognitive test in MSFC, as well as a brief summary of social cognition tasks.

4.1. Information Processing Speed: Symbol Digit Modalities Test (SDMT)

When SDMT was first published in 1982, there were precedents of similar formats since 1927
and was adopted by the United States Army to assess precisely the speed of substitution of symbols
by digits. SDMT has been used in almost every MS cognitive assessment battery and found to
be exceptionally reliable and sensitive to assess information processing speed. The test consists of
single digits paired with abstract symbols, with rows of the nine symbols arranged pseudo-randomly.
The patient must say (or write) the number that corresponds with each symbol. The SDMT can be
completed within 5 min, including instructions, practice, and testing. The SDMT has a reported
sensitivity of 82% and a specificity of 60% [59]. It is the most sensitive task in MS, with good to
excellent reliability, well tolerated by patients, has uniformity across languages, with no floor or ceiling
effects, and a preliminary clinically meaningful change of 3—4 points [59], so it is recommended for
clinical practice and research [18].

4.2. Episodic Verbal Memory: California Learning Verbal Test (CVLT)

This comprises of a 16-item word list, with four items belonging to each of the four categories,
arranged randomly. The list is read aloud five times in the same order to the patient, at a slightly
slower rate than one item per second. Patients are required to recall as many items as possible, in any
order, after each reading. The CVLT-II T1-5 [60] can be completed in 5-10 min. It is recommended for
clinical use, and it has high sensitivity with good age and sex adjusted normative data [18].

4.3. Episodic Visuospatial Memory: Brief Visuospatial Memory Test Revised (BVMT-R)

The BVMT-R T1-3 requires the patient to inspect a 2 x 3 stimulus array of abstract geometric
figures. There are three learning trials of 10 s. The array is removed, and the patient is required to draw
the array from memory, with the correct shapes in the correct position. It is also recommended for
clinical and research use and has high sensitivity, it is time efficient, and is well tolerated by patients.
Its main disadvantage is for patients with severe motor impairment [18].

4.4. Working Memory: Paced Auditory Serial Addition Test (PASAT-3")

The PASAT is a measure of cognitive function that specifically assesses auditory information
processing speed and flexibility, as well as calculation ability [61]. Stimulus presentation rates were
adapted for use with MS patients by Rao and colleagues in 1989, and the measure has been widely
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used in MS studies since then. Single digits are presented either every 3” (or every 2” for the optional
PASAT-2”, which could be a more accurate assessment of information processing speed) and the
patient must add each new digit to the one immediately prior to it. The test score is the number of
correct sums given (out of 60 possible sums) in each trial. To minimize familiarity with stimulus
items in clinical trials and other serial studies, two alternate forms have been developed; the order
of these should be counterbalanced across testing sessions [62,63]. Although it has been widely used
in clinical research and clinical trials, and it has been included within the MSFC, there are several
disadvantages to this test including a limited reliability due to practice effects, susceptibility to ceiling
effect, poor tolerability due to a patient’s math ability, and test-related anxiety. Therefore, it is not
recommended for cognitive monitoring in clinical practice, nor for clinical trials designed with multiple
administrations, but it is better used as a putative cognitive processing task to compare results across
previous studies [18].

4.5. Social Cognition

The assessment of social cognition in MS include a myriad of tests used in other neurological
disorders, for example the Face and Emotion Recognition (e.g., Ekman faces [64]) for social perception,
Faux Pas, or Reading the Mind in the Eyes tests for theory of the mind tasks, or compound
batteries previously used in other neurological disorders such as in frontotemporal dementia
(e.g., Social Emotion Assessment [65,66]). For example, the mini-Social and Emotional Assessment
test (mini-SEA) includes the Faux Pas and the Face Emotion Recognition. The Faux Pas is comprised
by ten narrative vignettes or short stories in which a character inadvertently hurts or offends another,
using Theory of the Mind tasks to infer another’s mental state, making attributions to their knowledge,
beliefs, and emotions. Half of the vignette test is control stories and the other half includes a principal
character who inadvertently hurts or offends another, the ‘victim of the Faux Pas’. The subject is
expected to recognize the situations in which a Faux Pas is committed, why the leading character
did it (cognitive theory of mind, he did not mean it), and how the victim of the Faux Pas must have
felt (affective theory of mind, we expect him to recognize that the victim must have had a negative
emotion). The Face Emotion Recognition consists of 35 pictures for face affect recognition of basic
emotions among a list presented at the bottom of the screen including happiness, sadness, anger,
surprise, fear, disgust, and neutral [66].

There is still the need for a consensus statement from expert groups to select those tests with best
sensitivity, specificity, and reliability in MS.

5. Neural Basis of Cognitive Impairment in MS

Underlying neural mechanisms of cognitive damage can be related to the inflammatory and
neurodegenerative changes in the MS brain, including grey and white matter structures, both globally
and regionally, structurally, and functionally [67]. Although one can appreciate some of these changes
at a single-subject level (Figure 1), routine measurements (e.g., brain atrophy) are still not suggested
to be used in clinical practice, mainly due to biological changes (e.g., dehydration, pseudo atrophy,
etc.), that can exceed the accuracy threshold of current brain analysis software [55]. On the other hand,
a myriad of group-analysis studies have been published trying to unveil the neural basis of cognitive
impairment in MS. Differences in the results obtained by various studies may represent biased sample
selection and differences between the image technology and software utilized in reported studies.
Nonetheless, in vivo studies of neural correlations may contribute to early diagnosis, monitoring,
and treatment of cognitive impairment in MS.
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Figure 1. Conventional MRI in a patient with multiple sclerosis and cognitive impairment. Baseline
MRI (A: Sagittal T1, B: Axial FLAIR, C: Coronal FLAIR) from a 15-year-old female with fulminant MS
(Marburg variant, EDSS 8.0). After initial aggressive treatment in 2012, including myeloablation with
cyclophosphamide, the patient remained asymptomatic without disease modifying treatment, until a
second supratentorial motor relapse in 2015, confirming her MS diagnosis and beginning fingolimod.
Since then, no relapses or new T2/enhancing lesions have appeared, and she had an EDSS 1.0 by the
time of the second MRI in 2018 (D: Sagittal T1, E: Axial FLAIR, F: Coronal FLAIR). Her Mini-Mental
State Examination was 30 (normal), Beck Depression Inventory 4 (without depression), and her
fatigue severity score was 4 (significative fatigue). She had below normal performance (<1.5 standard
deviation) in verbal and visual episodic memory, and in information processing speed tests, with the
diagnosis of cognitive impairment according to the MACFIMS battery. Note the widespread brain
volume loss including cortical grey matter, ventricular width, and corpus callosum atrophy. The patient
gave her written informed consent to present this data.
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Structural imaging comprise of measurements of brain volume loss (atrophy), which can include
global measurements, such as cross-sectional or longitudinal volumetric or 3D whole brain volume
loss using semi-automated software (e.g., brain parenchymal fraction (BPF) [68], structural image
evaluation using normalization of atrophy SIENAX—SIENA [69,70]), regional measurements of
different tissues (e.g., grey matter or white matter volume, also measured by SIENAX), or specific grey
or white matter structures (e.g., using voxel-based morphometry or Free Surfer for regional tissue
volume loss or cortical thickness, respectively [71]), as well as manual/linear or 2D assessments such
as the Corpus Callosum Index [72-74], or the third ventricle width, the frontal horn width, and the
intercaudate distance [75].

From a functional point of view, although positron emission tomography (PET) and single photon
emission computed tomography (SPECT) have shown correlations between cerebral blood flow and
oxygen use with cognitive impairment in MS patients [76,77], functional MRI (fMRI) has gained its
place among cognitive researchers in assessing the neural correlates of disability in MS, with an special
emphasis on early changes, with a potential role for treatment monitoring (e.g., during cognitive
rehabilitation) [78].

Also, recent interest has developed in the study of water diffusivity in normal-appearing white
matter (regions of the white matter where no lesion is seen in conventional MRI studies), using diffusion
tensor imaging (DTI), that can be related both with structural and functional disconnection between
different regions of the brain [79]. Other non-conventional and advanced MRI techniques are also in
study, including magnetization transfer imaging (MTTI), proton MR spectroscopy (\H-MRS), and iron
imaging [80].

Cognitive impairment has been associated with linear measure changes [75], the extent of
white matter lesions and lesion load [29,33,37], focal cortical lesions [81], whole brain atrophy [82],
diffuse cortical atrophy [81,83,84], regional grey matter structures such as thalamus, caudate, putamen,
hippocampus, and amygdala, cerebellum and corpus callosum [67,85], as well as with widespread
subtle pathological changes in normal-appearing white matter [83,86], among others.

Neuroanatomical correlates of memory deficits seem to differ across disease stages [87].
Early brain volume loss is a very precise predictor for the presence of cognitive impairment years
later [82,83], and although hippocampal atrophy was not significantly seen in patients with CIS
suggestive of MS compared with healthy controls in a study using DTI, hippocampal fractional
anisotropy was significantly decreased in CIS patients, and mean diffusivity was correlated with verbal
episodic memory performance [88]. An interesting study showed that a predictive model of cognitive
performance in MS should include bilateral posterior cingulate cortex and bilateral temporal pole
cortical thickness, overall white matter lesion load, normal-appearing white matter integrity, and age,
reaffirming the multifactorial etiology of MS cognitive impairment [84].

Episodic memory has been correlated with total grey matter and regional cortical structures
(e.g., left precuneus [89]); visuospatial memory has been associated with brain MRI total lesion area,
T1 lesion, and FLAIR lesion volume, BPF, third ventricular width, and right superior frontal atrophy,
among others [90,91]; verbal episodic memory has been associated with total and regional hippocampal
atrophy, total lesion load and BPF [90-93]; information processing speed has been correlated with
thalamus, whole grey matter atrophy, and third ventricle width [94], cerebellum atrophy [95,96], as well
as with less white matter integrity, and increases in functional connectivity [79]; executive disfunction
has been associated with frontal lobe structural and functional damage [97,98] and with dorsolateral
prefrontal, orbitofrontal, anterior cingulate, and insular areas [99], as well as with thalamic structural
and functional changes [100]; PASAT-3" scores have been correlated with cortical and subcortical
structures such as bilateral precuneus, posterior cingulate, caudate putamen, and cerebellum [101],
and acute changes in PASAT score with no physical changes (EDSS) have been associated with
presence of acute gadolinium enhancing lesions [102], with similar results observe with transient
SDMT changes [103], proposing that patients could also experience “cognitive relapses”.

121



Biomedicines 2019, 7, 22

Concerning social cognition, when assessing regional gray matter atrophy in a cohort of
progressive MS patients with social cognitive impairment, significant loss was seen within bilateral
cortical regions of orbitofrontal, insula and cerebellum, and right regions of fusiform gyrus,
and precuneus [37], while functional MRI studies have shown increased activation in the posterior
cingulate cortex and precuneus for the identification of anger and disgust faces, and greater activity in
the occipital fusiform gyri, the anterior cingulate, and the inferior frontal cortex for the recognition
of neutral faces [104]. Also, increased lesion volume has been correlated with lower success in face
emotion recognition [105]. When assessing theory of the mind tasks, it seems that a disconnection
syndrome, caused by white matter lesions, could also be one of the possible mechanisms underlying
this specific impairment [105-109].

Other regions of interest associated with cognitive performance in multiple cognitive domains
include the thalamus, as a relay station or cortico-subcortical and cortico-cortical networks [85]
(e.g., global cognitive disfunction, information processing speed, attention, verbal memory,
spatial memory, verbal fluency, executive function) [91,110-112]; the cerebellum, as a historically
understudied region for cognitive performance (attention, working memory, information processing
speed, etc.) [37,95,96]; and the corpus callosum, the main white matter tract of the brain
(e.g., information processing speed, working memory, verbal fluency, etc.) [73,74].

Finally, we would like to highlight advances of fMRI and cognitive research in MS [78], although
there has been some controversies about the real meaning of fMRI results, it seems that early changes
can be seen, even in cognitively preserved patients, including higher recruitment of non-related
areas, such as supplementary motor cortex during working memory tasks [113] or by changes in
activity properties of regions highly related to cognitive functions, as centrality measures of the default
mode network [114], changes that may be used as a biomarker for neurocognitive rehabilitation [115]
especially, resting state fMRI [116-118].

6. Treatment of Cognitive Impairment in MS
6.1. Pharmacological Interventions

6.1.1. MS Disease Modifying Therapies

MS specific disease modifying therapies such as the injectables interferon beta, glatiramer
acetate; oral agents such as fingolimod, teriflunomide, or dimethyl fumarate; and monoclonal
antibodies such as natalizumab, alemtuzumab, and ocrelizumab, have shown significant benefits in
reducing the annualized relapse rate and MRI activity (new T2 or gadolinium enhancing lesions),
with a more discrete efficacy over reducing disability progression or the brain atrophy rate [2].
However, their specific impact on cognitive impairment remains unclear, mainly because most
phase III clinical trials established cognitive impairment as a secondary or tertiary outcome measure.
Comparative efficacy on cognitive outcomes across trials is even more difficult, because of the different
neuropsychological batteries used, the varied methods for evaluation and outcome analysis, and the
differences between populations included in the trials.

Pivotal interferons and glatiramer acetate clinical trials did not include cognitive evaluation as
primary endpoints. Intramuscular interferon beta 1a versus placebo included neuropsychological
evaluation as a secondary outcome measure and showed 52.7% improvement compared with 29%
in the placebo group [119], including processing speed and episodic memory outcomes. In the
COGIMUS (Cognitive Impairment in Multiple Sclerosis) study, subcutaneous interferon 1a protected
RRMS patients from general cognitive decline when reevaluated at 3 [120] and 5 years [121] after
therapy onset. Regarding interferon beta 1b, Pishkin reported only improvement of delayed visual
reproduction performance [122], and the Betaferon/Betaseron in Newly Emerging Multiple Sclerosis
for Initial Treatment (BENEFIT) trial revealed that in patients with CIS interferon beta 1b had beneficial
effects on working memory, and the effects remained over 8 years [123]. Glatiramer Acetate trials,
while included BRB-N evaluation, did not show significant differences versus placebo [62].
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The GOLDEN Study using once-daily oral fingolimod was compared with interferon beta 1b
using a trial design that included cognitive impairment as the primary outcome. This study showed
improvement in cognitive function (BRB-N and DKEFS) in both treatment arms, favoring fingolimod
on MRI parameters [69], although some baseline imbalances may have favored the interferon beta 1b
arm, according to the authors. In a patient-reported outcomes study, evaluating global satisfaction
in switching treatment from several disease modifying drugs to teriflunomide and using SDMT to
measure cognitive impairment, results showed that patients and physicians reported stability of
cognition in a 48-week period [124].

Natalizumab pivotal studies showed that it can reduce the risk of progressive working memory
impairment by 43% compared with placebo [125]. In a long-term observational study by Jacques et al.,
natalizumab was reported to preserve cognition over 7 years of continuous therapy using a computed
test and the SDMT. No patient showed evidence of sustained cognitive deterioration over a 24-month
period [126]. In a study including 21 patients during a 15-month follow-up period, alemtuzumab
showed stable cognitive function using an extensive neuropsychological battery [127]. Ocrelizumab
has shown improvement in MS Functional Composite score (a composite measure of walking speed,
upper-limb movements, and cognition assessed by PASAT) compared with interferon beta 1a [128].

6.1.2. Cognitive Impairment-Specific Treatment

The use of acetylcholinesterase inhibitors (AChEI) in multiple sclerosis patients remains
controversial. Few studies in a small number of MS patient populations reported contradictory results.
While Krupp in 2004 reported the positive impact of donepezil in verbal learning and memory in a
cohort of 69 patients [129], the same investigator reported no significant effect in 2011, which included
120 MS patients [130]. It is important to stress that long term treatments with AChEI compels one to
be aware of the side effects. Regarding memantine, similar contradictory findings were reported in a
small number of studies prevailing negative outcomes for this drug [131].

Amphetamines significantly improved visuospatial memory and verbal memory [132], fampridine
has shown to be able to improve cognitive fatigue, alertness, psychomotor speed, and verbal
fluency [133,134], while no benefit on learning were found using modafinil [135].

6.2. Non-Pharmacological Interventions

6.2.1. Neuropsychological Rehabilitation

Only recently, neuropsychological rehabilitation has been established as a useful therapeutic tool.
Multidisciplinary and cognitive-behavioral interventions, computer-assisted training and combinations
of the above, have been showing consistently better results [13,136], especially when tailored to
individual needs. Evidence-based conclusions have only recently become stronger in regards to which
interventions may have real benefits for MS patients. In a recent review article and meta-analysis
including literature from 2007 to 2016, only one intervention received support for a practice standard
in verbal learning and memory (modified Story Memory Technique—mSMT [137]), two computer
programs received support as a practice guideline for attention and multicognitive domains (Attention
Process Training—APT [138] and RehaCom [139]), and several studies provided support for the
practice option in attention, learning, and memory [140].

6.2.2. Exercise

To date, numerous publications have shown the positive impact of physical exercise on different
clinical parameters, but evidence remains to be demonstrated, as clinical trials have shown equivocal
results [141,142]. A systematic review by Sandroff et al. showed that a few comparable studies did
not yield a significant positive impact of physical exercise on cognitive impairment outcomes [143].
Another systematic review of the impact of yoga also failed to show the effect of this discipline in
cognitive impairment [144]. This maybe the result of collectively insufficient well-designed research,
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and again, the fact that cognitive impairment is maintained as a secondary outcome. The cognitive
effects of physical exercise in MS is gaining hype among cognitive researchers, as one relevant
intervention both in preventing and improving cognitive outcomes, although clear results, as well as
doses and regimens (e.g., aerobic versus weight training), are still missing [13].

7. Conclusions

In the last three decades, increasing knowledge in the field of cognitive impairment in MS has
arisen. From defining the most sensitive neuropsychological tests and compound batteries for clinical
practice and research, to better understanding the neural correlates in specific populations with
assistance from conventional-structural and non-conventional / functional neuroimaging, better and
more effective treatment, rehabilitation, and prevention strategies are being proposed.

Cognitive function assessment should be included in the standard clinical evaluation and clinical
trials involving MS patients, and treatment strategies should be implemented as supported by current
evidence. Limitations are still present, especially due to the validation and standardization of both
diagnostic and therapeutic tools.

Due to the devastating impact over the working status, social interaction, and self-care of MS
patients, improvement in all the aforementioned areas, as well as education to patients, families,
and the community should be stated as a priority, and an unmet need.
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Abstract: The global incidence of multiple sclerosis (MS) appears to be increasing. Although it may
not be associated with a high mortality rate, this disease has a high morbidity rate which affects the
quality of life of patients and reduces their ability to do their activities of daily living. Thankfully,
the development of novel disease modifying therapies continues to increase. Monoclonal antibodies
(MABs) have become a mainstay of MS treatment and they are likely to continue to be developed
for the treatment of this disease. Specifically, MABs have proven to be some of the most efficacious
treatments at reducing relapses and the inflammation in MS patients, including the first treatment
for primary progressive MS and are being explored as reparative/remyelinating agents as well.
These relatively new treatments will be reviewed here to help evaluate their efficacy, adverse events,
immunogenicity, and benefit-risk ratios in the treatment of the diverse spectrum of MS. The focus
will be on MABs that are currently approved or may be approved in the near future.

Keywords: monoclonal antibodies; anti-CD20; Ocrevus; Rituxan; Tysabri; multiple sclerosis; clinical
trial; disease modifying therapy

1. Introduction

Monoclonal antibodies (MABs) are one of the preferred treatments for multiple sclerosis (MS)
due to their target specificity and usually high efficacy [1]. These have usually targeted the immune
system, which plays a key role in the pathogenesis of MS, especially during the early inflammatory
stages. MABs bind very specifically to epitopes or parts of larger proteins (antigens) that allow them to
mediate their effects on very specific pathways. In MS, MABs are able to more specifically neutralize
key immune players that negatively impact the central nervous system. Because of their specificity,
they tend to have few off target effects and less drug—drug interactions minimizing their side effects,
which tend to arise from their downstream effects on the immune system and reactions to the drugs
themselves, although this problem has been greatly reduced with the advent of humanized MABs [1,2].

Therapeutic MABs were originally developed from non-human species such as mice. The first
MAB to be approved was muromonab-CD3 (Orthoclone OKT3) which targeted the CD3 surface
protein of T lymphocytes to help prevent organ rejection in 1985 [3]. Reactions to murine MABs
were soon associated with the development of antidrug antibodies (ADAs) against the murine-based
protein with repeated exposures [4]. In order to reduce the potential immunogenicity of murine
MABs, chimeric mouse-human antibodies were developed (Figure 1). This occurs by inserting the
antigen-specific variable domain of a mouse antibody on the constant domains of a human antibody,
producing antibodies that are up to 65% humanized [5,6]. Humanized antibodies that contain human
light and heavy chains but retaining murine hypervariable regions being greater than 90% humanized
will be developed. Transgenic mouse strains, which express human variable domains, have allowed
the production of MABs with a reduced immunogenic potential, making them “fully humanized”
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and with properties similar to any human antibody [7]. These antibodies can be further modified to
change their properties, for example by altering the glycosylation at amino acid N297 to increase their
antigen-dependent cellular cytotoxicity (ADCC).

Murine variable regions
(light and heavy)

Antij %
ntigen %,

Humanized variable regions

> o

Constant | N297 Glycosylation
regions are site. Changes in
human ( \ glycosylation can

result in increased
|/ ADCC as seen in
L A 4 ublituximab and

ocrelizumab

Immunogenicity

Murine Chimeric Humanized Fully Human
(-omab) (ximab) — (-zumab) (-umab)
No human components 65% Humanized >90% human 100% human
Rituximab Ocrelizumab Ofaltym&ab
Ublituximab fatalizumah OPICIF.IM
- Alemtuzumab Secukinumab

Figure 1. Bioengineering techniques have resulted in progressively more humanized antibodies.
The figure shows the different fractions of the monoclonal antibodies and whether they represent mouse
(green) or human (blue) sequences. As the sequences become more humanized their immunogenicity
decreases. Glycosylation occurs at amino acid N297 and affects ADCC. Fragment antigen binding
(Fab), Fragment crystallizable (Fc), Antigen-dependent cellular cytotoxicity (ADCC).

Natalizumab was the first MAB to be approved by the United States Food and Drug Administration
(FDA) for the treatment of MS in 2004 [8], heralding the age of MABs for the treatment of MS. Other MABs
have followed including alemtuzumab and ocrelizumab. Rituximab and ofatumumab have been used
off label in the treatment of MS and ublituximab and ofatumumab are undergoing Phase III studies for
approval in MS.

Opicinumab targets leucine-rich repeat and immunoglobulin domain-containing neurite
outgrowth inhibitor receptor-interacting protein 1 (LINGO-1) [9], the remyelinating/reparative MAB
that has been the most studied in MS. It has undergone phase II trials with mixed results and is
currently being evaluated in another phase II study (AFFINITY). The MABs previously listed will
be the focus of this review and other treatments completing phase II studies in MS can be found in
Table 1; including some preliminary compounds in phase II such as Elezanumab, VAY736, and the
HERV-W Env Antagonist GNbAC1.

In the past decade, several MABs were developed in an attempt to find a more efficacious and
safe therapeutic option for MS patients; rigorous clinical trials have demonstrated lack of efficacy of
as well as serious adverse events from some of them. For example, daclizumab (Zinbryta) [10] binds
CD25, a subunit of the IL-2 receptor, was approved in 2016 for the treatment of MS, but was voluntarily
withdrawn from the market due to reports of encephalitis in March 2018. Additionally, MABs that
have been withdrawn or discontinued from further testing are listed in Table 2.
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Although the MABs have some of the best proven efficacy in the treatment of MS, side effects
remain a concern for some providers and patients alike. Figure 2 shows how these MABs affect
the pathophysiology of MS and their efficacy is described below for each MAB. The incomplete
understanding of the immune system and how alterations to it can lead to infections, other autoimmune
conditions, and possibly neoplasms is something that we will learn with experience, especially as
we look to prescribe these treatments to our patients for many years. Additionally, the relatively
unpredictable events secondary to MABs leading to immune reactions, including serum sickness and
anaphylaxis, can be reduced by humanizing MABs as described above. Infusion-related reactions (IRRs)
can be common and are more likely related to cytokine release syndrome (CRS) than to reactions to the
MABs themselves. CRS can be a serious adverse event but is more common in conditions where the
target lymphocytes are in high abundance. For example, CRS is much more common and severe in the
treatment of B-cell lymphomas than in the treatment of MS with anti-CD20 MABs. CRS manifestations
include a wide clinical spectrum, which can vary from mild flu-like symptoms, to life-threatening
manifestations including progression to uncontrolled systemic inflammatory response, vascular
leakage, disseminated intravascular coagulation and multi-organ system failure [21,22]. Although CRS
or milder versions of it have the highest incidence during the first infusion, they can occur with later
infusions as well. These IRRs tend to occur during or soon after the infusions. Even some of the fully
humanized MABs can be immunogenic, causing anaphylaxis or serum sickness in later infusions [23].
Pretreatment with steroids, acetaminophen, and/or an antihistaminic prior to infusion can reduce
IRRs and CRS and are often used prior to medications that cause lymphocyte destruction.
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Figure 2. Mechanism of action of monoclonal antibodies in the treatment of multiple sclerosis.
Ocrelizumab, rituximab, ofatumumab and ublituximab target CD20 expressing cells. Natalizumab
targets transmigration of lymphocytes through the blood brain barrier. Alemtuzumab targets CD52
expressing cells. Opicinumab helps OPC differentiate into myelin producing OLGs. Cluster of
differentiation (CD), T helper cells (Th), Leucine rich repeat and Immunoglobin-like domain-containing
protein 1 (LINGO-1), oligodendrocyte (OLG), oligodendrocyte precursor cell (OPC).

Clinical evidence of continued disease activity, side effects, ease of administration, and costs are
some of the aspects to consider when switching a patient to/from MAB therapies. Understanding
the mechanism of action, how to monitor for adverse events and developing strategies for evaluating
treatment failure are important tenants of personalized medicine and help to provide the safest
treatment for patients with MS.
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1.1. Natalizumab (Tysabri™)

Natalizumab was the first MAB approved by the FDA in 2004 for the treatment of MS (Table 1).
Although it was temporarily withdrawn from the market due to cases of progressive multifocal
leukoencephalopathy (PML), it was returned to the US market in 2006 after development of a risk
evaluation and mitigation strategy (REMS) program to monitor the cases of PML [24] It is a recombinant
humanized MAB to integrin «-4, which forms a heterodimer with 1. By binding the «431 integrin on
the surface of activated inflammatory lymphocytes and monocytes, natalizumab blocks the interaction
with VCAM-1 on endothelial cells preventing these inflammatory cells’ entry into the central nervous
system (Figure 2).

Natalizumab has shown great efficacy in the treatment of patients with MS. In the AFFIRM study,
natalizumab reduced the annualized relapse rate (ARR) by 68% compared with placebo at one year,
and with a significant reduction of 42% in the cumulative probability of sustained 3 months disability
progression over two years [25]. Additionally, there was an 83% reduction in new or enlarging T2
lesions with a 92% reduction in contrast-enhancing lesions in the natalizumab group as compared
to placebo.

Natalizumab is well tolerated at therapeutic doses with a very low rate of infusion reactions.
It has been documented that anti-natalizumab neutralizing antibodies decrease free and cell-bound
drug levels [26]. These develop and persist for at least 42 days after treatment in approximately 6% of
natalizumab-treated patients [25,27]. Persistence of anti-natalizumab antibodies has been associated
with reduced efficacy and increased incidence of IRRs [25,27].

The most serious adverse event consist of the brain infection PML caused by the John Cunningham
virus (JCV). The risk of PML has been associated with prior chemotherapy and immunosuppressant
use as well as amount of time on the drug. Additionally, a positive stratify JCV titer has been associated
with higher risk of PML and this increases with higher titers. The index to assess PML risk consist
in measurement of antibodies to JCV. Patients with a positive index have a higher risk of PML,
which increases particularly in patients with an index >1.5 [24].

A routine monitoring strategy of the JCV titer should be part of the drug monitoring strategy for
natalizumab (usually every 6 months) along with routine basic laboratories including a comprehensive
metabolic panel and complete cell count with differential. In JCV seronegative patients, the benefits of
natalizumab treatment still greatly outweigh the potential risks of PML [28,29] Clinical and neuroimaging
follow-ups are recommended for disease activity monitoring and detection of side effects.

Other documented adverse events (AEs) with natalizumab include infections with herpes
virus [27,30] and is contraindicated in patients that are severely immunocompromised. Melanoma risk
may be higher in at risk-patients [31]. Liver injury can occur in patients with no previous history of
liver disease, although rarely [32]. Hypereosinophilia may occur during treatment with this MAB [33].

1.2. Ocrelizumab (Ocrevus™,)

Ocrelizumab is a cytotoxic recombinant humanized MAB that targets CD20 on circulating
B-lymphocytes (Table 1, Figure 2). Ocrelizumab was the first anti-CD20 treatment approved for
use in MS patients, although rituximab had been used off-label previously. In comparison to
rituximab, ocrelizumab has a modified Fc region with enhanced ADCC [34]. As a humanized molecule,
ocrelizumab is expected to be less immunogenic and might thus have fewer IRRs than rituximab [35].
Ocrelizumab reduces CD20 counts after infusion with a median time for B-cell counts to return to
baseline of 72 weeks [36]. CD19 counts are often used instead of CD20 cell counts for monitoring these
medications since both proteins are expressed in nearly the same cell populations and due to concerns
that CD20 could be masked by a bound drug not allowing detection of cells but that did not lyse [36].

In relapsing MS, ocrelizumab showed efficacy superiority over interferon Beta-la (IFN-31a).
The ARR was significantly reduced by 46% and 47% in the two OPERA studies [37]. Additionally,
contrast enhancing lesions decreased by 94% and 95% and new or newly enlarging T2 lesions decreased
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by 77% and 83%. Confirmed disability progression at 12 weeks decreased by 40% in a pooled analysis
of both studies.

In primary progressive MS, ocrelizumab reduced the confirmed disability progression at 12 weeks
by 24% over placebo. T2-weighted lesion volume decreased by 3.4% in ocrelizumab-treated patients
but increased 7.4% with a placebo. The brain volume loss in ocrelizumab-treated patients was 0.90%
versus 1.09% with placebo (p = 0.02) [34].

Common adverse events include IRRs, which is the reason that premedication is recommended
with methylprednisolone, acetaminophen and diphenhydramine. Although common, these are
rarely serious. Additionally, nasopharyngitis (14.8%), upper respiratory tract infections (15.2%) [37],
headache, and urinary tract infections have been seen in patients treated with ocrelizumab.
An increased risk of neoplasms, particularly breast cancer were noted and will need to be studied
more to understand if this was indeed related to ocrelizumab. It is recommended that vaccinations be
administered at least six weeks prior to starting ocrelizumab, with avoidance of live or live attenuated
vaccines during treatment [38,39]. Ocrelizumab is contraindicated in patients with active hepatitis
B infections, thus patients should be screened prior to starting treatment. PML has been reported
when transitioning from natalizumab or fingolimod, but should be regularly monitored for in patients
on ocrelizumab long term [40]. Additionally, patients should have standardized monitoring during
treatment with ocrelizumab, including immunoglobulin G levels, as these levels can decrease placing
patients at increased risk of infection if their levels drop to very low levels [38].

1.3. Rituximab (Rituxan™)

Rituximab is a chimeric MAB that binds to CD20 and lyses B cells via complement-dependent
cytotoxicity (CDC) and ADCC (Table 1) [1,41,42]. It achieves a >95% depletion of B cells, which is
sustained at week 24. By 48 weeks, B cells remain at 30.7% of baseline [43]. After the initial infusion,
a depletion of T cells is observed in CSF in addition to the expected decrease in B cells [41,44,45].

Rituximab, commonly prescribed off-label, is very effective in relapsing MS [43]. In the HERMES
phase II study, patients in the rituximab group had a significant reduction in total number of contrast
enhancing lesions over 24 weeks versus placebo (mean number 0.5 versus 5.5; relative reduction 91%).
The proportion of patients in the rituximab group with relapses was decreased at week 24 (14.5%
vs. 34.3%, p = 0.02) and week 48 (20.3% vs. 40.0%, p = 0.04) [43]. The OLYMPUS study in primary
progressive MS failed to show a reduction in the confirmed progression of disability at 12 weeks,
but did find a significant reduction of 48% in those aged <51 and of 59% in those with enhancing
lesions at baseline [46].

Rituximab caused more IRRs within 24 h after the first infusion versus placebo [43]. Adverse
reactions include serum sickness, PML, neutropenic fever, sinusitis, nasopharyngitis, upper respiratory
infection, urinary tract infection, reactivation of hepatitis B virus, cardiac arrhythmias, cytopenias
and malignancies, which have been associated with chronic B-cell depletion, among other less
frequently reported [41,47]. Serious AEs were predominantly reported in patients >55 years of age [47].
The development of anti-chimeric neutralizing antibodies secondary to treatment with rituximab is
reported in 26% of patients treated in progressive MS and in 37% in RRMS patients, which is partially
the reason for the development of less immunogenic humanized MABs [48]. Recommended patient
monitoring is similar to that with ocrelizumab.

1.4. Ofatumumab

Ofatumumab is currently being evaluated in phase 3 clinical trials for the treatment of relapsing
MS (Table 1). Ofatumumab is a fully humanized MAB, which binds to the human CD20 antigen
inducing B-cell lysis through ADCC and CDC. Its target epitope is located in a different cellular site
than rituximab and ocrelizumab [49,50].

A small phase IT study was completed which showed a reduction in new MRI lesions of 99% for
all dose groups versus placebo by 24 weeks [50]. The MIRROR study, which compared ofatumumab
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to placebo in a phase IIB trial using subcutaneous dosing, showed a reduction in cumulative new
gadolinium lesions of 65% for all dose groups when compared to placebo (p < 0.001). For all doses of
>30 mg a reduction of >90% new brain lesions was seen over a 12 week period. The most common
adverse event was injection related reactions at the first dose, which decreased in subsequent doses [49].

Observed adverse events included rash and urticaria, infusion reactions, pruritus, headaches,
nasopharyngitis, hypersensitivity and dyspnea [50,51]. None of the patients developed human
anti-human antibodies. Marginal changes in IgG, IgA, and IgM were observed [50]. Monitoring
is similar to that with ocrelizumab.

1.5. Ublituximab

Ublituximab is a novel glycoengineered chimeric MAB antiCD20 therapy that is currently in
phase III studies (ULTIMATE) (Table 1). Glycoenginering allows it to have enhanced affinity for Fc
v Rllla receptors, eliciting increased ADCC. At week 4, a 99% B cell depletion was observed and
maintained up to week 24 after treatment [52]. One particular benefit is that the infusion time duration
is typically between 1 and 2 h.

Results from a phase II study with a median duration of 11 months, showed that ublituximab
at week 24 has an ARR of 0.05 and a reduction in new T2 lesion volume of 7.67% compared to
baseline. Additionally at week 24, 98% of participants were relapse free, no subjects had a contrast
enhancing lesion, 84% did not have any new/enlarging T2 lesion, and 93% did not have confirmed
disability progression at 24 weeks resulting in 76% of subjects meeting criteria for no evidence of
disease activity [52].

No grade 3-4 AEs were observed, all IRRs reported were levels 1 and 2. Some adverse reactions
reported include mild/moderate IRRs, fatigue, headache, numbness, common colds, dizziness,
nausea/vomiting, and upper respiratory infection [52]. Monitoring is similar to that with ocrelizumab.

1.6. Alemtuzumab (Lemtrada™)

Alemtuzumab is a humanized anti-CD52 cytolytic MAB which targets the surface of lymphocytes
and monocytes predominantly by ADCC. The repopulation of B cells occurs within 6 weeks of treatment,
but T cells take longer to normalize at 9-12 months after a course of treatment [53,54]. This provides a long
pharmacodynamic effect allowing the medication to be administered intravenously over two treatment
courses. The first treatment consist of 12 mg/day on 5 consecutive days with the second on 3 consecutive
days administered 12 months after the first treatment [53,54].

As a first line treatment, alemtuzumab in CARE-MS 1 showed an ARR of 54%, a non-significant
reduction in sustained accumulation of disability, a 17% reduction in new or enlarging T2 lesion,
a 63% reduction in contrast enhancing lesions, and a 42% reduction in brain parenchymal atrophy
compared with IFN-B1a [53]. In CARE-MS 2, alemtuzumab showed an ARR of 50%, a non-significant
reduction in sustained accumulation of disability, a 32% reduction in new or enlarging T2 lesion, a 61%
reduction in contrast enhancing lesions, and a non-significant reduction in brain parenchymal atrophy
compared with IFN-f1a [54]. Over 5 years, it lowered the risk of sustained accumulation of disability
by 72% compared with IFN-f1a (p < 0.0001) and reduced the number of relapses by 69% over IFN-f1a
(p < 0.0001) [54]. Both studies were performed in a non-blinded fashion, meaning patients knew if
they were under the experimental arm of the trial and being prescribed this MAB. This approach
was adopted due to the severity of the IRRs, nonetheless, blinded neurologists performed the efficacy
assessments [55].

Adverse events have created the need for a REMS program. For example, recently the FDA
issued a warning about elevated risk of stroke and artery damage, for this reason a black box label
was added to the U.S. product label [56]. Patients can develop other autoimmune conditions such as
thyroid disease (40.7%) [57], as well as immune thrombocytopenia, autoimmune hemolytic anemia,
and anti-glomerular basement membrane disease [53,54]. Additionally, there has been an increased
risk of malignancies such as thyroid cancer, melanoma, and lymphoproliferative disorders. IRRs
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are also common (>90%) [53,58], including rare cases of serum sickness and anaphylaxis. Over time,
infections (>71%) can also occur including nasopharyngitis, urinary tract infections, upper respiratory
tract infections, herpes viral infection, and fungal infections [59]. The monitoring labs that constitute
the REMS program include complete blood count with differential, serum creatinine, urinalysis with
microscopy, which should be performed monthly, and thyroid function tests, which should be done
every 3 months, until 48 months after the last infusion [60].

1.7. Opicinumab

It is encouraging to see new MABs being developed for repair/remyelination of lesions in MS
patients. Opicinumab is a fully humanized MAB that targets LINGO-1. By inhibiting LINGO-1,
oligodendrocyte precursor cells (OPCs) can differentiate into mature oligodendrocytes (OLCs) and
allow for remyelination of damaged plaques (Table 1, Figure 2) [9,38,61].

Opicinumab was evaluated in a phase II study (RENEW) as an add-on in patients with optic
neuritis where it did not differ significantly in remyelination rates when compared to placebo at week
24. However, there was a small improvement of 9.1 milliseconds on full field visual evoked responses
in the per protocol analysis that was not significant in the intention to treat analysis [9]. Subgroup
analysis showed an improvement for baseline age >33 years of —14.17 milliseconds suggesting a
greater benefit in older patients [62].

Another phase II study (SYNERGY) evaluated the efficacy of coadministration of opicinumab
with IFN-B1a. The primary end point was the percentage of patients with an improvement over at least
3 months on a multicomponent endpoint comprising the expanded disability status scale, timed 25 foot
walk, 9-hole peg test, and a 3-s paced auditory serial addition test. The percentage of improvement
was 51.6% for placebo, 51.1% for 3 mg/kg opicinumab, 65.6% for 10 mg/kg, 68.8% for 30 mg/kg,
and 41.2% for 100 mg/kg. In summary, there was an increased percentage of remyelination with
opicinumab at 10 and 30 mg/kg when compared to placebo [63]. An additional study is underway
(AFFINITY), which looks at patients that did better in SYNERGY, and includes those with disease
activity of less than 21 years and that meet certain criteria on magnetization transfer ratio and diffusion
tensor imaging on magnetic resonance scans.

Opicinumab has been well tolerated, adverse events have been similarly reported among groups
treated with opicinumab and placebo [62,63]. However, some mild hypersensitivity reactions have
been reported [61].

2. New Horizons and Future Trends for Therapeutic Monoclonal Antibodies

MABs have become a mainstay of MS treatment and they are likely to continue to be developed
and optimized for the treatment of this disease, such as analyzing the safety of faster infusion times and
administration by subcutaneous routes. MABs are some of the most effective therapies for relapsing
MS without the side effects associated with chemotherapeutic agents. Additionally, new MABS are
being developed to help repair the damage/disability that has already occurred, which is promising.
New advancements in bioengineering are being incorporated to antibodies that are more humanized
to help optimize their effectiveness and improve their tolerability and safety. The newer MABs that
are being developed (Table 1) are based on lessons learned from past studies and drug development
programs of drugs that have already been approved (Table 1) or stopped (Table 2). Overall, it is
expected that MABs will continue to be a preferred therapy for MS in the foreseeable future.
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Abstract: Daclizumab (DAC) is a humanized, monoclonal antibody that blocks CD25, a critical
element of the high-affinity interleukin-2 receptor (IL-2R). DAC HYP blockade of CD25 inhibits
effector T cell activation, regulatory T cell expansion and survival, and activation-induced T-cell
apoptosis. Because CD25 blockade reduces IL-2 consumption by effector T cells, it increases IL-2
bioavailability allowing for greater interaction with the intermediate-affinity IL-2R, and therefore
drives the expansion of CD56P"8M natural killer (NK) cells. Furthermore, there appears to be a direct
correlation between CD56"8t NK cell expansion and DAC HYP efficacy in reducing relapses and
MRI evidence of disease activity in patients with RMS in phase II and phase III double-blind, placebo-
and active comparator-controlled trials. Therapeutic efficacy was maintained during open-label
extension studies. However, treatment was associated with an increased risk of rare adverse events,
including cutaneous inflammation, autoimmune hepatitis, central nervous system Drug Reaction with
Eosinophilia Systemic Symptoms (DRESS) syndrome, and autoimmune Glial Fibrillary Acidic Protein
(GFAP) alpha immunoglobulin-associated encephalitis. As a result, DAC HYP was removed from
clinical use in 2018. The lingering importance of DAC is that its use led to a deeper understanding of
the underappreciated role of innate immunity in the potential treatment of autoimmune disease.

Keywords: daclizumab; relapsing multiple sclerosis; CD25; innate immune system; interleukin-2;
drug reaction with eosinophilia systemic symptoms; DRESS; autoimmunity

1. Introduction

Daclizumab (DAC) is a humanized monoclonal antibody that blocks CD25, the a-subunit of
the high-affinity interleukin-2 receptor (IL-2R-HA). DAC was initially developed as an intravenous
therapy (Zenapax, Hoffman-LaRoche, Nutley, New Jersey) to prevent transplant organ rejection and
to treat T cell leukemia and severe uveitis [1-4]. Subcutaneous DAC, often referred to as DAC High
Yield Process (DAC HYP; Zinbryta, Biogen, Cambridge MA and AbbVie, Chicago II), demonstrated
efficacy in reducing both clinical and MRI measures of disease activity in patients with relapsing forms
of multiple sclerosis (RMS) and was approved to treat RMS in 2016 [5-8]. Unfortunately, secondary
autoimmune disease directed primarily against the central nervous system (CNS), liver, and skin
resulted in serious adverse events (SAE) leading to its withdrawal in 2018. However, investigations
of its mechanisms of therapeutic action and immunomodulatory activity have revealed insights into
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heretofore underappreciated relationships between innate and adaptive immunity in autoimmune
diseases, particularly RMS. Future exploitation of these relationships may provide further therapeutic
opportunities. This review will discuss known and proposed, direct and indirect effects of DAC HYP
upon the immune system and how these effects are potentially related to its therapeutic impact in
RMS. To better appreciate the multiple mechanisms by which DAC may impact autoimmunity, a brief
description of the major immune system components that it is believed to affect, and the downstream
impact of those actions, will be reviewed.

2. Immunologic Background for DAC Efficacy

2.1. IL-2 and IL-2R Signaling

IL-2 is a trophic cytokine expressed predominantly by activated T cells, which occurs upon
cognate antigen recognition by the T cell receptor. While IL-2 promotes proliferation and survival
of both activated effector and naive T cells, it also promotes the expansion of regulatory T cells
(Treg cells), and some authors have reported that IL-2 activation may also promote apoptosis of
antigen-activated T cells, thereby contributing to the maintenance of immune homeostasis [9-15].
Although most IL-2 is produced by activated T cells, it is also produced by myeloid dendritic cells
(mDC) and macrophages [16,17].

IL-2 activity is primarily mediated through binding to the IL-2 high-affinity receptor (IL-2R-HA),
which, in addition to IL-2, is comprised of three subunits: the a-subunit (CD25), the 3-subunit (CD122),
and the common y-chain subunit (CD132), as shown in Figure 1. CD122 and CD132 can also combine
to form an intermediate-affinity IL-2R (IL-2R-IA). CD132 is expressed on all lymphoid cells, whereas
CD122 is constitutively expressed on natural killer (NK) and CD8 memory T cells, and can be induced
on naive T cells following antigen recognition. CD25 expression is much more tightly restricted; it is
absent on naive and memory cells, but is induced following antigen activation [17,18]. Furthermore,
CD25 is constitutively expressed at very high levels on Treg cells and is vital for the development
and peripheral maintenance of the Tyeg cell population [19]. It is also expressed on mDC, which may
assist in T cell activation by using CD25 to “trans-present” IL-2 to a CD25-deficient IL-2R expressed on
recently activated T cells, thus converting it to the IL-2R-HA [20].

Although both CD122 and CD132 are constitutively expressed on lymphocytes, IL-2 must be
bound to CD25 to recruit these subunits to form the IL-2R-HA complex [21,22]. While IL-2 can also
bind and signal through the IL-2R-IA, receptor affinity increases 1000-fold following its association
with CD25 [18]. Furthermore, in the absence of CD25, the IL-2R-IA requires up to 50 times the IL-2
available at basal physiological states [23]. IL-2 bound to the IL-2R-HA results in rapid internalization
and degradation of the high-affinity receptor complex. This latter step, terminating IL-2-induced T cell
activation via the intracellular domain of CD122, may be initiated by activation of the intracellular
domain of the CD132 portion of the IL-2R, thereby regulating IL-2 effects [24-26]. Subsequently,
CD25 can be recycled back to the surface of the cell for future engagement with CD122, CD132,
and IL-2 [27,28].

2.2. Innate Lymphoid Cells (ILC)

Innate lymphoid cells (ILC) arise from a hematopoietic CD34* cell line, which is considered the
common progenitor for all ILC [29]. Multiple subsets of ILC have been identified, of which several
are relevant to the potential immunoregulatory actions of DAC: group 1, which includes ILC1 and
CD56Pright NK cells; group 2, comprised of ILC2, to which we will return later; and group 3, which
includes ILC3 and pro-inflammatory lymphoid tissue inducer (LTi) cells [30-33]. NK cells constitutively
express CD122 and CD132. Notably, CD56P1sht NK cells have 10-fold greater expression of CD122
relative to the pro-inflammatory CD564™ NK cells [34]. IL-2 stimulation of the IL-2R-TA has been
reported to drive ILC toward anti-inflammatory CD56°18" NK cell production, possibly at the expense
of the pro-inflammatory LTi cell pathway [11,35,36].
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There is considerable evidence to support a role for CD56"8"t NK cells in auto-regulation and
tolerance. CD56"8" NK cells can destroy activated immune cells through direct contact, including
autologous antigen-activated CD4" and CD8" T cells, which play a critical role in autoimmune
responses [34,37,38]. In support of this concept, reduced CD56P"8" NK cell cytotoxicity was observed
in patients with MS as early as the 1980s [39—42]. Subsequently, investigators demonstrated that
CD56P18M NK cells are directly cytotoxic to auto-antigen-specific T cells [34,38]. Of note and expanded
upon below, there is a strong correlation between DAC-induced up-regulation of CD56P"8"t NK cells
and the therapeutic efficacy of DAC HYP in RMS [34,43,44].
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Figure 1. IL-2 receptor (IL-2R) subunits. (A) CD25 («x-subunit) is the low-affinity IL-2R and is expressed
on activated T cells, Treg cells, and mDC. Once IL-2 is bound to CD25 on the cell surface, CD132 (y) and
CD122 (B) are recruited to form the high-affinity IL-2R. CD132 and CD122 are the only subunits capable
of intracellular signaling. (B) Other cell types such as NK cells express the intermediate-affinity IL-2R,
comprised of CD132 and CD122 only. This receptor requires elevated levels of IL-2 for signaling, such
as those found in a local draining lymph node, due to reduced binding affinity for IL-2. DC-dendritic
cell; IL-2-interleukin-2; NK-natural killer. Dotted lines show the sequence of events following IL-2
binding to its receptor.

3. DAC Mechanisms of Action: Known and Proposed

DAC reversibly binds to CD25, preventing the interaction of IL-2 with the IL-2R-HA, leaving
more IL-2 available to induce IL-2R-IA signaling. As noted above, the IL-2R requires CD25 to render
it high-affinity. By blocking the formation of IL-2R-HA, DAC blocks IL-2 consumption by activated
effector T cells, causing a moderate decrease in the frequency of CD4" and CD8* T cells in the periphery
and increasing the availability of IL-2 to interact with the IL-2R-IA [34,37,43,45]. As might be expected
with a reduction in IL-2 consumption, IL-2 concentrations in the serum were elevated following
DAC treatment by approximately 50% [46]. Because expansion of Treg cells is dependent upon IL-2
interaction with the IL-2R-HA, as predicted, DAC treatment also resulted in a 50-60% decrease in

149



Biomedicines 2019, 7, 18

peripheral Treg cells [37,46-48], as shown in Figure 2. By blocking the IL-2R-HA, DAC may also
potentially prevent activation-induced T cell apoptosis, paradoxically inhibiting auto-regulation by
allowing the survival of activated effector T cells recognizing “self” antigens [10,11]. DAC HYP
administration has also been reported to normalize previously elevated intrathecal CD4*, CD8* and
HLA-DR-expressing CD4" T cells and B cells in patients with RMS [35]. In some patients, the effect
of DAC on effector T and Tyeg cells may not be adequately compensated for by CD56Pright NK cell
expansion, as is observed in patients with spontaneously occurring autoimmunity due to genetic
variants that delete CD25 [49,50]. These resultant autoimmunity-promoting circumstances may also
explain, in part, the paradoxical increase risk of autoimmune adverse events (AE) observed in some
DAC HYP-treated RMS patients (see below).
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Figure 2. Known and proposed DAC mechanisms of action. (A) DAC binds to CD25 blocking its
association with CD132 and CD122. This prevents trans-presentation of CD25 from mDC to T cells
and ultimately results in effector T cell and Treg cell death; (B) As a result of CD25 blockade, serum
IL-2 levels are elevated allowing for NK cell activation through the intermediate-affinity receptor,
CD132 and CD122, and promoting CD56P"8ht NK cell cytotoxicity and survival. DC-dendritic cell;
IL-2-interleukin-2; NK-natural killer. Dotted lines show the sequence of events following IL-2 binding
to its receptor.

Although part of the anti-inflammatory activity of DAC is through selective inhibition of
IL-2-driven effector T cell activation and expansion, it is evident that this does not entirely account for
its therapeutic efficacy [37]. Innate immune components also play an essential role in auto-tolerance
and autoimmunity. As mentioned above, CD56P"8" NK cells from multiple sclerosis patients exhibit
reduced cytotoxicity. This is important because CD5618" NK cells are believed to be directly
cytotoxic to auto-antigen activated T cells [34,38]. CD56"i8" NK cells also express high levels of
cell surface IL-2R-IA, and IL-2 activation of the IL-2R-IA through DAC resulted in CD56Prisht NK cell
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expansion, which was abolished by IL-2 inhibition [37]. IL-2 may also enhance CD56Pright NK cell
maturation and reduce NK cell death, and further increase NK cell cytotoxicity, through enhanced
killing efficiency [37,51] as shown in Figure 2. In prospective clinical studies, DAC HYP treatment
resulted in an expansion of CD56P"8 NK cells in up to 90% of DAC HYP-treated patients, with a 5-fold
elevation of CD56P"8M NK cell counts seen by 52 weeks of treatment that was sustained thereafter [44].
By blocking consumption of IL-2 by the IL-2R-HA, IL-2 levels increase systemically, thereby increasing
the bioavailability of IL-2 to interact with the IL-2R-IA and preferentially promoting the expansion of
anti-inflammatory CD56Pr8ht NK cells via CD122 intracellular signaling [52].

It has also been reported that DAC reduces the expansion of pro-inflammatory LTi, as shown
in Figure 3 [34]. By orienting the innate CD34" progenitor cell line away from the pro-inflammatory
LTi cell line, DAC may indirectly reduce the formation or activity of meningeal lymphoid follicle-like
structures, which have been observed overlying cortical areas of demyelination [53-55]. Consistent
with this concept, DAC HYP administration reportedly normalized previously elevated LTi cell
numbers in the spinal fluid of patients with RMS [35]. One study found that the total number of ILC
was reduced in DAC HYP-treated patients; however, this remains controversial and has not been
replicated by subsequent research [31,35,36,56,57].
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Figure 3. Innate Lymphoid Cells skewed toward CD56P18M NK cells following DAC treatment.
(A) DAC binds to CD25 blocking association with CD132 and CD122. This prevents trans-presentation
of CD25 from mDC to T cells and results in effector T cell and Treg cell death. (B) As a result
of CD25 blockade, serum IL-2 levels are elevated allowing for NK cell activation through the
intermediate-affinity receptor, CD132 and CD122, and promoting CD56P"8"t NK cell cytotoxicity
and survival (red arrows). It may also redirect the commitment of LTi cells (red x). CLP-common
lymphoid progenitor; NK-natural killer; ILC-innate lymphoid cell; LTi-lymphoid tissue-inducer cell;
IL-2-interleukin-2. Grey arrows indicate a series of differentiation steps not depicted in this figure.

Because CD25 is also expressed on mDC, which may use CD25 to “trans-present” IL-2 to
CD25-deficient T cells, it is possible that may block mDC potentiation of IL-2R-HA signaling on
effector T cells, as shown in Figure 2a [20]. There is also some preclinical evidence to suggest that
the modulation of cytokine production by mDC may also be a target of DAC therapy [58]. Further
research is needed to confirm these reported effects of DAC on mDC.

In summary, activated effector T cell expansion is dependent upon IL-2 interaction with IL-2R-HA
expressed on the cell surface. To perform as a high-affinity receptor, the IL-2R requires CD25, which is
blocked by DAC, reducing IL-2 utilization by T cells. This drives IL-2 towards IL-2R-IA and CD56°"ight
NK cell expansion, which destroy activated effector T cells by direct contact. As will become evident
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from the paragraphs that follow, there is a direct correlation between the DAC-induced decrease in
activated effector T cells and CD56"8" NK cell expansion with both clinical and MRI efficacy of DAC.
However, there is also a reduction in Treg cells, and possibly a decrease in activated T cell apoptosis,
both of which may paradoxically promote the up-regulation of heightened autoimmunity, leading to
SAE which will be discussed further below.

4. Pharmacokinetics and Pharmacodynamics of DAC HYP

Initial studies of DAC HYP in healthy adult subjects (ages 18-65) showed that the maximum serum
concentration (Cmax) was 7 days while the t1/2 of elimination was 24 days [59]. In a subsequent study
in adults with RMS, Cmax Was achieved in 5-7 days, and the t!/? of elimination was approximately 21
days after the last injection [60]. Maximum CD25 saturation by DAC HYP was reached by 7 h and
was sustained as long as DAC HYP serum concentration was 5.0 mcg/mL or higher. Baseline CD25
saturation was achieved in approximately 24 weeks following DAC HYP discontinuation, in parallel
with a serum DAC HYP concentration of 1.0 mcg/mL or less. During treatment with DAC HYP
(150 mg every 4 weeks), maximum CD56P"8" NK cell level is reached by approximately 36 weeks,
achieving a maximum 5-fold increase over baseline [47]. For patients treated with 300 mg DAC
HYP, the changes in NK cell and Treg frequency were nearly identical; no other results were reported
separately for this group [47].

Several other studies examined various immune parameters in pooled DAC HYP-treated patients
(150 mg and 300 mg) from the SELECT, SELECTION, and DECIDE trials. Following DAC HYP
cessation, in both 150 mg DAC HYP alone and pooled (150 mg and 300 mg) DAC HYP groups
CD56P118M NK cells return to pre-treatment levels by 24 weeks after the last injection. In parallel with
increased CD56°M8M NK cells, serum IL-2 levels increased by roughly 50% within 4 weeks of DAC
HYP treatment and Treg cell counts fell by 50-60% within 4 days of a 150 mg DAC HYP injection and
returned to pre-treatment levels approximately 20 weeks after the last DAC HYP injection [34,44,46,47].
CD4" and CD8" T lymphocyte counts were decreased by 7-10% after 52 weeks and by 15-18%
after 96 weeks of DAC HYP treatment [7]. Importantly, there was also a roughly 25% decrease in
HLA-DR2-expressing activated effector CD4" T cells, in DAC HYP treatment in patients with RMS
in both the 150 mg and 300 mg groups similarly [61]. This coincides with the timing of maximum
inflammatory lesion reductions observed in the CHOICE study and provides further evidence of the
down-regulation of the pro-inflammatory activity of DAC HYP [5].

5. DAC Efficacy: Controlled Clinical Trial Data

As noted in the section on mechanisms of action, DAC administration expands immunoregulatory
CD56P18ht natural killer cells, reduces whole blood and intrathecal pro-inflammatory T cells and Treg
cells. Based on its immunologic effects, subcutaneous use of DAC HYP was approved by the United
States Food and Drug Administration for RMS in May 2016 and the European Medicines Agency
(EMA) in July 2016 [62].

Several small open-label studies evaluating intravenous DAC in RMS demonstrated improvement
in several outcome measures [43,63,64]. Due to cell-mediated toxicities reported with intravenous
DAC preparations, it was subsequently reformulated to DAC HYP, facilitating subcutaneous
administration [59]. CHOICE was a randomized phase II double-blind, placebo-controlled trial
in which DAC HYP was an add-on therapy to interferon beta (IFN) versus placebo plus IFNf.
CHOICE demonstrated that DAC HYP administered at 2 mg/kg with IFN resulted in a 72% decrease
in the number of contrast-enhancing lesions relative to IFNf with placebo (p = 0.004) [5], as shown
in Table 1.

152



600> d 5 10°0 > d x “100°0 > d s 7100070 > 9 s "LDATAS SULINP pa13)SIUTIPE JAH DV JO 350p
snoraaid arau jo uondumsar £q pamoy[og sxyeam g 10 ogaderd uo paderd arem 1DFTAS Sutmp JAH DA Jo Sw 0pg 10 06T Toye Suraredar syuaned-moysepm ; ‘NOLLDATIS JO SY99Mm 7§
ay 10§ JAH DV Sw g€ 10 ST 1oy uo pased axom 157 14S Surnp ogeoe[d Suraredar syusned-yonms ¢ ‘NOLLDH'THS JO S3eoM 76 [euonippe ySnony JAH DV JO 950p awes
I12Y3 panunuod [ D TIS Surmp syeem § £1949 3w 00g 10 0ST JAH DVA Sutatedar syuaned-snonunuo) , ‘N paatedar ogede[d pue Dy yioq (8 /3w g) v 2sop-ysiy Suraedar
syuaned 105 o1e pajiodar eye( | “IDUSIAHIP OU—(N ‘Pa310daI JoU— N ‘B-£39q U0Ia5Ia3UT—¢ N ‘SUoIso] Supueyua-wmmnopes—, po ‘eax-asdepar sjuaned jo uontodord—Idd
‘uorssardord Ayqiqestp pawIuod—JD ‘arer asdefar pazienuue—yy ‘S1sordds aydnmu jo surroy ursdepr—gAR ‘ogqaoe[d—id ‘ssavord prorA-ySiy— A H ‘qewmnzipep—Iva

STeLIL, [e21uI[D

w rex €1 AN AN AN AN AN AN AN AN %VAAN
) . . ) . . . . aBueyd
xx G8G°0— s 66570~ 166°0— 0€8°0— 9650~ vL0— 00— 6L0— AN AN op ‘SUIM[OA UTeIg
98 2x C0 re— saxx ['8— 69— €L~ anx GTL— srx LTL— AN % ‘@3ueyd swmnjop
wx 79 6L 0z 89 % "UOHINPIY
76 ¥ € S Tl 1'8 s L1 P ve s 1T Surdrerus / maN
mﬁcmmv‘.— N.H.
09 AN AN AN 98 6L [ % "UOHINPIY
01 2x 0 0 siexx T0 z0 ¥l A riexx €70 aLv e CE'T +pD MAN
8L #€1 AN AN AN AN AN AN AN AN SooM Fg
0T 91 01 esx 8 A ¢l 8 9 AN AN Soom 7T
% ‘ddd
15 £9 6'SL s VT8 798 9 s 08 rxr 18 6§ 4 % Tdd
x GF sx 09 P i) % "UOLINPIY JSKY
% 6€0 74} 200 PEYYAN() G910 90 €0 120 0 120 oIV
~ s13)owrereJ
=)
S INAI ova  inoysem ¢ UIIIMS Z snonunuo) d Sur 0og Sur 051 d 1 ova
g 1amndaa NOILDATdS 1D49714S HDIOHD
rm
S
-2
[}

“S[RIIL, PI[OXUOD) SINY UT JUdILdI], JXH DV JO SSW0dNQ NI PUe [ed1U1]D) pajdafos ‘T d[qeL

153



Biomedicines 2019, 7, 18

DAC HYP was subsequently studied in two large, pivotal phase III clinical trials in patients
with RMS; a 52-week placebo-controlled trial (SELECT) and an active comparator trial (DECIDE) of
DAC HYP versus IFN. The primary endpoint of the SELECT and DECIDE trials was the annualized
relapse rate (ARR). Secondary and tertiary outcomes measured include: impact on 3 month confirmed
disability progression, T2 lesion burden and gadolinium-enhancing (Gd*) lesions, safety, measurement
of markers of immune activity; and in DECIDE, changes in cognitive status and patient-reported
outcomes [6,7,65].

5.1. SELECT

In SELECT, patients with RMS were randomized 1:1:1 to subcutaneous DAC HYP 150 mg, DAC
HYP 300 mg, or placebo every four weeks for 52 weeks. The primary endpoint was met with a 54%
relative reduction in ARR (95% CI 33-68%; p < 0.0001) in the group treated with DAC HYP 150 mg
(ARR 0.21) and 50% reduction (95% CI 28-65%; p < 0.0001) in those treated with DAC HYP 300 mg
(ARR 0.23) in comparison to placebo (ARR 0.46). At 52 weeks, the three-month sustained disability
progression decreased by 57% in the DAC HYP 150 mg group and 43% in the DAC HYP 300 mg group
compared to placebo [7], as shown in Table 1.

Subcutaneous DAC HYP also demonstrated effects on brain MRI measures in SELECT. There
was a statistically significant relative decrease in the number of Gd* lesions (p < 0.0001) at week 52,
with a 69% reduction in the DAC HYP 150 mg group versus 78% reduction in the DAC HYP 300 mg
group compared to placebo. The number of new/newly enlarging T2 hyperintense lesions were also
significantly reduced at week 52 (p < 0.0001) in the 150 mg group by 70% versus 79% in the 300 mg
group compared to placebo [7], as shown in Table 1. The mean percentage of brain volume loss was
not significantly different between the treatment arms in SELECT. Exploratory studies performed in
SELECT demonstrated a strong correlation between early increases in CD56P8MNK cells and decrease
in new and enlarging T2 lesions at 24 and 52 weeks of DAC HYP treatment, and DAC HYP patients in
the highest CD56bright NK cell quartile had 62% fewer new and enlarging T2 lesions than those in the
lowest quartile [44].

5.2. SELECTION

SELECTION was a double-blind extension of SELECT, designed to further assess the risks of
AE associated with prolonged DAC HYP therapy (52 weeks), the impact of discontinuing DAC HYP,
and to determine if early efficacy was sustained. Placebo-treated patients in SELECT were randomized
1:1 to initiate either 150 mg or 300 mg DAC HYP subcutaneously every four weeks (“Switch” in
Table 1). The patients who received DAC HYP during SELECT either continued the same medication
dose through SELECTION for a total of 104 weeks of continuous therapy, or underwent a blinded,
placebo-treated washout that lasted for a total of 20 weeks, followed by resumption of their prior
DAC HYP dose for the remaining 32 weeks of their participation in SELECTION [8]. Therapeutic
efficacy achieved by DAC HYP therapy in SELECT was measured by: ARR, proportion of patients
experiencing a relapse (PPRF), 12-week confirmed disability worsening, number of new Gd* lesions,
number of new and enlarging T2 lesions, volume of T2 lesions, mean and total T1 lesion volume was
sustained by week 52 of SELECTION (104 weeks of total DAC HYP therapy).

For patients treated with placebo in SELECT, treatment with DAC HYP during SELECTION
resulted in a statistically significant decrease in ARR, the proportion of patients having relapses,
the number of Gd* enhancing lesions, new and enlarging T2, and the volume of T2 lesions.
No significant differences were observed in T1 lesion measurements or whole brain volume, as shown
in Table 1. For DAC HYP-treated patients in SELECT who underwent the 20-week washout period in
SELECTION, clinical and MRI end-points were similar after 52 weeks in SELECTION to those patients
who received DAC HYP for the entire 52 weeks in SELECTION, as shown in Table 1. By the end of
the washout period, CD56P18ht NK counts had returned to baseline values, but at the conclusion of
SELECTION (32 weeks of DAC HYP treatment), CD56P"i8ht NK numbers were similar to those found

154



Biomedicines 2019, 7, 18

in patients who had been continuously treated with DAC HYP through the 104 weeks of SELECT
and SELECTION.

5.3. DECIDE

DECIDE was a double-blind and double-dummy, active-comparator, phase III study,
and compared efficacy in patients with RMS, randomized 1:1 to either subcutaneous DAC HYP
150 mg every four weeks plus weekly intramuscular placebo, or to IFNf (30 pug, intramuscularly)
once weekly, and placebo subcutaneously every four weeks, for up to 144 weeks [6]. The primary end
point was met with a 45% reduction in annualized relapse rate (ARR 0.22) in the DAC HYP treated
group compared to the IFN group (ARR 0.32) p < 0.001. The DAC HYP group also demonstrated a
significant reduction in the annualized rate of severe relapses (38% reduction, p = 0.002). The number
of patients who remained relapse-free at week 144 was 67% in the DAC HYP group and 51% in the
IENp group. Three-month confirmed disability progression measured at week 144 revealed a 16%
relative risk reduction in the DAC HYP cohort compared to IFNf, which did not reach statistical
significance. However, the risk of 24-week confirmed disability worsening demonstrated DAC HYP
significantly reduced disability worsening by 27% compared to IFN{ (p = 0.03)

There was a 75% relative decrease (p < 0.001) in new Gd* lesions and a 54% relative reduction
(p < 0.001) in the number of new or newly enlarged T2 hyperintense brain MRI lesions over a 96-week
period in patients treated with DAC HYP compared to IFNf (p < 0.001). There was also a statistically
significant decrease in brain volume loss in DAC HYP versus IENf treated patients after two years
of treatment (p < 0.01). No evidence of disease activity (NEDA) over 96 weeks, as measured by no
relapses, no disability progression, no new /enlarged T2 or Gd* lesions, was seen in 22% of DAC HYP
and 13% of IFNp-treated patients (p < 0.001).

Investigators also observed a 7-10% drop in total CD4* and CD8" T lymphocyte counts over
52 weeks in the DAC HYP treated group in SELECT versus 15-18% over 96 weeks among the DAC
HYP treated group in the DECIDE trial. The ratio of CD4" to CD8" T cells remained stable in the DAC
HYP group in both SELECT and DECIDE. No correlation was found between the reduced CD4* and
CD8* T cells and the infection rate in the DECIDE trial [6].

A tertiary outcome in DECIDE was the assessment of cognitive outcomes, as measured by changes
in the orally administered Symbol Digit Modalities Test (SDMT). At 96 weeks, there was a significantly
greater (p = 0.0274) improvement from baseline SDMT in DAC HYP-treated patients compared to
IFN{ treated patients [65]. Furthermore, a significantly greater number of DAC HYP-treated patients
experienced clinically meaningful improvement (p = 0.0366) and a significantly smaller number of
patients experienced a clinically-meaningful decline (p = 0.0103) in their SDMT scores.

5.4. SELECTED

SELECTED was a single-armed open-label extension trial of DAC HYP 150 mg, for which any
patient completing SELECT and SELECTION qualified [66]. Although the primary outcomes dealt with
AE (see below), adjusted ARR was calculated every six months from the time the patient received their
first dose of DAC HYP dose in either SELECT or SELECTION up to 144 weeks; changes in the number
of new/enlarging T2 lesions and brain volume (percentage) compared to baseline, were obtained
on yearly MRI scans. ARR varied from 0.21 in patients having received DAC HYP for 0-24 weeks
and gradually declined to 0.15 in patients receiving DAC HYP for 121-144 weeks. The adjusted
mean number of new/enlarging T2 lesions was 1.96 after year 1, 1.62 at year 2 and 1.26 at year 3.
The annualized median decrease in brain volume from the first dose of DAC HYP was 0.77 at year 1,
0.57 at year 2, and 0.32 at year 3. As in all single arm open-label studies, efficacy outcomes may have
been affected by selection bias arising from dropout of poor responders, and subjects with AE.
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5.5. Patient-Reported Outcomes

The DAC HYP treatment groups in both SELECT and DECIDE demonstrated significant benefits
in patient-reported outcomes, when utilizing the 29-item Multiple Sclerosis Impact Scale (MSIS-29),
which evaluates the impact of MS on physical (PHYS) and psychological health (psychological impact
scale), as well as EuroQol 5-Dimensions (EQ-5D), which is used to examine overall health status using
five domains. In SELECT, there was a significant improvement in MSIS-29 PHYS score at week 52 in
the subcutaneous DAC HYP 150 mg compared with placebo (p = 0.00082), but not with the DAC HYP
300 mg group. There was also a statistically significant benefit for subcutaneous DAC HYP 150 mg for
EQ-5D index (p = 0.0091) compared to placebo in SELECT.

In DECIDE, DAC HYP 150mg treated patients showed a greater improvement compared to
IENp at 96 weeks in regards to MSIS-29 PHYS (p < 0.001), MSIS-29 psychological impact scale
(p = 0.04), and EQ-5D index (p = 0.005). Clinically meaningful worsening was defined as an increase in
>7.5 points in the patient-reported outcomes at 96 weeks. As measured by MSIS-29 physical subscale,
worsening was 19% in the DAC HYP group versus 23% in the interferon IFNf group (NS). DECIDE
also demonstrated a greater improvement in Multiple Sclerosis Functional Composite (MSFC) at
96 weeks in patients treated with DAC HYP compared to IFNf in DECIDE (p < 0.001) [6].

6. Adverse Events with DAC: Prospective Clinical Trial Data

6.1. SELECT

In the randomized, double-blind, placebo-controlled SELECT trial, SAE excluding relapse was
similar between groups, as shown in Table 2. Nine (2%) patients treated with DAC HYP developed
serious infections, one of whom discontinued treatment, while six resumed treatment after the
resolution of infection. No placebo-treated patients had serious infections. The frequency of oral
herpes and herpes zoster infections was similar in all groups.

Table 2. Adverse Event Incidence for DAC treated patients in Controlled Trials of DAC HYP.

Clinical Trials

SELECT SELECTION DECIDE SELECTED
Continuous ' Switch 2 Washout ?
DAC Dose 150 mg 300 mg 150 mg, 300 mg 150 mg, 300 mg 150 mg, 300 mg 150 mg 150 mg
AE
Infection (%) 104 (50) 112 (54) 36 (42),36 (41) 34 (40), 31 (37) 34 (40), 38 (43) 595 (65) 205 (50)
Serious Infection (%) 6(3) 3(1) 2(2),2(2) 3(3),1(1) 3(3),2(2) 40 (4) 13 (3)
Hepatic TA (%) NR NR NR NR NR 144 (16) 61 (15)
AST/ALT:
1-3x ULN (%) 54 (26) 62 (30) 30 (35), 30 (34) 23(27), 22 (26) 21 (24), 26 (30) NR NR
3-5x ULN (%) 7(3) 6(3) 1(1),5(6) 0,2(2) 2(2),0 96 (10) 37(9)
>5x ULN (%) 9(4) 8(4) 0,3(3) 1(1),1(1) 2(2),4(5 59 (6) 18 (4)
Hepatic SAE (%) NR NR 0,0 0,0 0,1(<1) 6(1) 5(1)
Malignancy (%) 1(<1) 2(<1) 0,0 0,1(1) 0,0 7(1) 4(1)
Death (%) 1(<1) 0 0,0 0,0 0,1(<1) 1(<1) 0

DAC—daclizumab; HYP—high-yield process; TA—transaminases; AST—aspartate aminotransferase; ALT—alanine
aminotransferase; AE—adverse events; ULN—upper limit of normal; NR—not reported. 1 Continuous-patients
receiving DAC HYP 150 or 300 mg every 4 weeks during SELECT continued their same dose of DAC HYP through
additional 52 weeks of SELECTION; 2 Switch-patients receiving placebo during SELECT were placed on either 150
or 300 mg DAC HYP for the 52 weeks of SELECTION; ® Washout-patients receiving either 150 or 300 mg of DAC
HYP during SELECT were placed on placebo for 20 weeks followed by resumption of their previous dose of DAC
HYP administered during SELECT.

Four malignancies were reported during the trial, including two cervical carcinomas (one in the
placebo, one in DAC HYP 150 mg) and two melanomas in the DAC HYP 300 mg group. Two patients
in the DAC HYP 150 mg group and three in the DAC HYP 300 mg group, had serious cutaneous
events, including rash, atopic and allergic dermatitis, ex-foliative dermatitis, and erythema nodosum,
as shown in Table 3. While recovering from a serious rash, one DAC HYP (150 mg) patient died due
to a psoas abscess. No serious cutaneous events were seen in the placebo group. More patients in
the DAC HYP groups had liver transaminase increases of greater than five times the upper limit of
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normal (>5x ULN). These increases had a median onset at 308 (=SD) treatment days. Continued DAC
HYP dosing did not increase recovery time of transaminase abnormalities, and 7/17 patients with
elevated alanine aminotransferase levels >5x ULN continued or resumed DAC HYP after enzyme
recovery, and did not experience a recurrence of liver function test abnormalities in the five months
that followed [7].

Table 3. Cutaneous AE Incidence for DAC treated patients in Controlled Trials of DAC HYP.

Clinical Trials
SELECT SELECTION DECIDE SELECTED  Post
Continuous ! Switch 2 Washout 3 Approval 4
DACDose 150mg 300mg 150 mg, 300 mg 150 mg, 300 mg 150 mg, 300 mg 150 mg 150 mg

Cutaneous Events
AE (%) 38 (18) 45 (22) 15 (17), 21 (24) 17 (20), 11 (13) 19(22),16 (18) 344 (37) 114 (28) 23 (77)
SAE (%) 2(<1) 3(<1) 0,3(3) 2(2),0 1(1),0 14 (2) 8(2) 6(19)

DAC-daclizumab; HYP-high-yield process; AE-adverse event; SAE-serious adverse event. ! Continuous-patients
receiving DAC HYP 150 or 300 mg every 4 weeks during SELECT continued their same dose of DAC HYP through
additional 52 weeks of SELECTION; 2 Switch-patients receiving placebo during SELECT were placed on either 150
or 300 mg DAC HYP for the 52 weeks of SELECTION; * Washout-patients receiving either 150 or 300 mg of DAC
HYP during SELECT were placed on placebo for 20 weeks followed by resumption of their previous dose of DAC
HYP administered during SELECT; 4 Cortese et al., open-label study.

6.2. SELECTION

In the multicenter, randomized, double-blind SELECT extension trial (SELECTION), frequencies
of AEs and SAEs were similar between the patients switched from placebo to DAC HYP treatment and
the continuous DAC HYP treatment groups, as shown in Table 2. Infections were reported in 42% of
patients; 3% were considered serious infections. The only serious infection occurring in more than one
patient was bronchitis. All infections were resolved with standard-of-care.

Breast cancer was reported in one (<1%) patient, which investigators did not believe was
treatment-related. Cutaneous events occurred in up to 24% of patients as shown in Table 3. Serious
cutaneous events were reported in six (1%) patients. These events included drug eruption, eczema,
pityriasis rubra pilaris, exfoliative dermatitis, and urticaria. Alanine or aspartate aminotransferase
levels of >5x ULN were observed in 11 patients (2%) and resolved in a median of 84.5 days. Of these
patients, 10 resumed DAC HYP without recurrence; one did not resume treatment. One patient died
due to autoimmune hepatitis following re-initiation of 300 mg DAC HYP; this was confirmed by liver
histology upon autopsy. The contribution of DAC HYP could not be ruled out [8].

6.3. DECIDE

In the double-blind, active-controlled, randomized phase III DECIDE trial comparing DAC HYP
150 mg with IFNP weekly injections, the overall incidence of AEs was similar among all groups,
leading to discontinuation in 14% of DAC HYP-treated patients and 9% in the IFNf treated group,
as shown in Table 2. SAEs (excluding relapse) occurred in 15% of the patients treated with DAC HYP
and in 10% of those treated with IFN{3. One patient in the DAC HYP group and four in the IFN{ died,
but none of these deaths was considered to be related to study treatment according to investigators.

Infections occurred in 65% of DAC HYP patients and 57% of IFN patients. Five DAC HYP
patients (1%) and three (<1%) IFNP patients discontinued treatment due to infection. Common
infections included nasopharyngitis (25% in DAC HYP group; 21% in IFNf group), upper respiratory
infection (16% and 13%, respectively), and urinary tract infection (UTI; 10% and 11%, respectively).
The incidence of herpes virus infections, including herpes zoster, was similar in both treatment groups.
Serious infections were reported in 4% of patients in the DAC HYP group and in 2% of the IFNf3 group,
including UTI, cellulitis, appendicitis, pneumonia, and viral infection. There were no reported cases of
progressive multifocal leukoencephalopathy or infectious encephalitis.

Malignancies were found in seven DAC HYP patients and eight IFNf patients, and no deaths
related to treatment [6]. Cutaneous events occurred in 37% of DAC HYP patients and 19% of IFN{3
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patients, leading to treatment discontinuation in 5% and 1% of patients, respectively, as shown in
Table 3. The most frequent cutaneous events were rash (7% in DAC HYP and 3% in IFNf) and eczema
(4% and 1%, respectively). Serious cutaneous events were observed in 2% of DAC HYP patients
and <1% of IFN patients, and included dermatitis and angioedema. Hepatic events occurred in
16% of DAC HYP- and 14% of IFNf3-treated patients (serious events in 1% and <1%, respectively).
Transaminase elevations >5x ULN occurred in 6% of DAC HYP and 3% of IFN3 patients. Elevations of
transaminase levels were more common during the first year of IFN{ treatment, but were distributed
evenly throughout DAC HYP treatment.

6.4. SELECTED

In SELECTED, the open-label DAC HYP extension study, SAEs (not including MS relapse)
occurred in 16%. Discontinuation of treatment due to AEs including MS relapse occurred in 12%
of patients, as shown in Table 2. The most common AEs (not including MS relapse) included
nasopharyngitis and upper respiratory infection (both 12%). The most common SAEs (not including
MS relapse) included elevated hepatic enzymes, ulcerative colitis, pneumonia, and UTI (<1% for
each). Infections were observed in 50% of patients; 3% were considered serious. The infection
incidence did not increase over time, and less than 1% of discontinuations were as a result of infection.
Serious infections included UTI, pneumonia, and bronchitis. There were two reports of opportunistic
infection—vulvovaginal candidiasis and pulmonary tuberculosis.

Malignancies were reported in four (1%) patients and included breast cancer, basal cell carcinoma,
anal cancer, and a pulmonary carcinoid tumor. Investigators believed the anal cancer and pulmonary
carcinoma cases were related to DAC HYP treatment, though there was no observed pattern in
malignancies [66]. Cutaneous events occurred in 28% of patients, with the most frequent cutaneous
AEs being rash (7%), allergic dermatitis (5%), and eczema (3%). Cutaneous events in 3% of patients led
to treatment discontinuation as shown in Table 3. Serious cutaneous events occurred in 2% of patients:
urticaria was reported in two patients; and Stevens—Johnson Syndrome (SJS) in one case, which was
not validated by a dermatologist and did not meet standard SJS diagnostic criteria. Drug-related
hepatic disorders were found in 15% of patients, only 1% of which were serious.

Gastrointestinal AEs were observed in 16% of patients, six (1%) of which were serious
inflammatory gastrointestinal events, including ulcerative colitis (three patients), and colitis, Crohn’s
disease, and hemorrhagic enterocolitis (one patient each). Overall the safety profile in the SELECTED
open-label extension was felt to be comparable to that observed in the SELECT trial, and the risks
associated with DAC HYP did not appear to increase with longer durations of therapy [66].

7. Adverse Events: DAC HYP Post-Marketing

7.1. Cutaneous Events

A prospective open-label study evaluated the risk of development of cutaneous AEs over a
42-month period, as shown in Table 3 [67]. Twenty-three participants (77%) developed new or
recurring cutaneous AEs. The majority of cutaneous eruptions presented with localized eczematous
and in some cases progressive patches. All moderate to severe rashes (6/23) had psoriaform features,
which persisted in later stages. Six patients developed mucosal lesions, the most common of which
were recurring aphthous ulcers. Non-eczematous facial rashes included eyelid edema with erythema
or diffuse facial erythema. Scalp involvement resembling seborrheic dermatitis was observed in
six patients. Eight patients presented cyclic exacerbations of skin symptoms. Skin manifestations
developed in most patients within the first 12 months of treatment, and commonly recurred two weeks
after DAC HYP injection. There was no correlation between duration of DAC HYP treatment and rash
development, and was not associated with MS disease course or with efficacy of DAC HYP therapy
in suppressing CNS inflammation. However, a predisposing factor was a prior history of eczema or
seborrheic dermatitis.
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Biopsies from eight patients showed features of eczematous dermatitis, including scattered CD25*
and Treg FOXP3* cells. A consistent finding, most notable in moderate and severe rashes, was a robust
population of CD56* cells, but the degree of CD56™ infiltration did not correlate with the degree of
expansion of this cell population in peripheral blood.

The cyclic pattern of eruptions and/or their temporal relationship to DAC HYP dosing in 8/31
patients (25.8%), including three patients with severe cutaneous AEs, led the authors to conclude that
these events may be drug-related, and that by altering normal immune networks, DAC HYP could
induce adverse cutaneous reactions resulting in the expansion of CD56™ cells, the hallmark of DAC
HYP-related skin inflammation. As previously noted, CD56P"8"t NK cells are part of the ILC lineage,
and ILC are strategically placed at pathogen entry locations such as skin and mucous membranes.
Since DAC typically skews differentiation of common ILC precursors toward CD56P8h NK cells,
DAC-driven changes in ILC differentiation, while beneficial for CNS inflammatory disease, might in
some patients lead paradoxically to enhanced skin reactivity. Because DAC prevents the expansion of
Treg cells, this may further contribute to heightened skin reactivity in affected patients [67]. Contrary
to most of the literature on drug-induced cutaneous and systemic reactions, which has been attributed
to the adaptive immune system, SAE to DAC HYP might suggest a larger role for CD56Pright NK cells
and the innate immune system in this process [68-70]. Further study in this area is warranted.

7.2. Drug Reaction with Eosinophilia and Systemic Symptoms (DRESS Syndrome)

The EMA reported on March 6, 2018 that four DAC HYP-treated patients developed
exanthema /skin reactions with the involvement of other organs and eosinophilia, and five additional
patients developed multi-organ failure that were possibly immune-mediated and later recognized
as DRESS syndrome. DRESS is a life-threatening syndrome manifesting with cutaneous lesions
and internal organ involvement; it has a 10% mortality rate. The time of onset of DRESS varies,
typically from 2 and 12 weeks following drug exposure, though diagnosis may be missed or unnoticed
due to its rare and varied presentation [71]. Typical features include eosinophilia, fever, extensive
cutaneous lesions, atypical lymphocytosis, lymphadenopathy, hepatic injury, and renal failure. Lung,
cardiac, and CNS involvement with meningitis and/or encephalitis may also occur, including brain
edema, rhombencephalitis, and high cerebrospinal fluid (CSF) cell count [71,72]. Brain biopsy in one
case contained demyelinating lesions showing conspicuous inflammation, and an abundance of T
cells, plasma cells, eosinophils and eosinophilic/lymphocytic/plasma cellular meningitis, leading
to a diagnosis of DAC-induced DRESS syndrome of the CNS. In marked contrast to typical DRESS
syndrome, DAC-induced DRESS appears to occur principally within the CNS. Though CNS DRESS is
exceptionally rare and usually presents with a pattern resembling vasculitis, it is likely that five of the
patients with CNS complications in the EMA report had CNS DRESS syndrome [72]. Reduced IL-2
consumption due to DAC HYP blockade of IL-2R-HA may increase the opportunity for IL-2 to interact
with ILC2 lineage cells, promoting IL-5 secretion and expansion of eosinophils, offering a potential
pathway to CNS DRESS in rare cases [73].

7.3. Glial Fibrillary Acidic Protein (GFAP)-« Immunoglobulin (IgG)-Associated Encephalitis and Other Severe
Encephalopathy Syndromes

Of the 12 patients with severe encephalopathy syndromes cited in the EMA report, one patient
had CNS vasculitis, and several cases were reported as anti-N-methyl-D-aspartate (NMDA) receptor
encephalitis. One patient was described who developed GFAP-a IgG-associated encephalitis [74].
This patient presented with behavioral and cognitive changes eight months after starting DAC HYP
treatment. CSF contained oligoclonal bands and intrathecal immunoglobulin A (IgA) synthesis.
Immunostaining showed GFAP-IgG antibodies in CSE. Although anti-GFAP-IgG may occur in isolation,
it has also been in the setting of anti-NMDA receptor encephalitis or CNS vasculitis. Although
one-third of cases with GFAP-IgG are paraneoplastic, malignancy was not found with this DAC
HYP-treated patient.
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As a consequence of these 12 cases of severe encephalopathy, four of which had a fatal outcome,
DAC HYP was withdrawn from the market in February 2018. Although the precise mechanisms
of these disorders are yet to be illuminated, it is reasonable to postulate that inhibition of Treg cell
expansion without an adequate concomitant expansion of immunoregulatory CD56*"8" NK cells
or general immune suppression by depletion of activated effector CD25" T cells may have played a
role. These latter cases suggest that redirecting IL-2 away from its high-affinity receptor may reduce
activation and expansion of pro-inflammatory effector T cells, but in some cases does so at the expense
of Treg cells to such an extent that it may result in severe, paradoxical secondary autoimmune attack
on multiple organs, including the CNS [74].

7.4. DAC: Is There a Future?

Although efficacious in controlled trials, the SAE leading to DAC withdrawal may preclude
it from ever returning to clinical use. Even in a head-to-head trial against IFN-§3, its therapeutic
benefit was modest compared to more recently approved medications for the treatment of RMS [75-78].
At perhaps the simplest level, given the immunogenicity of the subcutaneous space, would intravenous
administration of DAC have been preferable? Would this have reduced the likelihood of SAE?

The frequency of autoimmune cutaneous AE, and rarer but very serious autoimmune hepatitis
and CNS events, including CNS DRESS and anti-NMDA encephalitis, reduce the likelihood of DAC
returning as a therapeutic agent. Although SAE are also observed with other RMS medications, these
can be prevented through the adoption of risk stratification strategies, such as detection and monitoring
for John Cunningham virus infection in patients treated with natalizumab, exclusionary co-morbidities
in patients receiving fingolimod or ocrelizumab, or frequent monitoring and early detection of side
effects with use of alemtuzumab [79-82]. However, no risk stratification emerged for patients treated
with DAC, with the possible exception of a prior history of hepatic disease, psoriasis, or eczema.

The time and expense of additional research to determine biomarkers for risk and efficacy are
considerable barriers to pursuing the continued use of DAC. Despite these obstacles, the ability to
modify disease activity in RMS, and possibly other autoimmune diseases, via innate immune system
expansion should be recognized as a topic of potential scientific and therapeutic importance and thus
justify further investigation into the development of biomarkers of risk or modified treatment protocols.
If changes in immune cell parameters—the reduction in Treg cell numbers, combined with the modest
percentage decrease in CD4* and CD8" T cells and the expansion in CD56"18" NK cells—resulting
from DAC treatment contribute to autoimmune AE, this data could theoretically be used to develop an
index table which might predict risk for developing secondary autoimmune AE. Data obtained from
patients in already executed clinical trials and knowledge of their clinical outcomes could be used
to develop such an index. However, the calculation of the risk index value in an individual patient
would probably require treating them with DAC long enough to obtain steady state Treg, CD4*/CD8*
T cell and CD56Pi8ht NK cell levels, which in of itself might place the patient at significant risk of an
autoimmune AE. At a more complex and expensive level, transcriptomic and microRNA analyses of
still stored serum samples from patients treated with DAC in past clinical trials could reveal valid
predictive biomarkers for both efficacy and risk susceptibility.

The current standard of care for multiple sclerosis, at least as it pertains to disease process
modifying drugs, relies upon adaptive immune system manipulation. This ranges from immune
pathway alterations, immune cell expansion and maturation, reducing oxidative stress, immune
cell sequestration and/or migration into the CNS, to outright antibody-directed lymphocyte and
monocyte destruction. Unfortunately, the opportunity to expand therapeutic immune modulation
into the potentially promising innate system arena has, at least for the present, been stymied by the
SAE profile that accompanied DAC use in RMS. Targeting innate immune system expansion, without
suppressing IL-2-dependent Treg expansion through activation of IL-2R-TA directly via a CD122 agonist,
might be employed as a strategy to expand the CD56P"8"NK cell population. Nevertheless, at least
for the present, we do not anticipate that the lessons learned from DAC will positively impact the
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process of future agent development, and instead may discourage attempts at further development of
agents targeting innate immune modulation for RMS. Despite these challenges, developing additional
strategies to promote innate immune system expansion should be employed in preclinical models of
RMS, with the hope of developing novel therapeutic agents targeting innate immune pathways.

8. Conclusions

DAC HYP was efficacious for the treatment of RMS, demonstrating a reduction in relapse rate
and disability progression, a reduction in MRI markers of disease activity, and an improvement in
patient-reported outcome measures. DAC HYP may reduce autoimmune reactivity by obstructing IL-2
interaction with its high-affinity receptor on lymphoid cells, thus reducing activation and expansion of
effector T cell-driven inflammation. However, most of the evidence to date would suggest that the
impact of DAC on the innate immune system is largely responsible for its therapeutic efficacy. Unique
to RMS therapeutic agents, DAC drives the innate immune system through the expansion of CD56Pright
NK cells, further reducing T cell-driven auto-reactivity in RMS. Both these actions appear to underlie
DAC HYP efficacy in RMS. However, DAC significantly impairs Treg cell expansion, and, possibly,
activation-induced T cell apoptosis, both of which depend on IL-2 interacting with its high-affinity
receptor on lymphoid lineage cells, and may largely explain the susceptibility of DAC HYP-treated
patients to develop the severe secondary autoimmune disorders that resulted in its removal from
clinical use in patients with RMS. Hopefully, this will not dissuade future research into the potential
utility of innate immune system modulation in the treatment of autoimmune disorders.
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Abstract: Multiple sclerosis (MS) is an inflammatory and neurodegenerative autoimmune disease of
the central nervous system (CNS). Disease-modifying therapies (DMT) targeting inflammation have
been shown to reduce disease activity in patients with relapsing—remitting MS (RRMS). The current
therapeutic challenge is to find an effective treatment to halt disease progression and reverse
established neural damage. Stem cell-based therapies have emerged to address this dilemma. Several
types of stem cells have been considered for clinical use, such as autologous hematopoietic (aHSC),
mesenchymal (MSC), neuronal (NSC), human embryonic (hESC), and induced pluripotent (iPSC)
stem cells. There is convincing evidence that immunoablation followed by hematopoietic therapy
(aHSCT) has a high efficacy for suppressing inflammatory MS activity and improving neurological
disability in patients with RRMS. In addition, MSC therapy may be a safe and tolerable treatment,
but its clinical value is still under evaluation. Various studies have shown early promising results
with other cellular therapies for CNS repair and decreasing inflammation. In this review, we discuss
the current knowledge and limitations of different stem cell-based therapies for the treatment of
patients with MS.

Keywords: multiple sclerosis; stem cells; autologous hematopoietic; mesenchymal; neuronal; induced
pluripotent; human embryonic

1. Introduction

Multiple sclerosis is an autoimmune condition characterized by demyelination and the loss of
CNS neurons. Active inflammation is most evident in early RRMS. A neurodegenerative process may
contribute to disability accumulation during later secondary progressive MS (SPMS) [1]. Available
disease-modifying therapies (DMT) for MS have been shown to reduce the number and severity of
relapses. Despite the broad range of options, there is still a therapeutic challenge in finding an effective
treatment to halt disease progression and to reverse established neural injuries [2,3]. A subgroup of
MS patients and those with an aggressive subtype may continue to deteriorate despite the use of
DMT [4,5].

In the last 20 years, stem cell transplantation has been considered as a potentially effective
therapeutic approach for aggressive MS. At least five types of stem cells have been considered as
potential therapeutic approaches: autologous hematopoietic (aHSC), mesenchymal (MSC), neuronal
(NSC), induced pluripotent (iPSC), and human embryonic (hESC) [6]. Each of these cell-based
therapies works through various mechanisms, including replacing the malfunctioning immune
system using immunoablation with high-dose immunosuppressive therapy (HDIT), followed by aHSC
administration [7]; modifying the immune response and intrinsic repair mechanisms by alteration
of cytokines and trophic factors (MSC) [8,9]; replacing damaged or lost neuronal tissue with NSC or
iPSC [10,11]; and providing immunosuppressive and neuroprotective mechanisms (hESC) [12].
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In this review, we aim to describe the current knowledge and limitations regarding cell-based
approaches for treating MS, and discuss the future considerations that are required to optimize the
therapeutic parameters regarding treatment efficacy and safety.

2. Immunoablation Followed by Hematopoietic Stem Cell Transplantation

2.1. The Procedure

Immunoablative therapy followed by aHSC therapy (aHSCT) to manage highly active and
treatment-refractory MS has been investigated for the last two decades, following reports of the
coincidental improvement of autoimmune disease symptoms in patients undergoing transplantation
for hematological malignancies [13,14]. The therapeutic effects of immunoablation followed by aHSC
transplantation were initially studied in rats with experimental autoimmune encephalomyelitis
(EAE)—a rodent model of central nervous system (CNS) inflammation—showing that the procedure
can induce remission, prevent relapses, and enhance the recovery of symptoms [15-17]. As discussed
below, one rationale behind this method is to eliminate the abnormal immune system cells using
HDIT, gradually developing a “new” and more tolerant immune system after aHSC infusion [18,19].
An alternative explanation is that HDIT produces a radical and long-lasting suppression of the
inflammatory MS activity [20-22]. The procedure encompasses a series of steps which includes
the mobilization, harvesting, ablative conditioning, and transplantation of aHSC [23,24] (Figure 1).
First, hematopoietic stem cell (HSC) are mobilized, typically from peripheral blood, by using either
granulocyte colony-stimulating factor (G-CSF) or granulocyte-macrophage colony-stimulating factor
(GM-CSF), with or without cyclophosphamide (CY). It is preferred to pretreat with CY due to the
potential for either a clinical relapse or worsening of pre-existing symptoms with the administration of
G-CSF or GM-CSF alone [25]. The HSC are then harvested and cryopreserved until the patient is ready
for transplantation. The HSC can be positively selected for CD34* cells ex vivo, which theoretically
reduces the risk of reinfusing potentially autoreactive lymphocytes. However, there is limited evidence
indicating any obvious advantage of CD34" selection, which increases the technical complexity of the
transplant procedure [26]. The next step is to eliminate autoreactive cells (ablative conditioning) with
HDIT. Different conditioning regimens have been proposed and classified according to the intensity
of the ablation. High-intensity regimens typically consist of a high IV dose of busulfan, combined
with a high dose of CY, and anti-thymocyte globulin (ATG) for in vivo T cell depletion. Total body
irradiation is no longer used due to its severe toxicity [26]. Intermediate-intensity regimens involve a
combination of different chemotherapies, which often include BCNU, cytosine arabinoside, etoposide,
and melphalan, with or without ATG, referred to as BEAM. Other modified BEAM regimens have
also been utilized with similar results [27] (Table 1). The low-intensity regimens, also referred to as
nonmyeloablative, use CY and ATG [28].

Currently, there is a debate regarding which conditioning regimen should be used. For instance,
high-intensity regimens are associated with more adverse effects and mortality [29-33]. Conversely,
low-intensity regimens are associated with reduced toxicity and require less supportive care, but may
be associated with the early reappearance of MRI lesion activity post-transplant [34-37]. It is
becoming more acceptable to use BEAM or modified BEAM as an intermediate regimen for ablative
conditioning [38]. After the conditioning regimen, the cryopreserved cells are thawed and then infused
back into the patient. ATG is administered before or after the HSC infusion, to primarily remove any
autoreactive T cells that might have escaped prior conditioning procedures. Subsequently, the patient
enters an aplastic phase, characterized by an extremely low level of hematopoietic blood cells, requiring
prophylactic treatment with antivirals and antibiotics.
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Figure 1. Immunoablation followed by autologous hematopoietic stem cell transplantation. First, HSC

are mobilized, typically from peripheral blood, by using granulocyte colony-stimulating factor (G-CSF)
or granulocyte-macrophage colony-stimulating factor (GM-CSF), with or without cyclophosphamide
(CY). The HSC are then harvested and cryopreserved until the patient is ready for transplantation.
The HSC can be positively selected for CD34" cells ex vivo. The next step is to eliminate autoreactive
cells (ablative conditioning) using either a high-, intermediate (BEAM), or low-intensity regimen.
After the conditioning regimen, the cryopreserved cells are thawed and then infused back into the
patient. Anti-thymocyte globulin (ATG) is administered before or after the aHSC infusion to primarily
remove any autoreactive T cells that might have escaped prior conditioning procedures. Subsequently,
the patient enters an aplastic phase, characterized by an extremely low level of hematopoietic blood
cells requiring prophylactic treatment with antivirals and antibiotics.

Table 1. Immunoablation regimens.

Intensity Regimen
High High dose of busulfan combined with cyclophosphamide and ATG
Intermediate BEAM (BCNU, etoposide, cytosine arabinoside, melphalan) +/— ATG
Low (nonmyeloablative) Cyclophosphamide and ATG

2.2. Immune Mechanisms

Although the efficacy of aHSCT in MS is increasingly being validated, the immune mechanisms
that account for its therapeutic effects are still unclear. There are at least two basic hypotheses to
explain its beneficial effects. First, aHSCT is considered to “reset” the immune system by depleting
adaptive immune cells and gradually developing a “new” immune system [7,18,19,39,40]. The naive
T cells reemerge over time and undergo a complex T cell receptor (TCR) rearrangement, leading to
an augmentation of the T cell repertoire and clonal diversity [18,19,41]. After immune reconstitution,
pathogenic CD4+ Th17 lymphocytes are reduced [42]. On the other hand, T cell clones that recognize
and react to myelin basic protein (MBP) are initially depleted by the conditioning regimen but reappear
over time, although it has not established whether these cells are pathological [41]. The extent
to which aHSCT leads to an immune reconfiguration is not completely clear, and demonstrating
how the immune system resets to a pre-pathological state is scientifically challenging. However,
the characteristics that the immune system acquires following aHCST certainly suggest that it has
become alternatively programmed. Conversely, an alternate explanation of the therapeutic benefits of
aHSCT might be that the conditioning regimen severely depletes T cell populations for an extended
time, thus inducing a state of long-lasting immunosuppression incapable of mounting an autoimmune
response of clinical significance [20-22]. Both of the aforementioned hypotheses may have diverse
effects that could be beneficial to MS treatment and, when applied alone, either hypothesis is ineffective
or less effective at explaining the benefits of the treatment than when applied in combination. Therefore,
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the reconciliation of these hypotheses should be achieved in order to obtain optimal therapeutic
results [43].

2.3. Current Clinical Knowledge

The initial studies using aHSCT to treat MS were performed over two decades ago [13]. Since
then, there has been an increasing number of studies looking into this treatment approach. Typically,
the primary endpoint is event-free survival (EFS), which is defined as survival without death, or the
patient having no evidence of disease activity (NEDA) (i.e., no disability progression, relapse, and/or
new lesions on MRI). Earlier studies were conducted mostly in patients with a high level of disability
and progressive disease [13,31,44].

For example, a recent retrospective study evaluated the long-term outcomes of patients with
MS treated with aHSCT between January 1995 and December 2006 [45]. In this study, the authors
established that most patients had progressive MS (78%), mostly with secondary progressive MS
(66%). The median Expanded Disability Status Scale (EDSS) score was 6.5, demonstrating moderately
advanced disability, on average. The progression-free survival at 5 years was established for the
combined group (46%), RRMS subgroup (73%), and the SPMS subgroup (33%). Also, no statistical
difference in the risk of progression between primary progressive MS (PPMS) and SPMS was identified.
Furthermore, transplant-related mortality (TRM) occurring in the first 100 days after transplantation
was 2.8%. The authors concluded that a younger age, RRMS, and fewer prior disease-modifying
treatments were associated with better neurological outcomes.

Recent studies have focused on patients with RRMS with an aggressive disease course, given the
evidence that aHSCT is most successful in this population [34,36,46-48]. The HALT-MS study, in which
only patients with RRMS were enrolled, demonstrated a 5-year event-free survival of 69.2% [49,50].
Similarly, a phase Il multicenter single-arm trial of patients with aggressive MS who underwent aHSCT
transplantation reported an event-free survival at 3 years of 69.6% [51]. Both groups also demonstrated
an improvement of their EDSS by 0.5 points or more at their latest follow-up. An additional large
single-center trial using nonmyeloablative aHSCT in patients with RRMS and SPMS showed a 4-year
relapse-free survival of 80% and progression-free survival of 87% [52]. The study also showed improved
disability scores 2 years after aHSCT, mainly in those with RRMS and mild to moderate disability.
This benefit was not seen in patients with severe disability due to progressive MS. These three major
studies concluded that either HDIT or a nonmyeloablative regimen followed by aHSCT was effective
in inducing long-term sustained remissions and disability improvement.

The safety of aHSCT has dramatically improved through the years. The European Bone
Marrow Transplantation (EBMT) Registry analysis of patients treated from 1995 to 2000 showed
a TRM of 7.3%, while the TRM from 2001 to2007 was 1.3%, further decreasing to 0.7% during
2008-2016, and most recently down to 0.2% [24,38,45]. This improvement is likely related to the
better selection of patients (younger patients with RRMS and exclusion of older patients with
advanced disability), increased experience with aHSCT treatment, and decreased use of high-intensity
regimens [31]. For example, high-intensity conditioning regimens were associated with life-threatening
infections [32,33]. Furthermore, some clinical trials using nonmyeloablative conditioning report no
mortality associated with the procedure [52]. A recent meta-analysis found that TRM was close to zero
in studies that included patients who were younger, had RRMS rather than SPMS along with a lower
baseline EDSS, and whose procedure was performed in more recent years, although there was no
significant association of TRM with regimen intensity [53]. The authors pointed out a few limitations
that may contribute to their results. Regardless, growing evidence suggests intense conditioning
and/or extensive T cell depletion protocols increase morbidity and mortality rate [24].
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3. Mesenchymal Stem Cells

3.1. Preclinical Animal Studies with Mesenchymal Stem Cells

Besides aHSC, the use of MSC has emerged as a potential powerful cellular therapy for
inflammatory and neurodegenerative diseases of the CNS, including MS [54,55]. The MSC
are multipotent, nonhematopoietic cells that have both immunomodulatory and regenerative
properties [56]. Typically, MSC are obtained from the bone marrow, but other tissues have been
used, including adipose tissue, umbilical cord blood, and placenta [57,58]. For example, bone marrow
MSC (BM-MSC) have been shown to reduce inflammatory responses, stimulate neuronal stem cell
differentiation, and promote the regeneration of damaged areas in the CNS [59-63]. These effects
are thought to be possible due to peripheral paracrine signals and/or the homing of MSC to injured
tissue [64,65].

Studies on EAE have revealed the potential beneficial effects of MSC. EAE mice exhibit multifocal
inflammation, variable demyelination, and axonal damage in the CNS via immunization with
myelin proteins or immunogenic myelin peptides [65]. The EAE animal model has been helpful
in explaining the immunobiological basis of tissue damage in MS and identifying potential therapeutic
approaches. When BM-MSC are infused into EAE mice, there is a reduction in the severity of the
clinical symptoms and diminished immune cell infiltration, demyelination, and axonal damage [59-63].
These therapeutic effects are seen when MSC are injected intravenously (IV), intraventricular (IVT),
and even intraperitoneally (IP) [61,66,67]. However, the optimal route for MSC injection is yet to be
determined. Moreover, the therapeutic effects are observed when BM-MSC are injected at disease
onset or peak, but are not seen if they are administered during the chronic stage of disease [60].

The exact mechanisms by which BM-MSC mediate their beneficial outcomes are still not
completely understood. One potential explanation includes the release of anti-inflammatory and
neurotrophic molecules that modulate the immune inflammatory responses targeting the CNS.
For instance, EAE mice that received an IVT infusion of exogenous BM-MSC exhibited a significant
reduction in disease activity that was associated with the suppression of reactive T cells [67]. In a
different study, human BM-MSC infusion in EAE mice was associated with decreased inflammatory
myelin-specific Th1 cells and increased anti-inflammatory Th2 cells [59]. These results suggest an
immunosuppressive reaction to BM-MSC infusion. Interestingly, IV injection of conditioned media
used in MSC (MSC-CM) culture was associated with the symptomatic improvement of EAE mice,
suggesting that the beneficial effects were produced by extracellular immunomodulatory molecules
secreted by MSC [68].

An additional possibility that may explain the therapeutic effects of MSC is their migration
to inflamed tissues. Several studies have tried to describe the ability of MSC to migrate to and
repair injured tissue [61,69]. For example, intravenously administered MSC were detected in CNS
in proportion to the degree of inflammation [69]. However, the data are limited, and the factors that
attract MSC to areas of inflammation have not yet been elucidated.

In addition to their immunomodulatory capabilities, MS might have the potential of influencing
neuronal stem cell differentiation and promoting remyelination and axonal survival. For example,
MSC promote the differentiation of oligodendrocytes and/or neurons from neuronal stem cells in vitro,
in preference to astroglial fate [70]. Similarly, brain dissection and histopathological studies of EAE
mice treated with MSC infusion showed an increased number of oligodendrocytes, remyelination of
white matter, and improved axonal integrity in injured tissue [59].

By contrast, some studies have reported deteriorative responses and the exacerbation of EAE
symptoms with MSC treatment [71]. These findings implicate a different immunobiological mechanism
from the previously described possibilities. Moreover, ectopic tissue formation when MS were
administered via IVT in an EAE model [72] and malignant transformation are a theoretical concern,
although not yet reported in humans [73].
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Finally, it is unclear which tissues are the optimal source of MSC. Adipose tissue (AT) has
been cited as a superior source because AT-MSC are relatively easier to harvest, have a higher
availability, and better expansion capabilities ex vivo than BM-MSC [74]. Further studies are warranted
to determine the best source.

3.2. Clinical Trials Using Mesenchymal Stem Cells for the Treatment of Multiple Sclerosis

Based on the results of treating EAE, MSC therapy has advanced to clinical trials. The first
publication of a clinical trial using MSC in MS patients was in 2007 by Mohyeddin Bonab and
colleagues [75]. Their study assessed the safety and efficacy of autologous BM-MSC transplantation in
10 patients with progressive MS. There were no major adverse events reported with a mean follow-up
of 19 months. The preliminary report described varying results of EDSS and MRI progression. The
authors pointed out the feasibility of MSC therapy to treat MS patients.

Subsequent studies have investigated the potential of MSC therapy in MS patients. These studies
have preliminarily shown beneficial results and the safety of the procedure with no major adverse
effects reported [76-78]. However, all studies had an open-label design, and varied in the source dose
and administration route.

In 2010, a group of experts formed the International Mesenchymal Stem Cells Transplantation
Study Group (IMSCTSG) in order to have a consensus protocol on the use of MSC for the treatment
of MS [8]. The protocol established a phase I/1I clinical trial to evaluate MS patients treated with
autologous MSC who have not responded to at least one year of treatment with conventional
immunomodulatory therapy. Patients are randomized to receive either IV infusion of autologous
BM-MSC or suspension media. At 6 months, these treatments are switched between the two cohorts.
The primary endpoints are to analyze the safety of MSC therapy in MS patients and to measure the
reduction in the number and volume of new enhancing lesions over a 6-month period.

The IMSCTSG protocol has been adapted for use in multiple clinical trials with varying results.
For example, Llufriu and colleagues completed a randomized placebo-controlled phase II trial with
9 RRMS patients who had failed conventional therapy [79]. At 6 months, patients treated with an
IV infusion of BM-MSC had no statistical differences in clinical outcomes, brain MRI findings, and
optical coherence tomography (OCT) measures. However, there was a trend towards a lower mean
cumulative number of gadolinium-enhancing lesions on MRI. The authors concluded that BM-MSC
are safe and may reduce inflammatory MRI parameters.

As mentioned previously, MSC may have a theoretical risk of malignant transformation. Therefore,
recent studies have focused on investigating the feasibility of using autologous MSC-derived neuronal
progenitors (MSC-NP) in lieu of BM-MSC to reduce pluripotency and to minimize the risk of ectopic
differentiation after CNS transplantation [80,81]. A phase I open-label clinical trial showed that
autologous IT transplantation of MSC-NP is safe and well tolerated. In addition, the authors reported
an improved EDSS median in their cohort of 20 patients with progressive MS after treatment. Lastly,
positive trends (e.g., muscle strength, bladder function) were more frequently observed in the subset of
SPMS patients when compared to PPMS patients [82]. Other studies have shown similar results in the
safety and efficacy of MSC-NP transplantation, demonstrating a potential therapeutic alternative [83].
However, further studies are needed to determine if transplantation of MSC-NP has better outcomes
when compared to BM-MSC.

As noted above, MSC-CM has been investigated for its therapeutic potential in preclinical animal
models. Recently, Danbour and colleagues assessed the safety and feasibility of IT treatment with
BM-MSC followed by MSC-CM in patients with MS [84]. The study was conducted as an open-label
prospective phase 1/1la clinical trial. No serious adverse effects were reported after the treatment.
However, due to the small number and heterogeneity of enrolled patients, it was not possible to obtain
statistically significant differences in the efficacy measurements (e.g., EDSS score, clinical, cognitive,
ophthalmological, and radiological).
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To date, cell therapy with MSC has been, overall, well tolerated and safe. Still, it is not known
whether this treatment is capable of reducing inflammatory MS disease activity or promoting the
regeneration of damaged areas in the CNS.

4. Other Stem Cells under Research

4.1. Neuronal Stem Cells (NSC)

In the last decade, there has been particular interest in utilizing NSC as a cellular therapy.
Adult NSC are found mostly in two regions of the anterior brain: the subgranular zone (5GZ)
within the hippocampal dentate gyrus and the subventricular zone (SVZ) lining the lateral
ventricles [85,86]. NSC can give rise to neuronal progenitor cells (NPC) to produce neurons, astrocytes,
and oligodendrocytes [87,88]. In EAE, NPC can be activated to migrate to inflammatory demyelinating
tissue in the CNS, and differentiate into oligodendrocytes, thus having a potential for therapeutic
benefits [10].

One major limitation is the limited number of endogenous NSC available to participate in repair
mechanisms [89]. For this reason, therapeutic strategies in animal models are looking into the allogenic
infusion of NSC. For example, IVT-transplanted NPC at the peak of EAE migrated exclusively into
inflamed white matter and subsequently differentiated into oligodendrocytes; however, their direct
implication in myelin repair remains unclear [90]. Additionally, other studies have demonstrated the
presence of NPC in some chronically demyelinated lesions [91]. This finding suggests that the absence
of NPC in pathological tissue is an unsatisfactory explanation for the clinical symptoms. An alternative
proposition to explain this phenomenon is that the prevalent inflammatory setting in EAE produces a
non-permissive environment for oligodendrocyte precursor cells (OPC) differentiation and function.

The current clinical trial using NPC comes from MSC-NP, as we previously described.

4.2. Human Embryonic Stem Cells (RESC)

hESC have been considered for cell therapy, owing to their capability to differentiate into all
the germ layer derivatives. Specifically, the ability of hESC to differentiate into neural lineage has
attracted scientific attention regarding the potential treatment of MS [92]. For example, transplanting
hESC-derived neural progenitors into EAE mice led to diminished clinical symptoms. Histological
studies revealed the presence of transplanted neural progenitors in mice brains, however, remyelination
and the production of mature oligodendrocytes were not observed. The clinical improvement was
hypothesized to result from immunosuppressive and neuroprotective mechanisms [12]. Further
studies are required to better understand the mechanism of action of hESC in treating CNS
demyelinating disease.

There have been a few published case reports using hESC to treat MS with limited data suggesting
the safety of the therapy [93]. However, well-designed clinical trials are required to show the long-term
efficacy and safety of hESC in the treatment of MS.

4.3. Induced Pluripotent Stem Cells (iPSC)

Lastly, iPSC are pluripotent cells that have been reprogrammed from somatic cells from skin and
other tissues. These cells have the potential to become OPC, hence, they may constitute a suitable
cellular therapy modality from an autologous source [94]. The therapeutic potential of iPSC is still
under research, but some studies suggest that oligodendrocyte precursor-derived iPSC are capable of
ameliorating the clinical and pathological features of EAE [95]. However, the therapeutic effect was
found to be mostly due to a neuroprotective effect rather than remyelination. Moreover, the efficient
differentiation of iPSC toward selected cell phenotypes could represent a great research challenge for
directed disease therapy. Finally, recent studies suggest some caution for clinical development due to
the potential for malignant transformation and immune rejection [96,97].
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5. Conclusions

Immunoablative therapy followed by autologous hematopoietic stem cell transplantation should

be considered in aggressive and treatment-refractory MS, since this treatment approach has shown
increasing evidence of inducing long-term sustained remission and disability improvement. Further
studies are needed to characterize which conditioning regimen should be used. On the other hand,
MSC have emerged as a potentially powerful and safe cellular therapy for MS, but the dose, route of
administration, and therapeutic effects need further exploration and quantification. Other novel forms
of stem cell-based therapies for MS are, at this time, only in the early stages, including those based on
hESC, iPSC, and NSC.
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