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Foreword vii

FOREWORD

Since finishing my fellowship in neurology at University Hospitals Case Western
Reserve University, I have been involved in both the clinical evaluation and treat-
ment of patients with multiple sclerosis for more than 35 years, as well as clinical
and translational research on multiple sclerosis. I have seen various therapies
used, beginning with steroids and ACTH. In some situations, agents were later
developed and were found to be effective in reducing acute inflammatory activity
or were agents directed toward symptom management. These agents for disease
control often times fell short of anticipated needs. They also were associated with
high-cost and significant side effect profiles, and, as a result, patients often times,
were non-compliant in taking the medicines.

Because multiple sclerosis is a chronic progressive disease and rarely acutely
life-threatening, yet it shortens life span, the treatment has often primarily focused
on the patient’s symptom management and reduction of acute flares. Funding has
been limited in clinical trials because of the potential high cost of implementing
prospective studies. Nonetheless the basic science of multiple sclerosis, as well
as clinical research, has continued with incremental advances in understanding
multiple sclerosis and in seeking improved ways of analysis and treatment.

Basic science research in the field of immunology and neuro-inflammation
provides clues of the mechanisms and the complex pathways of multiple sclerosis.
Since the mid-1980s publication of exciting studies into the biological role of
endogenous opioids and their identified classical and non-classical receptors
within the brain and other organs suggest the potential dysregulation of
these pathways during the development of immune and various other diseases.
These findings open new research opportunities. With a wide acceptance of low
dose naltrexone (LDN) as an adjuvant therapy, and, at times, even a stand-alone
therapy, attention needs to be directed on this pathway as a potential etiological
role in this complex multifactorial disorder. Stem-cell research has also been
shown to be a possible novel therapy and is provocative. However, continued
research into the types of stem cell treatments and programs are necessary.

In this book on the pathophysiology of multiple sclerosis, several chapters
concentrate on the potential etiology and treatment of multiple sclerosis, and
other chapters focus on basic science studies discussing potential mechanisms
and pathways involved in the development and progression of the disease. In
the first section, there is a comprehensive review of the genetics of multiple
sclerosis. Genomics is proving to be extremely important as far as determining
what medications may be best for the individual patient. However, this is going
to require acceptance by the pharmaceutical companies as to limiting what is
now considered an open market for their medicines. As the prevalence of the
disease rises, there is an increasing need to have understanding into the etiology
of multiple sclerosis. A detailed summary of the prevalence of multiple sclerosis
in individual European countries provides interesting information. The need to
identify and understand biomarkers that are clinically relevant and may be eas-
ily obtainable continues to be researched, as are safer treatments. This book
offers insight and opportunities in all these areas.

Book 1.indb 7 @ 141147 10:14am



viii Foreword

I applaud the authors and contributors of this book for addressing each
valuable topic. T hope that clinicians, scientists, patients, and the general public
read and learn at least one piece of information that may stimulate further
research and understanding about this disabling disorder.

Anthony P. Turel, MD

Penn State Health (ret)

Penn State University College of Medicine (ret)

Geisinger Health Systems (ret)

Danville, Pennsylvania, USA

November 2017
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Preface “

PREFACE

Multiple sclerosis (MS) is a chronic neurological disorder with potentially devastat-
ing, long-term complications. Although not considered a life-threatening, terminal
illness, MS is incurable and most therapies may treat only the symptoms, leaving
the patient with a reduced quality of life for extended periods of time. Given that
the onset of MS can occur as early as the second or third decade of life, patients can
be compromised in their lifestyles for many decades. This book focuses on differ-
ent biological pathways associated with MS and contains current information on
the prevalence of MS, novel treatments that target pathophysiology, and new
approaches for management of the disorder, as well as general knowledge about
the disease process. Basic science research and clinical research continues to make
advances into understanding MS. The book focuses on specific deficits related to
this autoimmune disorder. Over the last few years, a number of different therapies
have gained momentum, and new perspectives on the pathogenesis of MS have
been established.

The book is divided into two sections that are related to the etiology and treat-
ment of MS, and the pathophysiology and mechanistic pathways underlying the
disease. Section I of the book provides a comprehensive overview on clinical stud-
ies, providing details on the prevalence of the disease and current therapies, both
defined and postulated, for both pediatric and adult patients with MS. Section II
of the book provides current information on fundamental pathways involved in (O}
etiology, development, and progression of disease. The contributing authors rep-
resent an international group of scientists and clinicians with expertise in a broad
range of disciplines, including molecular and cellular biology, immunology, bioin-
formatics, genetics, neurology, psychiatry, pharmacology, and internal medicine.

The first chapter in Section I by Didonna and Oksenberg provides a compre-
hensive review on the genetics of MS, highlighting the use of genome-wide asso-
ciation studies to identify nonmajor histocompatibility complex genes that appear
to be prevalent in families with MS. This information will be useful in predicting
risk and worldwide incidence. The genetic approach extends into Chapter 2
which provides a detailed summary of the prevalence of MS in Europe, with
selected information on individual countries. The chapter by Gitto brings to the
forefront the need for improved communication among clinicians and patients
related to approved and/or novel therapies and research into autoimmune
disorders. In Chapter 3, Jancic and coauthors provide a thorough discourse on
challenges that are specifically related to the treatment of pediatric patients with
MS. This population of patients is symptomatic very early in life and thus has
ample time to experience numerous relapses. The authors review the strengths
and weaknesses of immunomodulatory therapies including steroid treatment and
even plasmapheresis. The message from this chapter is the need for treatment
modalities that approach MS longitudinally to reduce both the severity and fre-
quency of relapses. A major symptom of MS that is often overlooked in lieu of the
mobilization issues is that of pain. As discussed in Chapter 4, alleviation of pain
is not always the primary target of MS treatment, yet many MS patients will self-
report that they suffer from chronic pain. Murphy and colleagues discuss
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treatment strategies of pain when it becomes sufficiently severe to reduce the
quality of life. Unfortunately, research efforts are limited in this area and current
strategies may use ineffective drugs such as antidepressants, narcotics, or canna-
binoids. The take-home message from this chapter is the need for understanding
the mechanisms of MS-related pain and applicable treatment modalities. Chapters
5 and 6 provide information on two novel therapeutic strategies for the treatment
of autoimmune disorders including dietary supplementation and stem-cell ther-
apy. In Chapter 5, Zahoor and Haq present compelling information to approach
the etiology of MS by targeting vitamin D deficiency. These authors provide mech-
anistic pathways that support the relationship of sunlight, vitamin D circulatory
levels, and prevalence of MS. In summary, vitamin D supplementation may be a
valuable, but often overlooked, adjunctive therapy. The final chapter in this sec-
tion provides a comprehensive evaluation of stem cell biology and the role of
stem-cell therapy in autoimmune disorders. This field is still in its infancy, but is
gaining research momentum worldwide. Bojnordi and colleagues provide two
extensive treatises on stem-cell therapy as a promising approach for reversing MS
progression. These authors divide their work into comprehensive discussions on
exogenous stem-cell therapy and endogenous stem-cell niches that when stimu-
lated may serve to reduce neurodegeneration by inducing oligodendrocyte prolif-
eration and activation of resident oligodendroglial precursors and adult neural
stem cells. Each chapter in this section is provocative and provides insights into
the diagnosis, management, and treatment of MS.

Section II of this book includes chapters on the disease pathobiology, high-
lighting advancements in immunomodulation, endogenous regulatory pathways,
(O] and oxidative stress mechanisms underlying the etiology and pathogenesis of MS
and other autoimmune disorders. These chapters are no less important than those
on treatment and include preclinical, animal research to demonstrate the basis of
new and exciting theories on the pathogenesis of MS. Moreover, each chapter
adds basic science or clinical data to an underlying theme of identifying or defin-
ing new biomarkers that can effectively be used for the diagnosis and treatment of
MS. Data are presented on three novel thematic areas including primary neuroin-
flammation, oxidative stress pathways, and the role of endogenous opioids and
their receptors in MS. Each chapter discusses the possibility of the pathway
becoming dysregulated during development of the disease. The final chapter pro-
vides some insight into the strengths and weaknesses of animal models when
studying a multi-modality disorder such as MS. As detailed in Chapter 7, neuro-
inflammation is a primary response to antigen presentation as well as a secondary
immunological response. Dr. Palumbo presents evidence on arachidonic acid
metabolism as an active pathway, leading to further demyelination, glial loss, and
axonal pathology in animal models with experimental autoimmune encephalo-
myelitis and humans with MS. The author presents arguments for the treatment
of MS with nonsteroidal anti-inflammatory drugs to control COX-2 mediated
inflammation following arachidonic acid stimulation. In Chapter 8, Zagon and
McLaughlin introduce an endogenous opioid pathway as a homeostatic regulatory
axis that can modulate progression of experimental autoimmune encephalomyelitis
(EAE) or MS using a number of different paradigms. These authors summarize preclini-
cal work on chronic progressive and relapse-remitting EAE, as well as clinical data
from patients with MS. Treatment with endogenous opioids such as opioid growth
factor (OGF), chemically termed [Met’]-enkephalin, or low doses of naltrexone
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(LDN) that upregulate secretion of OGF are effective at stalling the onset of dis-
ease, reversing the progression of EAE, and inhibiting neurodegeneration. MS
patients on LDN report significantly better quality of life, improved ambulation,
and have little or no side effects. Moreover, levels of OGF declined in animal mod-
els of EAE following immunization, suggesting that this noninvasive measure-
ment of an endogenous peptide might serve as a specific biomarker for the onset
of MS. Chapters 9 and 10 continue the thematic concept of identification of bio-
markers. Teniente-Serra and collaborators present evidence to validate biomark-
ers by monitoring peripheral blood mononuclear cells with a characterization of
lymphocytes. Adamczyk-Sowa and coauthors provide a comprehensive report on
the role of oxidative stress mechanisms and their role in both pathophysiology
and therapy of MS. Oxidative stress may enhance processes of demyelination—
the ultimate neurological pathology associated with MS. These authors argue that
the balance between reactive nitrogen species and reactive oxygen species, and the
production of free radicals, supports the environment for demyelination in MS.
Furthermore, these compounds could also serve as biomarkers specific for MS.
The last chapter by Palumbo and Pellegrini sheds light on the use of animal mod-
els to investigate MS. Currently, three in vivo paradigms are predominately used to
study autoimmune disorders—antigen-producing autoimmune encephalomyeli-
tis, cuprizone intoxication, and Theiler's murine virus. Each model is discussed
with the strengths and weaknesses highlighted.

The book is intended to provide an authoritative source of current knowledge
on the field. Given that MS is only one of the many autoimmune disorders that
have limited definitive etiology and treatment, we hope that the comprehensive
studies detailed in the book may stimulate other researchers to explore their spe- ®
cific diseases of interest, thereby adding to the knowledge on autoimmunity.

When organizing and editing this book, it was our intention to combine broad-
based reviews of human and animal studies on MS so that the information would
appeal to researchers as well as patients with an interest in knowing more about
MS. We thank the authors for their time and concerted efforts in organizing the
current literature. The intended audience of this book are students, basic scien-
tists, and clinicians who are interested in the basic and/or clinical aspects of MS.
The goal of this book is to provide a cohesive, but comprehensive, view of the
state of the art on MS and encourage new investigations that could lead to novel
insights into the etiology, pathogenesis, management, and treatment of MS.

lan S. Zagon, PhD

Patricia J. McLaughlin, MS, DEd

Department of Neural & Behavioral Sciences

Pennsylvania State University College of Medicine

Hershey, Pennsylvania, USA

November 2017
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Abstract: Multiple sclerosis (MS) is an autoimmune disease of the central nervous
system, characterized by focal inflammation, demyelination, and axonal injury.
The etiology of MS is still uncertain, but the most updated working model for
disease pathogenesis proposes the interplay between genetic and environmental
factors as necessary for MS manifestation. With the notable exception of the major
histocompatibility complex (MHC), the identity of MS genetic determinants has
been elusive for decades. In recent years, the advent of genome-wide association
studies (GWAS) and collaborative efforts among international centers have fueled
the characterization of several non-MHC loci associated with MS susceptibility. To
date, after a number of GWAS screenings, 110 MS risk variants have been discov-
ered outside the MHC locus in European populations. In the future, functional
studies will be required to define the biological pathways and cellular activities
connected to these variants.

Key words: Autoimmunity; Genome-wide association studies; Human leukocyte
antigen; Multiple sclerosis; Single-nucleotide polymorphism
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n MS Genetics

| Introduction

Multiple sclerosis (MS) is an autoimmune disease of the central nervous system
(CNS), characterized by focal lymphocytic infiltrates, the breakdown of myelin
sheaths wrapping axons, astrogliosis, microglia activation, and diffuse neurode-
generation (1). Clinical manifestation is heterogeneous, ranging from relatively
mild neurological symptoms to a rapidly evolving and debilitating disease. MS
typically begins with a relapsing-remitting clinical phase (RR-MS), dominated
by inflammatory events, both in the periphery and CNS, and full or partial
recovery. In the majority of affected individuals, this initial relapsing-remitting
course evolves years later into a secondary progressive MS (SP-MS), characterized
by the irreversible accumulation of neurological disabilities as a result of axonal
injury and neuronal loss. However, a proportion of MS patients (up to 15%) enter
directly into the progressive phase after clinical onset, without experiencing initial
relapses (2). This disease subtype is known as primary progressive MS (PP-MS)
and is associated with an irreversible and progressive severe clinical phenotype.
Significantly, the mean age of onset of SP-MS and PP-MS is similar, approximately
40 years (3). A total of 14 FDA-approved treatments for RR-MS are now available
as disease modifiers to control inflammatory lesions and clinical relapsing activity.
However, their long-term effects on disease progression remain largely unknown.

With the age of onset ranging between 20 and 40 years, MS represents the
most common cause of acquired neurological disability among young adults,
affecting over 2.5 million people worldwide. MS affects women more often than
@ men (3:1 ratio), but its incidence also varies according to ethnicity and geographi-
cal location, with northern Europeans and their descendants being more suscep-
tible to develop the disease (4). MS etiology is still elusive but there is a growing
body of experimental evidence, suggesting that both genetic determinants and
environmental factors converge to determine disease susceptibility and clinical
trajectory. This chapter will review key milestones in MS genetic research with an
emphasis on the technological and conceptual advances that have fueled the iden-
tification of discrete genomic loci associated with MS risk.

I Multiple Sclerosis Holds a Genetic Component

The discovery of family aggregation in the second half of the 19th century shed
light for the first time on the genetic component of the disease. Compared to a
lifetime risk of 0.2% in the general population, siblings of affected individuals
have a 10- to 20-fold higher risk of developing the disease (2—4%), with monozy-
gotic twins having an even higher risk (30%) (5, 6). In contrast, spouses and
adoptees hold a risk comparable to that of the general population (or their original
nuclear families), consistent with genetic sharing being the driver of familial aggre-
gation (7). On the other hand, the fact that the relative risk does not reach 100%
even in identical twins suggests that other factors beyond DNA sequence identity
must concur to create the conditions that cause or allow the dysregulation of the
immune response associated with MS. A broad range of determinants lie in this
category; they include environmental exposures (e.g., smoking, viral infections,
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vitamin D intake, diet, and microbiome) as well as epigenetic signatures (e.g., DNA
methylation patterns, histone modifications, and non-coding RNAs) (8).

Another factor supporting MS heritability consists in the distinctive worldwide
prevalence of the disease. People living in northern Europe and North America
exhibit a higher disease incidence (1-2 in 1000) when compared with southern
Europeans. Moreover, MS is uncommon in some ethnic groups such as Uzbeks,
Samis, Turkmen, Kyrgyzis, Kazakhs, native Siberians, North and South Amerindians,
Japanese, Chinese, African blacks, and New Zealand Maori (9). Although these
differences could be partially explained by differential exposure to specific environ-
mental factors (such as certain nonubiquitous pathogens), the presence of
MS-resistant or low-incidence ancestral groups suggests that the history and genetic
architecture of a population influence its own risk of developing MS.

Altogether, these epidemiological observations—in particular the nonlinear
relationship between genetic distance from a proband and the lifetime risk to
develop MS—support a polygenic etiology for MS following the “common variant-
common disease” paradigm of genetic influences and inheritance. According to
this model, the overall MS risk is the result of the contributions of multiple poly-
morphic genes with risk alleles common in the population, each one determining
a moderate portion of the risk (10, 11). This non-Mendelian pattern of transmis-
sion is not exclusive of MS but is shared with other autoimmune diseases and
chronic disorders such as type II diabetes and obesity. These conditions are col-
lectively known as complex genetic disorders, which are characterized primarily
by polygenic risk and multifaceted gene—environment interactions.

THE HUMAN LEUKOCYTE ANTIGEN LOCUS IN MS ®

The strongest genetic association signal in MS resides within the major histocom-
patibility complex (MHC) in chromosome 6p21.3. This 4-megabase region con-
tains approximately 160 closely linked genes. About half of these genes have
important roles in the regulation of the immune system, and include the six clas-
sical transplantation human leukocyte antigen (HLA) genes—the class 1 genes
HILA-A, HLA-B, and HLA-C, and the class Il genes HLA-DPBI, HLA-DQBI, and
HIA-DRBI (12). HLA genes are highly polymorphic, with over 15,000 alleles
identified to date (http://hla.alleles.org/momenclature/index.html). The first evi-
dence of association between HLA and MS risk dates back to 1972, when the
frequencies of surface glycoproteins encoded by the HLA-A3 and HLA-B7 class 1
alleles were found enriched in MS patients using serological reagents (13, 14). In
the following years, numerous investigations, regardless of sample size and the
resolution, have independently replicated the association of the HLA locus with
MS risk across all populations studied, in both primary progressive and relapsing-
remitting patients. Although the initial association was to class I HLA-A and HLA-B
alleles, better powered studies, including genome-wide association studies
(GWAS), have shown that the main MS susceptibility signal genome-wide maps
to the HLA-DRBI locus in the class II region of the MHC. The HLA-DRBI*15:01
allele has the strongest effect, with an average odds ratio (OR, a frequently used
measure of effect size) of 3.08 and a clear dose response to 0, 1, or 2 allele copies
the individual carries (15). However, complex allelic hierarchical lineages, cis/
trans-epistatic and haplotypic effects, and independent protective signals, specifi-
cally in the class I region of the locus, have been documented as well.
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Using GWAS single-nucleotide polymorphism (SNP) data (5091 cases/9595
controls), the International Multiple Sclerosis Genetics Consortium (IMSGC)
reported in 2013 the isolation of 11 statistically independent effects in the MHC
region: six HLA-DRBI and one HLA-DPBI alleles in the centromeric class 11 region of
the locus; one HLA-A and two HLA-B alleles in the telomeric class I region; and one
in the class 111 region between MHC class 1 polypeptide-related sequence B (MICB)
and leukocyte-specific transcript 1 (LST1) (16). More recently, the analysis of inde-
pendent high-density MHC region SNP data from multiple cohorts of European
ancestry has provided, in addition to novel and previously identified HLA class II
risk alleles (DRB1*15:01, DRB1*13:03, DRB1*03:01, DRB1*08:01, and DQBI1*03:02)
and independent HLA class 1 protective alleles (A*02:01, B*44:02, B*38:01, and
B*55:01), evidence for two interactions involving pairs of class [T alleles: DQAI*01:01—
DRBI*15:01 and DQBI*03:01-DQBI1*03:02 (17). Larger ongoing studies hold the
potential for discovering additional independent and interactive effects.

THE ADVENT OF GENOME-WIDE ASSOCIATION STUDIES
IN MS RESEARCH

In the early 2000s, the introduction of chip-based technologies with the capacity
to genotype simultaneously hundreds of thousands of SNPs allowed the develop-
ment of a new analytical methodology known as genome-wide association studies
or GWAS—a hypothesis-free method in which SNPs spaced across the entire

genome are screened for association with a particular trait in case—control datasets
® composed of genetically unrelated individuals (18). Compared to classic linkage
studies that rely on extended families, the possibility to test unrelated individuals
allows collecting much larger datasets, substantially increasing the statistical
power of gene-discovery studies. GWA studies have been a determinant to decon-
struct the genetics of many multifactorial disorders, characterized by common
genetic variants conferring moderate risk to disease susceptibility.

The first MS GWAS was reported in 2007 by the IMSGC employing 931 fam-
ily trios (one affected child and both parents). The screening confirmed with
genome-wide significance the association of the previously identified locus con-
taining the interleukin-7 receptor o (IL7Ra) gene, and detected a novel non-HLA
disease-risk locus, defined by the presence of the interleukin-2 receptor a (IL2Ra)
gene (19). In the following years, between 2007 and 2011, seven additional GWA
studies of comparable size and one meta-analysis were performed, adding 21 new
loci to the roster of MS risk variants. However, theoretical power estimations
showed that all the studies conducted at that time were substantially underpow-
ered to capture risk variants with odd ratios less than 1.2, which were the values
expected for most of the MS risk variants (20). For that reason, the IMSGC
decided in 2011 to embark on the largest MS GWAS with the collaborative effort
of the Welcome Trust Case Control Consortium 2 (WTCCC2). This new study
employed nearly 10,000 MS cases and 20,000 healthy controls of European
ancestry and was able to extend the list of genome-wide significant MS loci to 52,
of which 29 were never reported before (21). Remarkably, most of the associated
variants were found located in proximity to genes with documented immune
functions, corroborating the hypothesis that the dysregulation of physiological
immune response most likely represents the driving factor of MS. Two years later,
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MS genetic association was further refined through a novel multicenter study
based on a custom high-density genotyping array named ImmunoChip. Over
80,000 individuals of European descent were analyzed and 48 new susceptibility
variants were identified as genome-wide significant (22).

After a decade of GWAS screenings in European populations, the MS genetic
atlas currently includes 110 non-MHC risk variants belonging to 103 genetic loci
(Figure 1). In aggregate, the proportion of the genetic variance accounting for
disease risk explained by these polymorphisms has been estimated as roughly 30%,
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Figure 1 Genetic atlas of multiple sclerosis. The circus plot summarizes all the known
MS-associated risk loci. The outer most track indicates the numbered autosomal
chromosomes, while the second track shows the closest gene to the top hit within each
locus (previously identified associations are in gray). The third track indicates the physical
position of the 184 fine-mapped intervals (in green). The inner most track indicates —log(p)
for each SNP (scaled from 0 to 12 which truncates the signal in several regions). Also,
contour lines are given at the a priori discovery (-log(p) = 4) and genome-wide significance
(~log(p) = 7.3) thresholds. Orange indicates —log(p) = 4 and <7.3, while red indicates —log(p) >
7.3. (Reproduced from Ref. (22)).
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but the mapping of additional risk variants has been proceeding rapidly through
ongoing multicenter initiatives utilizing dense, specialized arrays and very large
sample collections. In this regard, a recent report anticipated that over 200 risk
variants have been identified through the meta-analysis of all previous GWA stud-
ies conducted in MS (23). It is not inconceivable, however, that the potential for
the discovery of additive risk variance extractable from large genomic screens will
be quickly exhausted. The remaining fraction of the risk commonly known as
“missing heritability” is likely due to still unknown common variants character-
ized by much smaller effects, below the detection limits of the GWA studies con-
ducted so far. Some authors have proposed that a substantial portion of the
missing heritability lies in genetic interactions between known variants, the
so-called phantom heritability (24). Also, likewise gene by environment interac-
tions, cis/trans-regulators of allelic expression, unidentified rare and penetrant
semi-private variants, population and/or disease heterogeneity, neglecting the
analysis of sex chromosomes, and hidden epigenetic effects may all contribute to
the missing heritability.

From Genes to Function: Understanding the
Molecular Basis of MS

The translation of GWAS data into biological functions has been challenging. The
® principal reason for this shortcoming consists in the pervasive linkage disequilib-

rium (LD) along the human genome, which hinders the identification of true
causative variants. LD refers to the tendency of genetic loci in physical proximity
to segregate together during meiosis, leading DNA to be inherited in large blocks
through generations. This peculiarity of genome architecture substantially
impairs GWAS resolution since SNPs in the same LD block are inherited together
as well. Thus, statistically significant GWAS risk variants are usually proxy for the
real causative variants, which can be located up to several megabases away within
the same LD block. In addition, the identification of the causative variants is fur-
ther complicated by the fact that most of them are not translated but rather map
to regulatory elements (promoters, enhancers, silencers, and other transcription
factor—binding sites). Nevertheless, substantial effort has been directed in this
post-genomic era toward the functional characterization of the huge amount of
genetic data generated by GWAS screenings, using either wet lab approaches or
in silico analyses (or a combination of both).

FUNCTIONAL STUDIES IN MS

A variety of experimental systems have been employed to study the biological
functions associated with MS risk variants, ranging from patients-derived primary
blood cells to animal models of disease. The first putative causal variant identified
in MS was the SNP 156897932 located within the exon 6 of the IL7R gene, coding
for the trans-membrane segment of the receptor. This SNP was shown to disrupt
an exonic splicing silencer, affecting the relative amounts of soluble and membrane-
bound isoforms of the protein (25). Recent evidence has shown that the
RNA helicase DEAD box polypeptide 39B (DDX39B) is also a potent activator of
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IL7R exon 6, and the SNP 152523506 located in the DDX39B 5’UTR increases MS
risk by reducing DDX39B mRNA translation (26). A similar effect was described
for the intronic SNP rs2104286 in the IL2RA gene as well. In fact, this risk variant
was also found to alter the soluble/membrane-bound ratio of IL2RA protein by
driving the expression of higher levels of its soluble form (27).

Another well-characterized example is the intronic SNP rs1800693 in the
TNFRFIA gene. In this case, the risk allele promotes the skipping of exon 6 with
the production of a novel soluble form of the tumor necrosis factor (TNF) receptor
which is able to inhibit TNF signaling inside the cells, mirroring somehow, the
exacerbating effects of TNF-blocking drugs on MS course (28). More recently, our
group has reported that the nonsynonymous exonic SNP rs11808092 in the eco-
tropic viral integration site 5 (EVI5) gene induces changes in superficial hydropho-
bicity patterns of the coiled-coil domain of EVI5 protein, which, in turns, affects
the EVI5 interactome. In particular, we demonstrated that EVI5 protein bearing
the risk allele selectively interacts with sphingosine 1-phosphate lyase (SGPL1), an
enzyme important for the creation of the S1P gradient—which is relevant to adap-
tive immune response and the therapeutic management of MS (29).

Altogether, available functional data pinpoint at a “transcriptional hypothesis”
where risk variants increase the propensity to develop MS by affecting primarily
the expression of the associated genes. To this extent, recent advances in bioinfor-
matics and computer-based methods of analysis have greatly helped toward the
identification of the cellular pathways dysregulated upon disease.

PATHWAY ANALYSIS AND SYSTEMS BIOLOGY APPROACHES @

The advent of “big data” in genetic research has been paralleled by the develop-
ment of computational methods that could handle the size and complexity of this
new type of information. In particular, different in silico approaches have been
optimized to extract biologically meaningful associations from large genomic,
transcriptomic, and proteomic datasets. These methods usually rely on the com-
putation of overrepresentation of the input genes in specific gene ontology (GO)
categories or biological pathways. More elaborated algorithms instead take advan-
tage of gene interaction networks and search for possible sub-networks (modules)
enriched in the input genes. Cell specificity and epigenomic reference datasets
add additional layers of complexity to the analysis.

An early application of network-based methods in the context of MS was
reported in 2011 by the IMSGC, which analyzed the results of the 2011 large
GWAS and a following meta-analysis, comprising together a total of 15,317 cases
and 29,529 controls. A large protein network encompassing more than 400,000
interactions among ~25,000 human proteins was created for the analysis. Notably,
the intersection network between the two independent studies resulted in
88 genes arranged in 13 sub-networks. Furthermore, GO analysis on the 79 MS
risk genes arranged in networks in at least one of the two studies highlighted the
categories “leukocyte activation,” “apoptosis,” and “positive regulation of macro-
molecule metabolic process” as well as the KEGG pathways “JAK-STAT signaling
pathway,” “acute myeloid leukemia,” and “T cell receptor signaling” (30).
Extending pathway analysis to all the 110 non-MHC variants identified after the
ImmunoChip study also detected the NF-kB cascade to be significantly associ-
ated with MS risk genes (22, 31).
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In a recent paper, a gene network candidate approach has highlighted the
putative role of cellular adhesion molecules (CAMs) in MS pathology (32). By
using eight GWAS datasets and considering all the genes interacting in the
CAM pathway, five sub-networks were found associated with MS susceptibility,
possibly connecting the risk to the regulation of blood-brain barrier (BBB)
crossing by T cells.

I Genotype-Phenotype Correlations in MS

In addition to genetic factors contributing to MS susceptibility, specific variants
also affect the clinical manifestation and the course of disease. Since the HLA locus
is the first MS risk genetic determinant to be discovered and exerts the strongest
influence on MS susceptibility, most of the genotype—phenotype studies are
focused on HLA alleles. For instance, HLA-DRBI1 *15:01 carriage has been found to
be consistently associated with lower age at the onset of disease (33). Furthermore,
HILA-DRB1*15:01 seems to modulate the response toward glatiramer acetate, an
immunomodulatory drug whose mechanism of action involves its binding to
MHC class 1T molecules as an initial step (34). In addition, this allele was shown
to increase the progression of MS brain pathology in terms of decline in brain
magnetization transfer and T2 lesion load, as assessed by magnetic resonance
imaging (MRD) (35). In contrast, the protective allele HLA-B*44:02 appears to
preserve brain volume and reduce the burden of T2 hyper-intense lesions (36). In
® a recent work by our group, we carried out an analysis of the global contribution
of the HLA locus to a number of clinical and MRI outcomes. We calculated the
cumulative HLA genetic burden (HLAGB) resulting from carrying different alleles
in different HLA genes in 652 MS patients who had comprehensive phenotypic
information and 455 controls of European descent. As suggested by previous
studies, we found that higher HLAGB scores are associated with younger age at
onset and the atrophy of subcortical gray matter fraction in women with RR-MS.
Conversely, HLA-B*44:02 showed a nominally protective effect for subcortical
gray matter atrophy (37).

I Genetics of MS Animal Models

Although MS naturally occurs only in humans, different animal models have
been developed in which a disease mimicking MS is induced artificially. According
to the nature of the inducing agent, the current models can be grouped into three
categories: autoimmune, viral, and neurotoxic (38). Among them, the most
widely used model is experimental autoimmune encephalomyelitis (EAE), which
falls in the first category. EAE is an experimental disease that can be induced in
several species (e.g., rodents, primates, cats, dogs, and chickens) via immuniza-
tion with spinal cord homogenates or, more often, with purified peptides con-
taining specific sequences of myelin proteins such as myelin oligodendrocyte
glycoprotein (MOG), myelin basic protein (MBP), and myelin proteolipid protein
(PLP). EAE recapitulates several features of MS, including the influence of genetic
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and environmental factors. This evidence has led to the search for the genetic
determinants modulating EAE susceptibility with the intention of getting insights
into the human counterpart.

Like MS, the MHC locus displays the biggest contribution to EAE susceptibil-
ity and manifestation, confirming the important role of T cells and antigen pre-
sentation in disease pathogenesis (39). In addition, at least 27 non-MHC loci
(Eael-Eae27) have been found to be associated with different traits of the disease,
including incidence, onset, severity, and histopathology (40-42). Interestingly, a
large part of them show sex specificity, possibly mimicking differences between
genders in MS susceptibility. Most of these quantitative trait loci (QTL) have been
mapped through genetic linkage studies in backcross mice derived from SJL/] and
B10.S strains. The choice of these two specific strains is due to the fact that the
former is highly susceptible to EAE induction, whereas the latter is characterized
by poor encephalitogenic responses. More sophisticated approaches rely on the
generation of congenic lines between these two strains, in order to fine-map the
loci of interest. A recent study combining phenotype-selected congenic mice and
gene interaction network analysis was able to identify candidate genes shared
between EAE and MS within several Eae loci. Interestingly, most of these genes
belong to evolutionary conserved pathways important for CD4* T helper-cell
differentiation (43). Following a similar approach in a panel of consomic lines
from the wild-derived PWD strain, the same group has also identified candidate
genes associated with sexual dimorphism in CNS autoimmunity, highlighting the
possible involvement of the mitogen-activated protein kinase (MAPK) pathway in
driving gender-related EAE differences (44).

The EAE model offers an additional advantage through the option to easily ®
engineer the mouse genome and test candidate genes for their putative effects on
disease expression. Such an approach encompasses either the knockout of endog-
enous mouse genes evolutionarily related to the human genes of interest or the
introduction of human alleles into the mouse genome. As a paradigmatic example
of the first scenario, knockout mice lacking the orthologue of the human IL7Ra
gene were shown to be refractory to EAE induction, confirming the GWAS statisti-
cal association at the experimental level (45). The generation of transgenic mice
carrying MS-relevant HLA alleles is instead the most common application of the
second methodology. For instance, humanized mice expressing HLA-DRBI *15:01
and HLA-DRB5*01:01 alone or in combination, along with the human T cell
receptor (TCR) specific for the MBPgs_oo peptide, have been instrumental in dem-
onstrating the functional epistasis between the two alleles. Mice expressing both
alleles indeed develop a milder form of a spontaneous MS-like disease as com-
pared to mice expressing DRB1*15:01 only (46).

I Conclusion

GWA studies have undoubtedly energized and changed the field of MS genetics,
allowing the discovery of more than a hundred risk loci following decades of
unsuccessful attempts. A pressing challenge for the MS research community lies in
the organization of the vast amount of genetic data finally available in a coherent
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biological frame, which could explain the primary causes of the disease and its
pathogenic processes. Considering the heterogeneity of MS and the intrinsic com-
plexity of the human genome, a number of rational approaches can be envisioned
to characterize the biological functions connected to MS susceptibility and
pathophysiology.

First, fine-mapping projects will be required to refine the association in pre-
viously identified genomic loci and prioritize the candidate variants for further
studies. This could be done by employing batteries of genetic markers saturat-
ing the region of interest as well as by analyzing populations with different LD
patterns. In this regard, we recently reported the analysis resulting from geno-
typing an African American MS dataset with the ImmunoChip platform (47).
African American genomes possess shorter LD, reflecting their unique ancestral
history, a characteristic that facilitated narrowing down the association to tumor
necrosis factor receptor superfamily member 14 (TNFRSF14) in a confirmed
locus that included tetratricopeptide repeat domain 34 (TTC34), LOC115110,
membrane metalloendopeptidase like 1 (MMELI), TNFRSF14, and family with
sequence similarity 213 member B (FAM213B) as candidate genes. These results
support the utility of transancestral studies to better map the relevant variants
within MS loci and suggest that common genetic basis underlies susceptibility
across different ethnic groups.

Second, the increasing availability in public databases of gene expression
datasets with relative genotype annotation can greatly facilitate the assessment
of expression quantitative trait locus (eQTL) effects associated with the carriage
of genetic variants relevant for MS. In this regard, computational strategies inte-
® grating gene expression measurements with summary GWAS data have been
recently developed to identify genes whose cis-regulated expression is associ-
ated with complex traits, an approach called transcriptome-wide association
study (TWAS) (48, 49). In addition, transcriptomic studies in relevant tissue
samples from MS patients can also help identifying specific genetic signatures
associated with disease susceptibility or progression. For example, following
this approach, our group has shown that low levels of transducer of ERBB.2-1
(TOBI) transcript in CD4* T cells are strongly associated with a higher risk of
early conversion to clinically defined MS in patients experiencing a first demy-
elinating event in the CNS (50, 51).

Finally, recent remarkable innovations in genomic editing, such as the CRISPR-
Cas9 or the TALEN systems (52), promise to reshape the next generation of
functional studies aiming at translating genetic observation into mechanistic
insights. These tools afford the modification of the genome at the single nucleo-
tide level in a mono-allelic or bi-allelic fashion. Compared with classical methods
of transgenesis, these new methodologies allow assessing the functional impact of
genetic variants in physiological conditions via direct modification of the host
genome in cell or animal models. These systems will be particularly relevant to
efficiently screen regulatory variants mapping outside genes, whose function is
less intuitive as compared to variants inducing amino acidic substitutions.
Furthermore, the possibility to simultaneously introduce multiple modifications
in different genomic regions makes these systems suitable to explore possible epi-
static effects between two or more variants (53).

In summary, an integrated approach involving multiple disciplines and tech-
nologies is likely to be the most effective way to address the complexity of MS
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genetics and identify biologically meaningful correlations between risk variants
and specific molecular functions.
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Abstract: More than 700,000 people suffer from multiple sclerosis (MS) in
Europe. This implies that more than 1 million people are affected by this disease
through their role as caregivers and family members. Given its relevant impact,
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scientists and other scholars. Such interdisciplinarity is stressed in the present
contribution, which focuses on various aspects of socioeconomic burden.
Starting from considerations about the epidemiology of the disease in Europe,
as outlined by the MS Barometer, a comparative survey based on data collected
by the national MS societies and launched in 2008, a brief literature review for
each European country mentioned in the report was carried out with the follow-
ing key terms: “multiple sclerosis,” “cost of illness,” and “health-related quality
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to rehabilitation centers, and the availability of pharmacological treatments,
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especially innovative therapies, reveal how there are still huge differences across
Europe. Literature contributions are mostly oriented toward HRQoL studies and
the impact of new pharmacological treatments. There are less studies focusing
on compliance: this may be the consequence of a higher awareness of the dis-
ease among the patients and a strengthened cooperation with the physicians.
Some suggestions about foreseeable and desirable lines of research conclude
the contribution.

Key words: Cost of illness; European countries; Health-related quality of life;
Multiple sclerosis; Pharmacological treatments

| Introduction

More than 700,000 people suffer from multiple sclerosis (MS) in Europe; this
implies that more than 1 million people are affected by this condition through
their role as caregivers and family members (1). MS is one of the most common
causes of neurological disability in young and middle-aged adults (2). It is charac-
terized by various symptoms that can be associated with motor deficits (fatigue,
paralysis, and coordination disturbances), sensory problems, speech and vision
(blurred or double vision) impairments, and sphincter and bladder malfunctions (3).
While MS can be diagnosed at any time in life, it frequently occurs between the
ages of 20 and 40; women are more susceptible than men, with a ratio of 3:2. The
® natural history of MS is highly variable. Initially, about 85% of patients present
with relapsing remitting multiple sclerosis (RRMS), which is characterized by
unpredictable, self-limited episodes of the central nervous system, and may last
from several days to weeks. For the remaining 15% of patients, MS begins as
primary progressive (PP) with the gradual worsening of neurological symptoms.
Two-thirds of RRMS patients may develop a secondary progressive course (SPMS,
secondary progressive multiple sclerosis), which is characterized by neurological
deterioration over time (4). Although the disease may manifest and evolve in dif-
ferent ways, it definitely changes peoples lives. Due to the consequences of MS,
which go beyond the physical symptoms, patients have to limit their daily activi-
ties and social relationships, and their self-esteem might be reduced (5). Recent
studies recognize how the number of people living with MS around the world is
growing: it has increased at least by 10% in the last few years, and in 2013 it
reached 2.3 million (6). This is likely to be attributed mainly to diagnostic criteria
such as the McDonald criteria, which permit to formulate a diagnosis more often
than other criteria such as the Poser’ criteria (7). There has been progress in brain
imaging too: this leads to a faster diagnosis by employing a special type of scanning
which is able to reveal lesions in the brain’s white matter (8). The role and impor-
tance of information regarding MS as well as other chronic diseases have been
stressed in many studies (9). Such information systems enable the identification,
collection, and processing of data in order to obtain useful indications. Exchanging
data among physicians and health care centers helps to organize better assistance.
Hence, an accurate and efficient information system can reduce the expenses and
uncertainties associated with the disease and favor an increase in health-related
quality of life (HRQoL).
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Currently, information regarding MS in Europe is widespread, thanks to many
sources. The MS Barometer is a comparative survey based on data collected by
the national MS societies (10). First launched in 2008, the MS Barometer raises
awareness about the geographical differences in MS management across Europe.
It is a questionnaire with points scored based on the responses: the higher the
score, the better the disease management, the level of support, and the HRQoL
of people with MS in each country. The questionnaire has been updated in three
subsequent editions of the MS Barometer in 2009, 2011, and 2013. It is struc-
tured around the priority policy areas defined in the European Multiple Sclerosis
Platform’s (EMSP) Code of Good Practice, related to access to health care (where
health care has to be meant as a comprehensive notion, which includes treat-
ments, new medications accessing the market, therapies, and health workforce
involved in MS care); research and data collection system (given that the quality
of the information provided is likely to impact expenses determined by the dis-
ease); participation in society of people with MS (that aims at strengthening
financial support, education for young people affected by MS, and possibility of
employment); and empowerment (that should be meant as an objective both for
people with MS and for organizations). Twenty-eight countries participated in
the MS Barometer 2015, representing more than 500,000 patients. Hence, the
MS Barometer 2015 sketched an up-to-date picture of prevalence, incidence,
and access to treatment in Europe.

Instead, the EMSP, founded in 1989, group about 40 national MS member @
societies from 35 European countries and aims at collecting data and evidence on
MS with the purpose of being a guide to improve patients’ and their families’
HRQoL.

Table 1 reports on data about MS prevalence across European countries, col-
lected through the national MS societies joining the EMSP. Further evidence is
presented in Table 2, which contains data collected by the EMSP (11), retrieved
through the Atlas of MS (www.atlasofms.org), the report Under Pressure, Living
with MS in Europe, released by the EMSP (www.underpressureproject.eu) and
some recent studies (1, 12). Data are representative of the year 2013 and relate to
prevalence and access to disease-modifying drugs (DMDs) and symptomatic treat-
ments, which will be discussed in more detail in the next section. Other informa-
tion concerns epidemiological data on the course of MS (age of diagnosis, RR
form); the impact on working (percentage of reduction in the number of working
hours and the percentage of people with MS employed part time and full time);
information related to the social impact of the disease such as the awareness of the
disease, limitations at work, and the possibility to access rehabilitation centers.
This information sheds light on the level of assistance, especially provided to
patients experiencing a relapse and the possibility to recover from it. Little infor-
mation was available for countries such as Cyprus, Latvia, and Slovakia. Overall,
there are important consequences for individuals’ working activity: on average,
half of the people with MS leave their jobs 3 years after the diagnosis (13).

Costs, employment, and quality of life are affected by increasing disease
severity in people with MS (14, 15). While, in the early stages of the disease,
costs are predominantly driven by pharmacological treatments, when the
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TABLE 1 MS in European Countries (in ascending order of
prevalence)
Country Prevalence per 100,000
Slovakia NA
Romania 30
Bulgaria 39
Portugal 56
Croatia 59
Greece 70
Lithuania 78
Estonia 82
The Netherlands 88
Latvia 90
France 95
Belgium 100
Spain 102
Finland 105
Switzerland 110
@ Ttaly 113
Poland 120
Slovenia 120
Austria 140
Ireland 140
Germany 149
Czech Republic 160
Norway 160
United Kingdom 164
Cyprus 175
Hungary 176
Sweden 189
Denmark 227

Source: European Multiple Sclerosis Platform, 2015.
NA = not available.
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disease becomes severe, the overall costs increase, and indirect costs (due to
the loss of productivity for patients and their caregivers) become more signifi-
cant. It has been estimated that the average cost per year of all resources relat-
ing to MS was €22,800 for those patients with mild disease severity, €37,100
for those with moderate disease severity, and €57,500 for those patients with
severe disease (14). The same study outlined how, among people of working
age, 18% of patients with mild disease were unemployed; this percentage is
about 92% when people with severe disease are considered. Disability is the
main driver of reduced productivity and HRQoL; the symptoms due to the
disease that impact productivity are fatigue (experienced on average by 95%
of patients considered for the study) and cognitive difficulties (experienced by
71% of patients). Data about employment, according to the information pro-
vided by EMSP, were not available for Cyprus, Greece, Portugal, Spain,
Sweden, Switzerland, and eastern European countries (Estonia, Latvia, Poland,
Romania, and Slovakia). With the exception of Belgium and Slovenia, where
more than 50% of the people with MS are employed full time, this percentage,
overall, is not very high (in Denmark and the United Kingdom, people with
MS working full time are, respectively, 8 and 5%). However, data are frag-
mented and apparently contrasting; for example, Austria, Bulgaria, Croatia,
and Hungary present a percentage of people employed part time that is lower
compared with people employed full time. Incentives to recruit disabled peo-
ple are present in the majority of countries, with some exceptions such as
Bulgaria, Estonia, Lithuania, Portugal, Switzerland, and the United Kingdom.
Such incentives are often coupled with the awareness in programs on MS for
the workplace and information directed to employers, coordinated by public ®
or private institutions (according to the evidence reported, this occurs in
Austria, Belgium, Croatia, Denmark, Finland, Germany, Italy, the Netherlands,
Romania, and Slovenia).

Poland and Hungary have the lowest access to DMDs treatment. In Belgium,
Croatia, Czech Republic, Denmark, Germany, the Netherlands, Norway, and
Slovakia, 100% of MS patients have access to rehabilitation centers.

The evidence that emerges from the table, which summarizes the information
retrieved from several sources, stresses which issues should be investigated in
more detail. First of all, information on the labor market and the social conse-
quences for MS patients should be enriched. Loss of productivity due to illness,
which, according to data, is 79% (average data), leads to an increase in indirect
costs and higher social costs, and this has to be investigated. There are not many
studies that have been concerned with this aspect, neither are there detailed anal-
yses on the costs of the disease, including indirect costs and productivity losses
(16). Finally, affordability is a key barrier to access MS products. In some coun-
tries, patients cannot afford the cost of treatment and the expenses related to the
disease. Hence, the organization of an efficient assistance model is crucial.

I Treatments for MS

There is no definitive cure for MS as yet, but access to pharmacological preventive
and symptomatic treatments may help patients in managing the disease (17, 18).
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An early recognition of the inflammatory process allows patients to begin treatment
with a DMD even before the technical diagnosis of definite MS; in this way, the
degenerative progression of MS can be delayed (16). It has been shown how
patients, who had started the treatment at a later stage, had a greater risk of reach-
ing score 4 on the Expanded Disability Status Scale (EDSS). Although this is a
moderate disability score (while EDSS scores higher than 4.5 are regarded as more
severe, impairing individuals’ daily activities), according to clinical evidence, this
may increase by 7.4% for every year of delay in treatment start after MS onset (19).
Moreover, the early pharmacological treatment is associated with fewer hospitaliza-
tions, a reduction of relapses, and a gain of QALYs than delayed treatment (20, 21).

The choices about the most suitable pharmacological treatment and its timing
may rely on the patient’s and physician’s joint decision (2, 22). However, the treat-
ment selected and the type of assistance provided to MS patients depend mostly
on the characteristics of the health system in each country. Although many studies
have found that a consistent part of costs caused by MS is related to productivity
losses (sick leave and early retirement due to MS), nonmedical costs (devices and
investments to adapt living conditions) and informal care by family and friends
(23), it has been estimated that, on average, more than 50% of the costs associated
with the disease come from direct medical costs, which are often due to innova-
tive therapies. The relevance of drug treatment and the weight attributed to phar-
maceutical costs have to be considered from the third payers and societal
perspectives. New treatments have been made available in recent years. Innovative
drugs are still under development or waiting for approval within a centralized
procedure by the European Medicines Agency or through a decentralized proce-
@ dure, at the national-level reference.

About the type of therapies for MS currently available, disease-modifying
therapies (DMTs) include injectable medications (interferon beta 1-a and 1-b,
glatiramer acetate, and peginterferon beta 1a), oral medications (fingolimod, teri-
flunomide, and dimethyl fumarate), and infused medications (natalizumab and
alemtuzumab). In addition, there are other treatments with immunosuppressants
that can be effective for MS (mitoxantrone, azathioprine, cyclophosphamide,
methotrexate, etc.). Other drugs (e.g., corticosteroids or nabiximols) are employed
in case of relapse or to alleviate some symptoms of MS. All these agents act by
modulating and/or suppressing the immune system at various levels with different
mechanisms of action. The efficacy, tolerability, and safety profile vary signifi-
cantly across treatments, ranging from combinations of modest effect and a good
level of safety to those that are highly effective but at increased risk of serious or
even fatal adverse events.

First-line treatments are intended as a moderate-efficacy, high-safety drug and
include interferon beta la and 1b, glatiramer acetate, peginterferon beta 1a, teri-
flunomide, and dimethyl fumarate. Differences exist in terms of efficacy and toler-
ability among first-line drugs, although direct comparison data are limited (22).
Second-line treatments are used in case of unsatisfactory response to first-line
drugs: they are not only more effective but also come with more safety risk, and
include, among others, natalizumab, alemtuzumab, and mitoxantrone. Fingolimod
is approved as a second-line treatment in the European Union and as a first-line
treatment in the United States, Canada, and other countries (22). Azathioprine
and cyclophosphamide, which are not registered as treatment for MS, are used as
first-line and second-line medications, respectively.
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There have been many studies on access to MS treatments in Europe. A well-
known study (24) looked at the available evidence on prevalence, the costs to
society, and difference in access across European countries, and discusses the
determinants of patients’ access itself. The authors found that there was a wide
variation across European member states: according to 2008 data, in Western
Europe around 44% of patients had access to pharmacological treatment, whereas
in Central and Eastern Europe, this percentage was between 6 and 42%. Such
large variations in the number of patients with access to innovative drugs could be
explained by economic differences among European economies that lead to a
diverse range of pharmacological treatments guaranteed to patients by each
national health system. However, the authors of the study found that price levels
did not reflect the affordability levels in different markets. Indeed, they also iden-
tified differences in medical practice, the ease of access to care, and the availability
of care.

The access to innovative treatments across European countries may depend
on health policy issues too: some countries may focus on a particular MS
patient sub-population and develop specific treatment guidelines. Hence,
depending on where a patient lives, he or she will be, or will not be, entitled to
such medication. For example, in Sweden, for the use of immunomodulatory
therapy, approximately 75% of patients with RRMS meet the criteria for DMDs
therapy. Moreover, Sweden presents a high number of SPMS patients: in this
light, a study aimed at comparing first-line and second-line treatments, such as
natalizumab and fingolimod, outlined how Scandinavian countries provide
better access to innovative second-line treatments, followed by France, Austria,
and Belgium. Overall, the access to pharmacological treatment has increased in ®
the past years. The percentage of people treated with DMDs across European
countries is shown in Figure 1. Among these patients, the percentage of those
who are accessing the most innovative treatments is estimated at around 20%
for MS patients in Europe. Instead, in eastern European countries, lower shares
can be observed: in 2008, in Poland and Romania, around 3-4% of the patients
with MS had access to innovative therapies.

Medical and Socioeconomic Literature Related to MS:
Evidence from the Literature in the Countries Joining the
MS Barometer

The studies investigating the prevalence of MS across Europe include country-
specific studies, cross-country comparisons, and compendia of prevalence statis-
tics. Wilsdon et al. (25) cite, among the international comparisons, Kingwell et al.
(26), who carried out a systematic review of incidence and prevalence of MS in
Europe between 1985 and 2011. The authors concluded that prevalence and inci-
dence estimates tended to be higher in the more recent studies, especially in the
Nordic countries; they also stated that, despite the extent of the literature on the
epidemiology of MS in Europe, inter-study comparisons are hindered by the lack
of standardization. With the general aim of establishing a Europe-wide platform
for systematic analysis and comparison of longitudinally collected MS data in
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Figure 1 Percentage of MS patients who have access to DMDs in Europe.

@ Source: CRA Analysis, 2014.

Europe, the European Register for Multiple Sclerosis (EUReMS) project was
started in 2010 by an international consortium, involving both scientists and
patient organizations (27). Detailed information about the number and content of
national MS registries in Europe is needed to facilitate the integration of existing
data, as well as to carry out comprehensive analyses and comparison across
European populations.

In a systematic review of MS registries and databases in Europe, a detailed
search identified 17 national MS registries, adding to this list three other regis-
tries after contacting European MS societies (28). The registries differ with
regard to objectives, structure, data, and the number and type of patients
included. In spite of their heterogeneity, all registries had the following common
objectives: MS epidemiological and pharmacological surveillance; efficacy,
safety, and cost-effectiveness of pharmacological treatments in the long run; pro-
vision and quality of health care services; HRQoL and other socioeconomic
aspects, such as the burden of disease, both from the patients’ perspectives and
that of the neurological centers. According to the study findings, registries were
available for Austria, Bosnia and Herzegovina, Croatia, Czech Republic,
Denmark, France, Germany, Greece, Iceland, Italy, Malta, the Netherlands,
Norway, Slovenia, Spain (Catalonia), Sweden, and the United Kingdom.Further
information was collected through the national MS societies of Russia, Serbia,
and Switzerland.
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A literature search for each European country included in the MS Barometer
was then carried out in PubMed (period 2012-2017; last accessed, May 20,
2017) using the terms ‘multiple sclerosis + country’, then ‘multiple sclerosis +
country + cost of illness’ and, finally, ‘multiple sclerosis + country + health
related quality of life’. Although they are not fully comprehensive, the results
gave a picture of the aspects that have received more attention in the 28
European countries considered. Overall, it was noted that MS is often treated
in the literature together with other chronic conditions (especially in the stud-
ies focusing on HRQoL and carried out at the European level). In some coun-
tries, many studies have been carried out within international research projects
aimed at assessing the cost-effectiveness and cost—utility ratio for pharmaco-
logical treatments, or directed at developing common guidelines and assistance
protocols.

The review could be improved by mentioning other aspects in the epidemi-
ology and management of the disease, focusing on cost of illness (COI) and
looking at indirect costs that are related to MS patients’ reduced productivity
and HRQoL. The countries observed through the Barometer, in alphabetical
order, are: Austria, Belgium, Bulgaria, Croatia, Cyprus, Czech Republic,
Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Ireland, Italy,
Latvia, Lithuania, the Netherlands, Norway, Poland, Portugal, Romania,
Slovakia, Slovenia, Spain, Sweden, Switzerland, and the United Kingdom.

In Austria, treatment registries, especially for pharmacological “second-line”
treatments, such as Fingolimod and Natalizumab, have been instituted. A general
search on epidemiology of MS found 314 studies, of which the most recent are
focused on the impact of emerging drugs such as ocrelizumab (29). Other eco- ®
nomic evaluation analyses concern socioeconomic aspects of some treatments
(30). Studies related to QoL have considered some specific rehabilitation pro-
grams aimed at improvements in the specific domains of attention and mental
fatigue (31).

In Belgium, most of the studies retrieved were clinical and were carried out
within European research projects. There is a national registry for MS, the Beltrims,
started in 2012. Organizational issues have been discussed in studies assessing the
costs and potential financial benefits of integrated care models for patients with
chronic diseases (32). The total burden of the disease relates to the clinical,
humanistic, and economic dimension. Crucial information is still missing about
MS pathophysiology and other clinical issues. This is a hindrance in reaching the
objective of an equal access to care and treatment for MS.

Bulgaria does not have a tradition of studies on MS. Only in 2017, the Bulgarian
MS Society announced the realization of a registry of patients (http://www.emsp.
org/news-messages/ms-registry-and-national-representation/). ~ The literature
search found only 16 studies, of which the last epidemiology study was in 1997
(33), and reported a considerably lower prevalence of MS in Bulgaria comparing
with the neighboring countries.

Cyprus neither has any information on epidemiology of MS nor any record
based on scientific evidence. The official data of prevalence and/or incidence
refers to the information reported by the Atlas of MS 2013; the studies that have
been identified through the research were mainly related to the clinical impact of
MS or they were meta-analyses (34, 35).
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In Croatia, the studies carried out in the last 5 years focused mainly on
pharmacological treatments and diagnostic tools such as magnetic resonance
(36). Croatia has a national registry for MS, started in 2007.

The Czech ReMusS started in 2013. The output of the ReMuS is published regu-
larly  (http://www.multiplesclerosis.cz/docs/160929_remus_aj_zaverecna-zprava
_2016_06_souhrnna.pdf). One COI study used Czech data and extrapolated to
Polish patients to estimate costs of MS (37). The mean annual costs from societal
and payers’ perspective were calculated for patients according to EDSS. Indirect
costs (production loss due to early retirement, sick leave, and informal care) cover
up to 70% of total costs.

In Denmark, all cases of MS have been registered since 1948. In 1996, the
Danish MS Treatment Registry was established. Most of the studies adopted a
multidisciplinary perspective of MS, with focus on the organization of a multidis-
ciplinary care team and the possibility to support the patient, so that the latter is
empowered to manage his or her disease and to implement a physically active
lifestyle. Furthermore, some studies have emphasized how dedicated programs
for patients and health care professionals, including nonmedical treatment strate-
gies, should be developed at the European level (38).

In Estonia, statistical and updated data about MS is not yet available (see
http://www.smk.ee/tooandjatele/statistika/). One clinical study, carried out at
West-Tallinn Central Hospital, was retrieved (39).

In Finland, the focus has recently been on the new therapies (40), the estima-
tion of patients’ costs and HRQoL, and cognitive deficits. Although the incidence
and prevalence of MS in Finland are high and the structure of the Finnish health
® care is ideal for taking care of MS, Finland was the only Scandinavian country
without a national MS register until 2011. The Finnish Neurological Association
assigned a steering board to develop an MS national registry. By 2016, five uni-
versity hospitals and six central hospitals have joined the register. The burden of
illness and HRQoL have constituted the topic of some recent analyses (41, 42).

In France, the MS registry is sponsored by the Hospices Civils de Lyon. At the
end of 2015, it observed 54,000 patients. One of the latest studies provided esti-
mates of the prevalence and mortality rate of MS and used reimbursement data for
disease-modifying treatment, long-term disease status, disability pension, and
hospitalization (43). Another study analyzed the social participation in patients
with MS, correlating economic costs related to the treatment with social participa-
tion, utility, and MS-specific quality of life in a sample of 42 patients receiving
natalizamab (44).

In Germany, the national MS registry was established in 2001. In the last
5 years, a large number of studies have come out of Germany (about 2063
studies). Despite this, health care utilization data and analyses for MS are still
scarce (45). Some studies (46) were related to the effects of new treatments
such as alemtuzumab on safety, effectiveness, and HRQoL.

The largest number of researches carried out in Greece, where there is a
national MS registry, concern clinical issues. There are no recent prevalence
studies; the last one dates back to 2008 (47). Some interesting insights came
from studies aimed at defining a sort of “stigma” for MS patients, especially
neurological disorders, that determines the exclusion from full social accep-
tance. Although stigma is considered to be present in MS, the factors that influ-
ence its levels are ambiguous (48). About the COI analyses carried out for Greece,
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the search outlined how there is a North-South gradient for health expenditure
for costs and prevalence of the disease (49). The authors of the study stress how
health and welfare systems of some countries are not prepared to manage these
occurrences. HRQoL is treated in a study that outlines how HRQoL is influ-
enced by self-confidence, which is a direct result of self-ability and mobility, the
stage of disease, the social relations, and the risk of sudden substantial of health
deterioration (50).

There is no national registry for MS in Hungary, but some data are provided by
the Hungarian MS Society, established in 1988 (http:/www.smtarsasag.hu/).
Prevalence studies are related to single centers or to counties. The first epidemio-
logical study on MS was based on the McDonald diagnostic criteria in central
Europe (51). There is only one COI study (52) that is aimed at exploring the qual-
ity of life, resource utilization, and costs of 68 MS patients in Hungary. About
16 studies focused on the effects of the disease symptoms on HRQoL; a recent
study (53) examined the correlations between HRQoL and the level of disability,
fatigue, and depression in glatiramer acetate-treated patients with MS and pro-
vided suggestions for the management of the disease, recommending immuno-
modulatory therapy together with improvements of the diagnostics and treatment
of the accompanying depression.

Ireland has a high prevalence of MS, which has been increasing in the last
20 years. There is no national registry of people with MS. There are, however, patients’
associations which provide an insight into the number of people with MS. Among
the first studies aimed at prospectively assessing the incidence rate of MS in
Ireland, one epidemiological study ascertained all new cases of MS in the years
2014 and 2015 (54). Another research (55) shows how MS can be associated with @
significant disability, resulting in considerable socioeconomic burden for both
patients and the society. The study found that even low-intensity episodes can
have a significant financial impact for the patient. In a prospective study, it has
been outlined how there is the potential to significantly reduce the economic bur-
den of the disease through interventions that prevent progression from mild or
moderate MS to severe MS, and keep people in the work force (56). A HRQoL
study, using EQ-5D-5L correlation with the EDSS score, showed a linear decline
in utility with changes in EDSS from O to 6, after which point the relationship
exhibited greater variability (57).

In Italy, the studies on MS are related to various topics, such as clinical out-
come, cost-effectiveness analyses, and rehabilitation. Some Italian regions
(such as Sicily, in the South) have recently initiated their MS registries. The
Associazione Italiana Sclerosi Multipla (AISM) provides data about the prevalence
and incidence of MS in Italy. A crucial aspect, during the last few years, has
been that of adherence and compliance to pharmaceutical treatments as well as
communication (58, 59). COI studies are often carried out together with cost—
utility analyses and Quality of Life Surveys (60, 61). The focus of the literature
is on new therapeutic options as well as the progressive forms of the disease;
some research projects concerning palliative approaches to severe MS or com-
munication in SP MS are being carried out (62).

Latvia is often included in international studies on MS among other countries.
The national association was instituted in 1995 (http://mslapa.lv/site/30146).

In Lithuania, a multicenter MS registry was created in 2013 and the data
collection was started in three MS centers and university hospitals. Most of
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the studies are related to the experience of single centers and the effectiveness
of therapies and adherence (63); other studies relate to specific MS distur-
bances (64).

The studies carried out in the last 5 years in the Netherlands are mainly clinical,
evaluating symptoms and the effects of pharmacological treatments. The NEDBase,
the national Dutch registry, started in 2007 involves six neurological centers.
Some comprehensive studies have measured the burden imposed by MS on the
Dutch society, which is higher compared to the results of previous studies (65).
Recent studies examine both adherence and persistence and outline how the latter
could be predicted by HRQoL (66).

Most recent studies carried out in Norway focus on risk factors for MS, mor-
tality data, and life expectancy (67-69). In Norway, there is a national MS
registry.

In Poland, the National Registry of MS patients was created in 2013 (70). The
literature has focused both on COI and HRQoL studies. A study based on real-life
data from the Social Insurance Institution in Poland has assessed the indirect costs
of six major autoimmune diseases, concluding that MS is associated with great
indirect costs (71). Studies on HRQoL employ data from the Polish registry and
examine the role of cognitive appraisals, adjusted for clinical, socioeconomic, and
demographic variables, as correlates of HRQoL in MS (72, 73).

In Portugal, the National Society for MS was established in 1984. Although the
literature search retrieved 216 studies, the last epidemiological study was in 2010
(74). There are no studies focused on COI, however, Portugal is often analyzed
within international studies (48). Other studies looked at several problems associ-
® ated with the disease, such as sleep disturbances (75).

In Romania, there is a national association of MS patients, which was
founded in 1995. Epidemiological studies were carried out in 1989 and 1994
(76, 77). Another study, related to the Multiple Sclerosis Information Dividend
(MS-ID) project, aimed at identifying and addressing major inequalities of MS
treatment and care, was carried out in 2010 (78): it considered the feasibility
of an EU MS register among five countries (Germany, Iceland, Poland, Romania,
and Spain).

The Slovakian Association for MS was founded in 1990. The studies are mainly
clinical or aimed at assessing cognitive impairment determined by MS (79). COI
has been investigated in few studies. An MS study in 2015 in Slovakia was the first
Slovak study to provide information about health care, social expenditure, and
the cost of productivity loss; direct and indirect costs of MS were retrospectively
analyzed by prevalence, based on a bottom-up approach (80). The societal and
health insurance perspective was used to assess the economic burden caused by
MS in Slovakia, using the human capital method for the calculation of indirect
costs. HRQoL has been the object of another study that evaluated functional dis-
ability measured by patients and neurologists (81).

In Slovenia, the national MS association was established in 1973. Most of the
studies related to MS focused on the effects of pharmacological treatments. One
international multicenter study concerned physiotherapy and rehabilitation (82).
HRQoL together with coping was investigated as well (83).

Spain is often mentioned in international studies carried out for Europe and
related to treatment experience and MS burden of disease. There is a MS regis-
try for Catalonia. Other registries follow patients in treatments with given drugs,
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for example, Fingolimod (84). The most recent studies regard prevalence of MS
and suggest an increasing prevalence (85). Several works estimate the COI of
MS (86), measure its socioeconomic effects (87), or carry out budget impact
analyses (88).

In Sweden, there has been a National Registry of MS patients since 1997;
many studies are based on real-life data. Prevalence of MS has been analyzed in
different areas of the country (89). There are several recent studies on COI that
have been carried out for working-aged individuals, reporting that indirect costs
contributed to approximately 75% of the estimated costs of MS patients (90).
Costs and utility are highly correlated with disease severity, and resource con-
sumption may be influenced by health care systems’ organization and availabil-
ity of services (12). The studies on HRQoL are aimed at assessing several aspects
of the pathology, in particular, relapses associated with increased fatigue and
reduced HRQoL (91).

The Swiss society for MS instituted a register in 2016 (https://www.multi-
plesklerose.ch/it/attualita/dettaglio/registro-svizzero-sm-partecipanti-colpiti-
di-ogni-eta/). The perspectives and expectations of MS patients have been
analyzed in a study that outlined how there is no data available about the needs
of people living with MS in Switzerland (92). Other studies, related to HRQoL,
carried out by Swiss researchers, however, do not employ Swiss data (93).

In the United Kingdom, the MS registry was started in 2009. Through the litera-
ture research, it was possible to retrieve about 1000 studies. Together with inci-
dence and prevalence (94), studies related to cost-effectiveness, cost utility analyses,
and prognostic factors have been carried out (95).

| Conclusion

The studies carried out on MS in Europe are mostly oriented toward HRQoL and
the impact of new pharmacological treatments. There are less studies focusing on
compliance: this may be a consequence of the higher awareness of the disease
among the patients and a strengthened cooperation with the physicians. The
consideration of the level of assistance provided, the access to rehabilitation cen-
ters, and the availability of pharmacological treatments, especially innovative
therapies, reveal how there are still huge differences across Europe. The scholars’
effort should be directed toward the estimation of the burden of disease and the
strategies to implement for the achievement of a higher HRQoL. In spite of many
studies on the epidemiological course of the disease, these aspects have not been
fully exploited yet, and they need more attention. Costs, employment status, and
quality of life are closely linked to disease severity across European countries. In
this perspective, the development of a common strategy is essential to ensure
consistency in the quality of care over time, to address the variations in service
provision for people with MS, and to provide a framework to get access to inno-
vative therapies more rapidly. National registries, linked to an EU comprehensive
registry (EUReMS), need to be developed in order to measure the prevalence of
MS across countries and to assess the status of people with MS. It is also impor-
tant that clinical guidelines are kept up to date and, more importantly, that they
are actually used in practice.
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