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INTRODUCTION

Multiple sclerosis (MS) is the most common chronic inflammatory disease of the central
nervous system (CNYS) that affects young adults between 20 and 40 years of age, with a higher
prevalence in females (female-to-male ratio 3:1) (Dilokthornsakul et al., 2016). Even though its
etiology is still debated, it has historically been considered an immune-mediated disease, whose
histopathological hallmarks are inflammation, demyelination, and neurodegeneration (Frohman
et al., 2006; Lassmann, 2018). Indeed, acute demyelinating lesions characterized by blood brain
barrier breakdown, lymphocyte infiltration, oligodendrocyte loss and astrocytic activation, mainly
located in myelin-rich white-matter areas, are distinctive of the disease. Nonetheless, in more
recent years it became clear that axonal loss and primary demyelination in the absence of acute
inflammatory infiltrates are also present since the earliest stages of the disease (Henderson et al,,
2009), challenging the idea that neurodegeneration is secondary to CNS inflammation (Louapre
and Lubetzki, 2015). As a matter of fact, it is still unclear whether neurodegeneration is a direct
consequence of inflammatory CNS injury or whether it represents a primitive independent process,
and a better understanding of the interplay between these two aspects of the disease is warranted.
In this perspective, studies investigating genetic factors associated with MS onset and progression
can help to shed light on this matter; in fact, compared to cross-sectional histopathological studies
that do not permit to establish temporal and/or causal relationship, genetic association studies
allow to infer causality and to pinpoint molecular pathways and cell types that play a key role in
MS pathogenesis.

HLA ASSOCIATION

The first MS-associated genetic risk locus discovered in 1972 was located in the human leukocyte
antigen (HLA) class I region on chromosome 6 (Jersild et al., 1972; Naito et al., 1972). Since then,
several HLA class I and II alleles have been associated with an increased risk of developing MS
(Hauser et al., 1989; Patsopoulos et al., 2013) or were found to be protective (Fogdell-Hahn et al.,
2000).

The strongest association has been demonstrated with the HLA DRB1*1501 allele (Hauser et al.,
1989; Oksenberg et al., 2004; Patsopoulos et al., 2013) that confers an almost 3-fold increased
risk of MS. The most recent genome-wide association study (GWAS) in MS (Patsopoulos et al.,
2019) identified up to 32 independent MS risk-variants in the major histocompatibility complex
(MHC) region and, overall, the MHC locus alone is estimated to explain 20% of MS heritability
(Patsopoulos et al., 2019).
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The HLA locus maps on chromosome 6p21.3 and
encompasses more than 200 genes, with important roles
in maturation and regulation of the T cell compartment as
well as in other immunological processes, supporting the
hypothesis that MS is an immune-mediated disease arising
from a dysregulation of the peripheral immune system which
targets the CNS. Consistently, a fine-mapping study of the MHC
region (Patsopoulos et al., 2013) has shown that some of the
MS-associated variants in this locus affect the amino-acidic
sequence of the peptide-binding groove, potentially influencing
antigen recognition and T-cell repertoire specificity.

GENOME-WIDE ASSOCIATION STUDIES
OF MS SUSCEPTIBILITY

Since 1970s, the knowledge of MS genetic architecture has
extraordinarily advanced and several GWAS have been
performed, identifying hundreds of additional MS genetic risk
variants outside the MHC locus (The International Multiple
Sclerosis Genetics Consortium et al., 2007; Bahlo et al., 2009;
Baranzini et al., 2009; Sanna et al.,, 2010; Patsopoulos et al.,
2011, 2019; Sawcer et al., 2011; Beecham et al., 2013). GWAS are
particularly helpful in the discovery of novel disease variants,
because they do not depend on “a priori” assumption on
disease pathogenesis and can help to unravel novel molecular
mechanisms underlying the disease.

The first MS GWAS (The International Multiple Sclerosis
Genetics Consortium et al., 2007) was performed on 931 family
trios and identified variants in the interleukin-7 receptor (IL7R)
and in the interleukin-2 receptor (IL2RA) loci (Gregory et al.,
2007; Weber et al., 2008), again pointing to the crucial role
played by the immune system. In the following years, the
collaborative efforts of the International MS Genetic Consortium
(IMSGC) allowed to combine MS cohorts from several countries,
improving the statistical power and leading to a remarkable
increase in the number of the identified MS risk variants. In
2011, the analysis of 9,772 MS cases and 17,376 controls from
15 different countries, followed by a replication step in 4,218
cases and 7,296 healthy controls (Sawcer et al., 2011), allowed
to confirm most of the previously reported associations and to
detect 29 novel risk variants. Noteworthy, the prioritized effects
were enriched in genes involved in lymphocyte functions and
in particular in T cell activation and proliferation. Moreover,
genes linked to Vitamin D metabolism, such as CYP27Bl1,
CYP24A1, and genes coding for targets of MS immune-
modulatory therapies, including VCAM1 for natalizumab and
IL2RA for daclizumab, were also highlighted. More recently, the
greatest advancement in MS genetics field was made possible
by a meta-analysis involving 47,351 MS subjects and 68,284
healthy controls (Patsopoulos et al., 2019) that increased the
number of MS-associated variants up to 200 autosomal SNPs
outside the MHC region and one variant on the X chromosome.
Once again, the identified variants seem to be enriched in loci
which are active in immune cells, both from the adaptive (T
and B cells) and the innate (natural killer and dendritic cells)
immune compartments; conversely there was no enrichment of

MS susceptibility loci in CNS tissues and, also when analyzing
induced pluripotent stem cell derived neurons and purified
human astrocytes or microglia, the only significant enrichment
was detected in microglial cells, suggesting that also CNS
resident immune compartment could play a role in the disease.
Similarly, when assessing the effect of the selected variants on
gene expression modulation in specific tissues (eQTL effect)
and when evaluating the biological pathways enriched in MS
genes, findings were indicative of the central role of immune
cells, while putative functional consequences in neurons and
other CNS cells need further investigations. A more recent
study (Factor et al., 2020) applied a so-called “outside variant
approach” to identify additional risk variants that physically
interact with MS-associated genes and to pinpoint cell-types
in which these genes exert their pathogenic role. As expected,
the majority of MS loci were predicted to act in T cells, but
also B cells and myeloid cells were involved, underlining the
role of both the innate and adaptive immune system. Moreover,
the authors also identified 6 loci that were predicted to act
in the CNS and they hypothesized that a dysregulation of
transcriptional elongation in oligodendrocytes could contribute
to MS pathogenesis.

Finally, the main role played by the immune system
is also reflected in the significant proportion of MS risk
variants that is shared with other autoimmune diseases
(Richard-Miceli and Criswell, 2012), such as type 1 diabetes,
rheumatoid arthritis and intestinal bowel diseases, even though
sometimes with opposite effect. The common background
with other immunological conditions seems to imply the
existence of a genetic basis predisposing to peripheral immune
dysregulation; other risk factors, such as environmental
exposures and/or infections, could then play a role in
determining the target tissue and phenotypic expression of
this autoimmune predisposition.

THE ROLE OF LOW-FREQUENCY/RARE
VARIANTS

Classic GWAS take advantage of very large numbers of enrolled
subjects to screen hundreds of thousands common variants
over the entire genome but are largely underpowered to detect
association with low-frequency and rare variants. More recently,
some studies investigated the contribution of rare variants in MS
heritability using a candidate gene approach or a whole exome
analysis in sporadic and familiar MS cases. Specifically, a study
conducted in about 68,000 subjects identified four novel variants
driving MS risk independently of common-variant signals, which
are implicated in regulatory T cell homeostasis and regulation,
IFN gamma biology, and NFkB signaling (Mitrovic¢ et al., 2018).
Another study identified an increased burden of rare variants
with high predicted pathogenicity in MS cases compared to
controls when analyzing genes of the inflammasome pathway
(e.g., NLRP1/3, CASP1) (Vidmar et al, 2019). Similarly, an
additional work on 34 multi-incident MS families also identified
some putative risk variants implicating the inflammasome
pathway (NLRP12), as well as other biological processes involved
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in innate immunological responses, again stressing the role of
immune factors in the disease (Vilarifio-Giiell et al., 2019).

GENETIC FACTORS INFLUENCING
DISEASE SEVERITY

Opverall, genetic studies on MS susceptibility seem to denote a
major role for immune-related processes in disease pathogenesis;
however, these studies do not take into consideration the
highly variable degree of neurodegeneration and disability
accumulation that characterize the disease. For this reason,
genetic studies investigating variants associated with disease
severity represent a complementary approach in understanding
MS pathological basis.

First of all, candidate gene studies have assessed the role of
genes implicated in MS susceptibility in determining disease
course, failing to identify any significant association (Jensen et al.,
2010) except for the HLA-DRB1*1501 allele (Hauser et al., 2000;
Barcellos et al., 2003). Interestingly enough, a subsequent GWAS
(Baranzini et al., 2009) also failed to identify an enrichment
of associated genes implicated in immunological functions. On
the contrary, when disease severity was assessed using MRI
measures such as brain volume and T2 lesion load, there was
an over-representation of genes related to neural processes
(e.g., GRIN2A, NLGNI1) such as glutamate signaling and axon
guidance. Similarly, a network analysis on results from a GWAS
that used brain glutamate concentrations as endophenotype
(Baranzini et al., 2010) identified a module enriched in genes
implicated in glutamate biology that correlated with the level of
brain atrophy and N-Acetylaspartate decline over time, pointing
to a possible role of excitotoxicity in modulating disease severity.

Furthermore, an additional GWAS (Briggs et al., 2011) that
investigated variants associated with disease severity using the
MS severity score (MSSS) and in which a pathway analysis
was applied showed an enrichment of genes involved in axon
guidance and signaling and neuronal processes as well as
with interferon a/f receptor binding and antigen processing
and presentation.

PHARMACOGENETIC STUDIES

Finally, also works investigating genetic determinants of response
to disease modifying treatments can add to the knowledge of the
biological basis of the disease.

Interferonp (IFNB) was the first drug to be approved for MS
and is also the most investigated in pharmacogenomic studies;
specifically, the first of these studies focused on genes known to
be implicated in its mechanism of action applying a candidate
gene approach. At least 15 genes associated with IFNP response
were identified (Cunningham et al., 2005; Martinez et al., 2006;
Gross et al., 2011; Kulakova et al., 2012), although not all
the associations have been validated in independent cohorts.
Not surprisingly, associated polymorphisms mapped to region
encoding type I IFN receptor (Cunningham et al., 2005), IFN
response-element sequences, IFN regulatory transcription factors
(Gross et al., 2011) and to loci encoding different cytokine

genes (IL10, IFNy) (Martinez et al., 2006; Kulakova et al., 2012).
Candidate studies also evaluated the role of the HLA class II
locus, and mainly of the HLA DR2 haplotype, in influencing
IFNB response, but no significant association was found (Gross
etal., 2011).

More interesting were the results of GWAS on response
to IFNB (Byun et al., 2008; Comabella et al., 2009; Esposito
et al.,, 2015; Clarelli et al., 2017; Mahurkar et al., 2017); these
investigations not only confirmed the role of genes implicated
in the IFNB pathway, such as IFNAR2, but also identified
genes involved in neuronal functions like GPC5 (Byun et al,
2008), the glutamate receptors GRIA3 (Comabella et al., 2009),
GRM3 and GRIK2 (Clarelli et al., 2017) and SLC9A9 (Esposito
et al., 2015), which has been linked to neuronal excitability
(Gu et al, 2001), pointing to a possible role for glutamate
metabolism and excitotoxicity in modulating drug response.
Similarly, candidate gene studies on response to glatiramer
acetate (GA) (Fusco et al.,, 2001; Grossman et al., 2007; Tsareva
et al,, 2012; Kulakova et al., 2017) focused mainly on immune-
related genes and found that the clinical outcome during
GA treatment is associated with HLA class II genes (Fusco
et al, 2001; Gross et al, 2011) and other genes involved
in T cell activation (TCRB, Grossman et al., 2007), antigen
presentation (CD86) or proinflammatory signaling [(ILIR1
and IL12RB2, Grossman et al., 2007), (CCR5, Tsareva et al.,
2012)]. Additionally, a recent GWAS on more than 2,500 GA-
treated MS patients (Ross et al, 2017) selected a set of 4
SNPs mapping to HLA-DQB2, MBP, UVRAG, and ZAK, which
distinguished signature-positive or negative patients, signature-
positive subjects displaying a better outcome over signature-
negative individuals.

DISCUSSION

The results of genetic studies on MS susceptibility (The
International Multiple Sclerosis Genetics Consortium et al.,
2007; Patsopoulos et al., 2019) identified a strong enrichment
of genes and biological processes implicated in immune
functions, suggesting that a dysregulation of immune responses,
promoted by the genetic background and potentially triggered
by environmental factors, is the main mechanism of the disease.
Overall, apart from a single study that predicted 6 MS risk
loci to be mainly active in CNS cells, where they can disrupt
oligodendrocyte maturation (Factor et al.,, 2020), no particular
enrichment in genes and pathways involved in CNS development
and regulation was found, implying that neurodegeneration is
more likely to derive from an inflammatory insult than to be a
primary process itself. However, these studies mainly enrolled
patients with a relapsing-remitting form of the disease, which is
characterized by a high level of inflammatory activity. Thus, it
is possible that genetic variants affecting the degree of neuronal
damage and disability accumulation were not adequately picked-
up by such studies. Indeed, genetic studies that focused on disease
severity showed genes involved in neuronal processes, and in
particular in glutamate biology, as associated with the degree of
disability progression and neurodegeneration (Baranzini et al.,
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2009, 2010). Noteworthy, some of these genes and pathways were
also associated with response to MS treatments (Comabella et al.,
2009; Esposito et al., 2015; Clarelli et al., 2017). Unfortunately,
most of the genetic studies on MS severity and treatment
response have been performed in relatively modest datasets
and lack a validation in larger, independent cohorts due to the
difficulty in obtaining detailed longitudinal clinical information
in huge cohorts. Nonetheless, these results seem to suggest
that inflammation is not the only determinant of disease
course and also neuronal factors can modulate the level of
neurodegeneration and disability progression in MS. Further
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