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Multiple sclerosis (MS) is a chronic neurodegenerative autoimmune disease with a complex
clinical course characterized by inflammation, demyelination, and axonal degeneration.
Diagnosis of MS most commonly includes finding lesions in at least two separate areas of
the central nervous system (CNS), including the brain, spinal cord, and optic nerves. In recent
years, there has been a remarkable increase in the number of available treatments for MS. An
optimal treatment is usually based on a personalized approach determined by an individual
patient’s prognosis and treatment risks. Biomarkers that can predict disability progression,
monitor ongoing disease activity, and assess treatment response are integral in making im-
portant decisions regarding MS treatment. This review describes MS biomarkers that are
currently being used in clinical practice; it also reviews and consolidates published findings
from clinically relevant potential MS biomarkers in recent years. The work also discusses the
challenges of validating and application of biomarkers in MS clinical practice.

WHY WE NEED BIOMARKERS IN MS

Multiple sclerosis (MS) is a chronic neuro-
degenerative autoimmune disease with a

complex clinical course characterized by inflam-
mation, demyelination, and axonal degenera-
tion (Weiner 2004; Compston and Coles
2008). It is estimated that over two million peo-
ple worldwide and approximately 400,000 peo-
ple in the United States suffer fromMS. There is
much debate about the etiology of the disease;
however, both genetic predisposition and envi-
ronmental triggers are known to be responsible
for the development of MS (Nylander and
Hafler 2012).

Diagnosing MS is complex and most com-
monly includes finding evidence of lesions in a
minimum of two areas of the central nervous
system (CNS), including the brain, spinal cord,
and optic nerves, along with evidence that the
insult occurred at two different time points ei-
ther by magnetic resonance imaging (MRI) or
clinical history (Miller et al. 2008). In addition,
other tests are performed to rule out differential
diagnoses, including infectious, neoplastic, con-
genital, metabolic or vascular diseases, or non-
MS inflammatory diseases. Due to its clinical
need, the biomarker research inMS is very active
but only a few of these studies have advanced
into the validation stage and been translated
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into the clinic today (Shaw et al. 1995; Tumani
et al. 2009; Teunissen et al. 2011, 2015; Ziemann
et al. 2011; Stangel et al. 2013; Comabella and
Montalban 2014; Gandhi 2015). This review
provides a background on biomarkers and con-
sideration for their development followed by a
comprehensive overview of biomarkers studied
in MS.

BIOMARKERS DEFINITION

In 1998, the National Institutes of Health (NIH)
defined biomarkers as “a characteristic that is
objectively measured and evaluated as an indi-
cator of normal biological processes, pathogenic
processes, or pharmacologic responses to thera-
peutic intervention” (Biomarkers Definitions
WorkingGroup 2001). Further, the Internation-
al Program on Chemical Safety, the World
Health Organization (WHO), the United Na-
tions, and the International Labor Organization
jointly defined a biomarker as “any substance,
structure, or process that can bemeasured in the
body or its products and influence or predict the
incidence of outcome or disease.” This broader
definition included effects of treatments, inter-
ventions, and environmental exposure, such as
chemicals or nutrients. A WHO report on the
validity of biomarkers states that a true bio-
marker includes “almost any measurement re-
flecting an interaction between a biological sys-
tem and a potential hazard, which may be
chemical, physical, or biological. The measured
response may be functional and physiological,
biochemical at the cellular level, or a molecular
interaction” (World Health Organization 1993).
Therefore, biomarkers can either be a substance
measured in body fluids like blood or urine, or it
could be the measurement of a parameter such
as blood pressure or brain activity. Biomarkers
in MS are crucial as they can be helpful in an
early diagnosis, which enables better patient
care and disease management. In addition, dur-
ing the development and implementation of
various treatments, it is important to have bio-
markers that can help in disease diagnosis, pa-
tient stratification, and in objectively monitor-
ing progression and response to treatment (Shi
et al. 2009).

CONSIDERATIONS AND CHALLENGES
IN THE VALIDATION AND APPLICATION
OF MS BIOMARKERS TO CLINICAL
PRACTICE

A good MS biomarker should meet with at least
the following characteristic features so that it
could be effectively translated into the clinical
setting. It should (1) be easily and reliably mea-
sured, using precise and robust tests across mul-
tiple locations, (2) have high sensitivity and spe-
cificity, (3) correlate to the disease biology or
pathogenesis such as the inflammatory activity,
the degree of neurodegeneration, demyelination,
or remyelination, and (4) be cost effective.

The biomarker development path is mostly
comprised of twomajor steps: the discovery and
the validation. The discovery phase usually in-
volves analysis of a limited number of samples
from well-classified subjects mostly using omic
technologies. Since sample size in the discovery
phase is usually small, robust statistical methods
and careful replication of these results is needed
in an independent cohort to further validate the
biomarker’s findings. Multiple validations are
needed to translate a biomarker from the bench
to the bedside.

In the following sections, we will discuss im-
portant considerations for a successful bio-
marker development program.

Biobanking

A biobank is an entity that collects, processes,
stores, and distributes biospecimens, and re-
cords their associated patient information (Liu
and Pollard 2015). Biospecimens could include
samples like blood, tissue, bone marrow, cere-
brospinal fluid (CSF), urine, and other body
fluids, etc. Sample collection, preparation, and
storage procedures play an important role when
identifying the biomarker candidates (Gudewill
et al. 1992; Clowes et al. 2002; Rababah et al.
2012; Nikula et al. 2013) and these preanalytical
factors might account for up to 68% of total
laboratory errors (Plebani 2006). Thus, it is im-
portant that the strict guidelines and standard
operating procedures are used for biospecimen
collection, preparation, and storage. Expertise in
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data-management technology is required for
biobank operation and management.

Study and Experimental Design

Poor study and experimental design could re-
duce the generalizability of the candidate bio-
markers inMS. A good study design will include
multiple validations using well-defined inde-
pendent patient cohorts so that potential bio-
marker candidate/s can be translated into clin-
ically applicable biomarkers. A major limitation
withMS biomarker research is the heterogeneity
of the selected patients and controls as a result of
unclear definitions of their inclusion and exclu-
sion criteria (Comabella and Martin 2007;
Teunissen et al. 2013). The other common chal-
lenges in biomarker research are the scarcity of
well-defined patient cohorts (Sawcer 2008) and
failed reproducibility of results across different
locations.

Profiling Platforms for Biomarker
Discovery

The high-throughput profiling platforms for
biomarker discovery include genomics, epige-
nomics, transcriptomics, and proteomics. The
use of these next-generation technologies has
led to the faster search for biomarkers, but the
generation of huge datasets is not very mean-
ingful if it is not replicated in an independent
study or does not identify already-known dis-
ease-related variables. Thus far, data generated
by omics studies have not closely paralleled the
data collected by focused studies of specific
gene transcription and protein changes (Mel-
lick et al. 2010). Advances are also needed to
simplify the bioinformatics process to analyze
and interpret the acquired data, using high-
throughput sequencing platforms (Deininger
et al. 2008; Franck et al. 2009). In addition,
the biomarker findings from the omic studies
should be replicated using a simple measure
like enzyme-linked immunosorbent assay
(ELISA) or quantitative polymerase chain reac-
tion (PCR) for its easy translation into clinical
settings.

Specificity of the Biomarker

Careful consideration regarding the specificity
of the proposed biomarker candidate should
be taken while validating biomarkers for a par-
ticular disease. For instance, MS biomarker can-
didates such as MMP9 and osteopontin are also
noted to be dysregulated in other chronic in-
flammatory and autoimmune diseases (Ram
et al. 2006; Lund et al. 2009). Myelin basic pro-
tein (MBP) is another nonspecific MS bio-
marker candidate, which is detectable in other
neurological disorders such as ischemic process-
es and infectious diseases (Whitaker et al. 1980,
1994). The required specificity and sensitivity of
a given test depends on its clinical application.

Correlation to Clinically Relevant End Points

A clinical end point is a clinically meaningful
measure of how a patient feels, functions, or
survives. Clinical end points should ideally cap-
ture all the aspects of therapeutic benefits. In
MS, the use of relapse rate as a clinical end point
to assess disease activity might not be appropri-
ate because it does not show subclinical relapses
(Comabella andMontalban 2014). Similarly, the
poor ability of the Expanded Disability Status
Scale (EDSS) (Cohen et al. 2012) to discriminate
true disease progression from the relapse-de-
pendent accumulation of disability is not very
accurate (Comabella and Montalban 2014).

CLASSIFICATION OF BIOMARKERS

Biomarkers can be classified based upon their
ability to predict, diagnose, correlate with dis-
ease, and response to treatment. MS biomarkers
classified into these categories are summarized in
Figure1 andTable 1 (modified fromComabella).

Predictive Biomarkers

Predictive biomarkers could help potentially
identify individuals at risk of developing MS.
These biomarkers would ideally be measured
in neurologically asymptomatic individuals,
mainly first-degree relatives of patients with
MS or patients with high risk of MS. Risk gene
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combinations and antibodies against Epstein–
Barr virus nuclear antigens (anti-EBNA) anti-
bodies in MS are good examples of this category
of biomarkers (Sundström et al. 2004).

Diagnostic Biomarkers

A diagnostic biomarker can be used to distin-
guishMS patients from others with neurological
or autoimmune disorders, or from healthy indi-
viduals. Diagnostic biomarkers are measured in

patients with neurological symptoms that are
suggestive of a demyelinating disorder such as
those with clinically isolated syndromes (CIS)
(Nielsen et al. 2005) and radiologically isolated
syndromes (RIS) (Miller et al. 2005). Ideally,
these biomarkers can be helpful in combina-
tion with clinical and radiological disease diag-
nostic criteria to improve their sensitivity
and specificity. Most of the biomarkers studied
so far in MS belong to this category (Table 1).
The use of diagnostic biomarkers might be

Clinical parameters

Disease activity biomarkers Treatment-response
biomarkers*

Treatment

Responders Nonresponders,
adverse effects

Diagnostic
biomarkers

B CA

Relapsing

Radiological
parameters

Pathological processes

Inflammation

Demyelination

Oxidative stress

Glial activation and dysfunction

Remyelination and repair

Neuroaxonal

damage

Healthy controls

MS patients

Progression

Figure 1. Types of biomakers in multiple sclerosis (MS). (A) Diagnostic biomarkers comprise those that could
distinguish patients with MS from healthy controls and other diseases. (B) Disease activity biomarkers comprise
biomarkers measured in patients with relapsing remitting courses in whom disease activity can be measured by
clinical (presence of relapses and accumulation of disability) or radiological (e.g., number of gadolinium-en-
hancing lesions; see magnetic resonance image [MRI] on the left) parameters. This group also includes bio-
markers measured in patients with progressive disease courses such as primary progressive or secondary pro-
gressive disease, or patients in the transition phase between relapsing remitting and secondary progressive
courses. In these patients, disease activity can be measured by the rate of disability progression or development
of brain atrophy (see MRIs on the right). In patients with MS, these biomarkers will be associated with the
different pathophysiological processes that have been described. (C) Treatment-response biomarkers comprise
biomarkers measured in patients who are receiving MS therapies. Based on clinical or radiological responses to
treatments these can be grouped as responders or nonresponders (data based on Comabella and Montalban
2014).
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Table 1. Comprehensive list and strength of evidence for molecular biomarkers in multiple sclerosis

Exploratory biomarkers Validated biomarkers
Clinically useful

biomarkers

Cytokines (D, DA, IFN-β-R, GA-R) Anti-EBNA (P, D, DA) Anti-NZ (NZ-R)
Adhesion molecules (D, DA, IFN-β-R, NZ-R) KFLC (D) NAbs (IFN-β-R)
Chemokines and receptors (D, DA, IFN-β-R) IGM OB (D, DA, IFN-β-R, NZ-R) IgG OB (D)
MMPs and inhibitors (D, DA, IFN-β-R) NCAM1 (D, DA) IgG index (D)
Proteomics (D, DA, IFN-β-R) NO metabolites (D, DA) Anti-AQP4 (D)
Cystatin C (D) MMP9 (D, DA, IFN-β-R) Anti-JC virus (NZ-R)
microRNA (D, DA, GA-R) MBP (D, DA) Anti-VZV (F-R)
C31/C4b (D, DA) MMP9 (D, DA, IFN-β-R)
sCD146 (DA) MBP (D, DA)
sCD14 (D, DA) SPP1 (D, DA)
sHLA I and sHLA II (D, DA, IFN-β-R) CXCL13 (D, DA)
sHLA-G (D) GFAP (D, DA)
sNogo-A (D, DA) BDNF (D, DA, IFN-β-R, GA-R)
Anti-Nogo-A (D, DA) KCNJ10 (D)
Anti-MBP (D, DA) MRZ reaction (D, DA)
Anti-MOG (D, DA) CHI3L1 (D, DA, NZ-R)
Anti-HHV6 (DA) Complement factor H (DA)
Anti-proteasome (D) Type I IFNs (DA, IFN-β-R)
Anti-CD46 and anti-CD59 (DA) GPC5 (IFN-β-R)
Lipocalin 2 (DA) HLA-DRB1�04:01, HLA-DRB�04:08

(IFN-β-R)
VEGFA (DA) IL-17 (D, DA)
AMCase and Chit (D,DA) BAFF (D, DA, IFN-β-R)
Fetuin-A (D, DA, NZ-R) TNF, IL-12, IL-23 (D, DA)
APRIL (DA) GWAS genes (P, D)
CSF cells (D, DA) NEFH (DA)
S/GPL (P, D) NEFL (D, DA, NZ-R)
HMGB1 (D) 25(OH) vit D (P, D, DA, IFN-β-R)
TOB1 (D) CD56bright NK cells (DC-R, IFN-β-R)
S100B and ferritin (D, DA)
Isoprostanes (P, D, DA)
Oxysterols (D, DA)
Pentosidine (D, DA)
Tau (D, DA)
14-3-3 (D, DA)
NAA and NSE (D, DA)
Anti-TUb and b-TUb (D, DA)
Anti-NEFL (DA)
Neurotrophic factor (D, DA)
Tregs (DA)
KCNK5 (D, DA)
FGF2 and PDGF-AA (DA)
gMS classifier 1 (D, DA)
Myeloid MVs (D, DA)
sAPP, Aβ peptides (D, DA)
Apoptosis-related molecules (D, DA, IFN-β-R)
Cosignaling molecules (DA, IFN-β-R)
GWAS genes (IFN-β-R)
Candidate genes (IFN-β-R, GA-R)

Continued
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particularly relevant in patients with CIS to
identify individuals at high risk of converting
to MS.

Disease Activity Biomarkers

Disease activity biomarkers could distinguish
relapsing remitting from the secondary pro-
gressive patients. In patients with MS, these
biomarkers are associated with the different
pathophysiological processes of the disease
(Lassmann et al. 2007). For instance, markers
of inflammation and oxidative stress are expect-
ed to have more important roles in the relapsing
remitting phases of the disease, whereas the

markers of glial dysfunction, remyelination,
and axonal damage will be related to the pro-
gressive and, hence, the neurodegenerative
phases of MS. This type of biomarker could
also help to distinguish benign from aggressive
MS disease courses. Currently, these are defined
on the basis of the presence or absence of clinical
activity (relapses and accumulation of disability)
and radiological inflammatory activity (changes
in T2-weighted and gadolinium (Gd)-enhanc-
ing lesions onMRI). Disease activity biomarkers
can be used in conjunction with the clinical and
radiological information to identify patients in
need of treatment or to select the best treatment
options.

Table 1. Continued

Exploratory biomarkers Validated biomarkers
Clinically useful

biomarkers

CIITA (IFN-β-R)
APLA (IFN-β-R)
IL-17F (IFN-β-R)
ABCB1, ABCG2 (MT-R)
IL-21 (AL-R)

Data based on Comabella and Montalban (2014).
Biomarkers can be grouped into the categories of exploratory biomarkers (any biomarker proposed as a candidate for the

disease or identified in discovery hypothesis-free studies using so-called omics technologies), validated biomarkers (biomarkers
for which there is stronger evidence about their association with the disease), and clinically useful biomarkers (biomarkers
routinely tested in clinical settings). The type of biomarker is indicated in parentheses.

P, Predictive biomarker; D, diagnostic biomarker; DA, disease activity biomarker; AL-R, alemtuzumab-response biomarker;
DC-R, daclizumab-response biomarker; F-R, fingolimod-response biomarker; GA-R, glatiramer-acetate-response biomarker;
IFN-β-R, interferon β response biomarker;MT-R,mitoxantrone-response biomarker; NZ-R, natalizumab-response biomarker;
MMP,matrixmetalloprotease; C3/C4b, complement components C3 andC4b; sCD146, soluble CD146; sCD14, soluble CD14;
sHLA, soluble human leukocyte antigen; sHLA-G, soluble HLA-G; sNogo-A, soluble Nogo-A; anti-Nogo-A; anti-Nogo-A
antibodies; anti-MBP, anti-myelin basic protein; anti-MOG, anti-myelin oligodendrocyte protein; anti-HHV-6, anti-human
herpesvirus 6; VEGFA, vascular endothelial growth factor A; AMCase, acid mammalian chitinase; Chit, chitinase 1
(chitotriosidase); TNFSF13 (also known as APRIL), tumor necrosis factor (ligand) superfamily, member 13; S/GPL,
sulphatide and glycosphingolipid antibody titers; HMGB1, high mobility group box 1; TOB1, transducer of ERRB2 1; NAA,
N-acetyl aspartic acid; NSE, neuron-specific enolase; anti-TUb, anti-tubulin antibodies; β-TUb, β-tubulin isoforms II and III;
anti-NEFL, anti-neurofilament light chain antibodies; Tregs, T-regulatory cells; KCNK5, potassium channel subfamily K
member 5; FGF2, fibroblast growth factor 2; PDGF-AA, platelet-derived growth factor-AA; gMS classifier 1, anti-Glc(αl,4)
Glc(α) IgM antibodies; myeloid MVs, myeloid microvesicles; sAPP, soluble amyloid precursor protein; Aβ peptide, amyloid β
peptide; GWAS, genome-wide association study; CIITA, class II transactivator; APLA, antiphospholipid antibodies; ABCB1,
ATP-binding cassette, subfamily B, member 1; ABCG2, ATP-binding cassette, subfamily G, member 2; anti-EBNA, antibodies
against Epstein–Barr virus nuclear antigens; KFLC, κ-free light chain; OB, oligoclonal bands; NCAM1, neural cell adhesion
molecule 1; NOmetabolites, nitric oxide and its metabolites, nitrates, and nitrites; SPP1 (also known as osteopontin), secreted
phosphoprotein 1; CXCL, CXC ligand 1; GFAP, glial fibrillary acidic protein; BDNF, brain-derived neurotrophic factor;
KCNJ10 (also known as KIR4.1), potassium inwardly rectifying channel, subfamily J, member 10; MRZ reaction, intrathecal
humoral immune response against measles, rubella, and varicella zoster virus; CHI3L1, chitinase-3-like protein 1; GPC5,
glypican-5; BAFF, B-cell activating factor; TNF, tumor necrosis factor; NEFH, human neurofi lament heavy chain; NEFL,
human neurofilament light chain; 25(OH) vit D, 25-hydroxyvitamin D; CD56bright NK cells, CD56bright natural killer cells;
anti-NZ, anti-natalizumab antibodies; NAbs, neutralizing antibodies; anti-AQP4, anti-aquaporin 4 antibody; anti-JC virus,
antibodies against JC virus; anti-VZV, anti-varicella zoster virus antibodies.
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Treatment-Response Biomarkers

Treatment-response biomarkers are measured
in patients receiving MS treatment to identify
individuals at risk of treatment failure so that
alternate treatment options can be considered.
Pharmacokinetic and pharmacodynamic bio-
markers are also included in this group and
can be used to guide dose selection, dose escala-
tion, dose combination, and safety monitoring.
Another potential application of these biomark-
ers would be an identification of patients who
might respond better to a specific drug so that
personalized treatment options could be de-
signed. With the availability of more than 10
therapeutic options for MS, it is very important
to identify blood-based treatment biomarkers
that could benefit patients to choose the best
treatment option and to avoid unnecessary side
effect accrual.

Side Effect Monitoring Biomarkers

This group includes biomarkers that identify
patients at a higher risk of developing adverse
side effects and therefore can aid clinicians in
decisions regarding discontinuation of treat-
ment, alternate options, and close monitoring.
For instance, John Cunningham virus (JCV) an-
tibodies are a useful biomarker for stratifying the
risk of progressive multifocal leukoencephalop-
athy (PML) in patients treated with natalizumab
(Antoniol and Stankoff 2014; Outteryck et al.
2014).

CLINICALLY USED BIOMARKERS IN MS

MRI and Contrast Enhancing Lesions

MRI remains the most important clinical tool
for disease diagnosis, disease activity, and treat-
ment response in MS.

Hyperintense T2-Weighted Lesions

The presence of white matter lesions on MRI
typically indicates the progression of patients
from CIS to a clinically defined MS subtype.
However, the correlation between clinical dis-

abilities measured by EDSS and T2-weighted
white matter lesion load varies broadly in the
literature (Barkhof 1999; Zivadinov and Leist
2005; Li et al. 2006; Fisniku et al. 2008).

Further studies concluded that the develop-
ment of new or enlarging T2 lesions during
β-interferon (IFN) treatment could serve as a
predictor of poor long-term response to therapy,
consequently leading to continuous progression
of disability (Prosperini et al. 2009; Rio et al.
2009). Advances in MRI techniques have iden-
tified simpler ways to examine MS lesions. Gd,
a paramagnetic element, can only cross the
blood–brain barrier in sites of damage or in-
flammation. The presence of Gd-enhancing le-
sions on MRI in MS indicates active inflamma-
tion (Katz et al. 1993; Brück et al. 1997). The
number and size of these enhancingMRI lesions
are predictive of both the onset and severity of
relapses (Katz et al. 1993; Smith et al. 1993;
Khoury et al. 1994; Brück et al. 1997); there is
limited or no correlation between Gd-enhanc-
ing lesions and cognitive decline in relapsing
remitting MS (RRMS) (Rocca et al. 2015).

Gray Matter Atrophy Biomarkers

Due to some of the limitations of enhancing
lesions, studies have focused on identifying dif-
fuse graymatter damage and not just lesion load.
These studies indicate a positive correlation be-
tween overall gray matter atrophy and cognitive
dysfunction, which suggests graymatter atrophy
and may be a useful biomarker in the prediction
of clinical severity (Geurts et al. 2012). While
understanding its implications over lesion
load, it must be noted that double inversion re-
covery imaging techniques display gray matter
atrophy in stages and types of MS, with higher
worsening rates in secondary progressive MS
(SPMS) patients (Fisher et al. 2008). Also, great-
er worsening rates of gray matter atrophy in CIS
patients correlated with the rapid conversion to
RRMS (Dalton et al. 2004).

Whole Brain Atrophy Biomarkers

Brain atrophy rate is accelerated in untreatedMS
patients (0.5%–1% annualized decrease) com-

Biomarkers in MS
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pared to healthy controls (0.1%–0.3%) (De Ste-
fano et al. 2010). Brain atrophyworsening rate at
initial diagnosis has been proposed as a prog-
nostic biomarker of future disability (Fisher
et al. 2002).

Spinal Cord Atrophy Biomarkers

Atrophy in the upper cervical cord area (UCCA)
is observed in progressive MS forms, which cor-
relates well with disability progression. There-
fore, UCCA atrophy in early disease stages in
RRMS patients may predict poor prognosis (Ra-
shid et al. 2006).

MRI is a primary tool for determining effi-
cacy in phase II MS clinical trials; nevertheless,
themeasures of disease severity that are current-
ly in use reflect the inflammatory rather than the
degenerative aspect of the disease. Lately, it has
been proposed that T1 lesion volume and gen-
eral cerebral atrophy will be used in phase II
clinical trials of neuroprotective and/or repara-
tive strategies (Barkhof et al. 2009).

Oligoclonal Bands and IgG Ratio

The diagnosis of MS, prior to the 1983 criteria,
required only the occurrence of clinical symp-
toms. However, up to 90% of MS patients ex-
hibit oligoclonal bands (OCBs) in the CSF
(Davenport and Keren 1988), leading to the
inclusion of the presence of OCBs as a bio-
marker in the diagnostic criteria of MS in the
1983, 2001, and 2005 McDonald criteria (Poser
et al. 1983). Although OCBs were deleted from
the McDonald criteria in 2010 for RRMS, they
remain a criterion for the diagnosis of primary
progressive MS (PPMS). The presence of oligo-
clonal bands in CSF is predictive of conversion
from CIS to MS (Rojas et al. 2010; Kuhle et al.
2015a).

JC Viral Antibody Titers

JCV is a type of human polyoma virus com-
monly infecting 70% to 90% of humans. Most
people acquire JCV in childhood or adolescence
(Padgett and Walker 1973; Agostini et al. 1997;
Shackelton et al. 2006). In immune-compro-

mised individuals, the virus may reactivate
and migrate to the brain where it establishes
an infection of oligodendrocytes and astrocytes.
This leads to PML, a severe encephalopathy,
with mortality in the range of 20%–50%. In
MS, immunosuppressive medication may lead
to reactivation of the latent JCV. Natalizumab is
a monoclonal antibody that blocks the α4 in-
tegrin and therefore inhibits the T-cell migra-
tion to the CNS (Polman et al. 2006). Natalizu-
mab is a highly effective disease-modifying
agent carrying the risk to develop PML as a
rare adverse event, mostly in patients treated
with the drug for more than 2 years (Antoniol
and Stankoff 2014). PML occurs in 3.7/1000
patients treated with natalizumab (Brew et al.
2010). Recently, a routine use of ELISA-based
tests for JCV antibodies was implemented to
determine whether the patient was previously
infected with JCV and is therefore at risk to
develop PML. Only two cases of PML have
been reported in seronegative individuals (An-
toniol and Stankoff 2014; Outteryck et al. 2014).
JCV antibodies are thus a useful biomarker for
stratifying the risk of PML. Importantly, while
around 50% of MS patients are JCV antibody
seropositive (Olsson et al. 2013; Outteryck et al.
2014), less than 1% are prone to develop PML
(Plavina et al. 2014), and, therefore, more spe-
cific biomarkers may help in individualizing
treatment strategies.

Neutralizing Antibodies

IFN-β is the most commonly used treatment for
MS. About 40% of the treated patients do not
respond to this treatment (Rudick et al. 2004).
Thus, it is important to find biomarkers to
identify patients that would be benefited by
this treatment. IFN-β treatment induces an im-
munologic response by generating neutralizing
antibodies that may have a negative impact
on clinical and radiological disease activity,
particularly when present at high and persis-
tent titers. These neutralizing antibodies are a
clinically used test to identify nonresponders
(Polman et al. 2010). The drawback of this
test is that it only identifies a fraction of nonre-
sponders.

A. Paul et al.
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PROMISING BIOMARKER CANDIDATES
IN MS

YKL-40

YKL-40 (also known as chitinase 3-like-1 or
CHI3L1) is a member of the chitinase-like gly-
coprotein family. It is a glial activation marker
that is predominantly expressed by reactive as-
trocytes (Bonneh-Barkay et al. 2010; Cantó et al.
2015). It can also be expressed on activatedmac-
rophages, vascular smooth muscle cells, airway
epithelia, and chondrocytes (Cantó et al. 2015).
The serum levels of YKL-40 have been found to
be elevated in many inflammatory conditions
such as rheumatoid arthritis (Peltomaa et al.
2001), systemic lupus erythematosus (Vos
et al. 2000), and inflammatory bowel diseases
(Vind et al. 2003). In particular, reactive astro-
cytes and microglia at the rim of chronically
active lesions from MS patients have a higher
expression of YKL-40 (Cantó et al. 2015). Al-
though the physiological role of YKL-40 is not
known, it is hypothesized to play a role in tissue
remodeling during inflammation (Bonneh-Bar-
kay et al. 2010). Confirmatory studies from Co-
mabella’s group showed increased expression of
CSF YKL-40 in CIS patients converting to MS
compared to the nonconverters (Comabella
et al. 2010). YKL-40 was also associated with
decreased time to progression of EDSS score 3
and 6 (Martínez et al. 2015). The relation be-
tween YKL-40 expression and MRI imaging is
not clear; three studies reported that YKL-40
correlated with the number of Gd+ lesions (Cor-
reale and Fiol 2011; Cantó et al. 2015; Burman
et al. 2016) and another failed to detect any
correlation (Modvig et al. 2013).

CXCL13

CXCL13 is a component of the lymphoid che-
mokines (CXCL12, CXCL13, CCL19, and
CCL21) family that regulates the migration
and compartmentalization of B cells within sec-
ondary lymphoid organs in both homeostatic as
well as inflammatory conditions (Cyster 2005;
Okada and Cyster 2006). CXCL13 is expressed
by B-cell follicles and contributes to the germi-
nal center formation by recruiting activated B-

and follicular helper CD4+ T cells expressing its
cognate receptor CXCR5 (Zotos et al. 2010;
Crotty 2012; Victora and Nussenzweig 2012).
Several studies show CXCL13 expression elevat-
ed in the CSF from CIS, RRMS, SPMS, and
PPMS patients compared to symptomatic con-
trols (Stilund et al. 2015) and during active dis-
ease (Festa et al. 2009). In a large cohort study
where 465 MS patients were compared to
healthy controls and other neurological dis-
eases, CXCL13 expression was associated with
increased relapse rate, EDSS score, and lesion
burden (Khademi et al. 2011).When comparing
different subtypes of MS, CSF CXCL13 levels
have been found to be higher during relapses
of RRMS (Khademi et al. 2011). CIS patients
who converted to clinically definite MS had
higher levels of CXCL13 in the CSF compared
to CIS patients who did not convert (Brett-
schneider et al. 2010; Khademi et al. 2011).
CXCL13 levels also correlated with OCBs in the
CSF, suggesting that OCBs and CXCL13 may
be related. However, expression of CXCL13 is
probably not disease specific as patients with
encephalitic viral infections also have higher lev-
els of CXCL13 (Khademi et al. 2011).

MicroRNAs (miRNAs)

miRNAs, a class of noncoding single-stranded
RNAs approximately 22 nucleotides in length,
modulate gene expression following transcrip-
tion by targeting messenger RNA (mRNA) deg-
radation or by inhibiting protein translation
(Ota et al. 1990; Pette et al. 1990). miRNAs
play important roles in various biologic process-
es like proliferation, differentiation, metabolism,
apoptosis, and angiogenesis (Zhu et al. 2013;
Qu et al. 2014). An estimated one-third of hu-
man genes are negatively regulated at posttran-
scriptional levels bymiRNAs (Lewis et al. 2003).
Dysregulated miRNA expression and function
is associated with several diseases, including
neurodegeneration, cancer, and autoimmunity.
They have the potential to serve as biomarkers
or to suggest therapeutic target options (Esteller
2011). Several studies performedmiRNA profil-
ing in MS patients and control subjects using
different sample types, including peripheral
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blood mononuclear cells (PBMCs) (Otaegui
et al. 2009; Fenoglio et al. 2011; Martinelli-
Boneschi et al. 2012), whole blood (Keller et al.
2009; Cox et al. 2010), and brain lesions (Junker
et al. 2009). All of these studies showed miRNA
expression profiles associated withMS. Of inter-
est is the identification of a specific miRNA sig-
nature associatedwithMS disease relapse (Otae-
gui et al. 2009). This study showed dysregulation
of miR-18b and miR-599 expression during a
relapse and dysregulation of miR-96 levels while
in remission (Otaegui et al. 2009). A study fo-
cused on measuring the expression of miRNAs
with known immunological relevance, such as
miR-21, miR-146a, miR-146b, miR-150, and
miR-155, in PBMC from untreated MS patients
compared to healthy controls (Fenoglio et al.
2011), found increased expression of miR-21,
miR-146a, and miR-146b in RRMS patients
compared to the healthy controls. No differ-
ences were found in both miR-150 and miR-
155 expression (Fenoglio et al. 2011). Another
study measured miR-326 expression in PBMC
and found that it correlates with disease severity
in MS patients and experimental autoimmune
encephalomyelitis (EAE) mice (Zahednasab
and Balood 2014). In vivo, inhibition of miR-
326 resulted in fewer T helper (Th)17 cells and a
milder EAE, while its overexpression resulted in
more Th17 cells (Du et al. 2009; Littman and
Rudensky 2010; Zhang et al. 2014).

Circulating miRNA can be detected in sev-
eral human body fluids, including plasma, se-
rum, urine, and saliva (Park et al. 2009; Hanke
et al. 2010) and were studied as potential bio-
markers in different human diseases (Mitchell
et al. 2008; Redell et al. 2010). Published and
unpublished studies from the Gandhi group
showed that circulating miRNAs both in serum
and plasma provide biomarkers for disease di-
agnosis, association with disease stages, and cor-
relation with clinical parameters like EDSS
(Gandhi et al. 2013). A recent study by the
same group showed that seven miRNAs differ-
entiate MS patients from healthy controls; miR-
320a up-regulation was the most significantly
changing serum miRNA in MS patients. They
identified two miRNAs linked to disease pro-
gression, with hsa-miR-27a-3p being the most

significant. Ten miRNAs correlated with EDSS
of which miR.199a.5p had the strongest corre-
lation with disability (Regev et al. 2016). A pre-
liminary study evaluated the expression of
selected miRNA (miR-let-7a, miR-92a, and
miR-648a) in the MS patient’s plasma during a
relapse and while in remission. They found that
miR-let-7 and miR-648a are significantly differ-
ent in disease remission compared to the con-
trols (Kacperska et al. 2015). In another study, it
was found that miR-17-5p, miR-92, miR-193a,
and miR-497 were deregulated in RRMS pa-
tients compared to the healthy subjects (Lind-
berg et al. 2010).

In summary, we observed a wide variety of
results in terms of MS-associated miRNA ob-
tained by different groups, which may reflect
its limitations potentially because of the lack of
a reliable assay platform, few patients, and the
lack of strong validation using an alternative
platform or set of patients. Numbers of other
variables such as specimen collection, RNA ex-
traction, RT-qPCR, data analysis, and normali-
zation also influence miRNA results. However,
the studies published to date point toward
miRNAs having a role in the future of MS bio-
markers. It will require considerable effort from
researchers in different fields to develop consen-
sus protocols to design proof of concept studies
to identify miRNA as the MS biomarker.

OTHER BIOMARKERS IN MS

KIR4.1 Antibodies

A detailed study examining various antibody
responses in patients with MS (Srivastava et al.
2012) identified IgG1 and IgG3 antibodies that
bind to glial cells in human brain tissues. This
glia-specific immunoreactivity was not observed
in sera of patients who had other neurological
disorders. The molecular target of these anti-
bodies was potassium channel KIR4.1. This
channel is specifically expressed in the end feet
of astrocytes and is important for maintaining
potassium andwater balance. Antibodies direct-
ed against KIR4.1 were detected in the serum of
186 of 397 (47%) patients withMS, whereas they
were present in the sera of less than 1% of pa-
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tients with other neurological disorders (n =
329), and not in healthy individuals. This study
determined that KIR4.1 is the target of an auto-
antibody response in some patients with MS
(Srivastava et al. 2012), but the results from
this study was contradicted by many other stud-
ies that showed no differences in controls and
MS patients for the presence of anti-KIR4.1 an-
tibodies (Brickshawana et al. 2014; Nerrant et al.
2014; Brill et al. 2015; Chastre et al. 2016; Pröb-
stel et al. 2016). KIR4.1 expressed on astrocytes
localizes with another channel, aquaporin-4
(AQP4), the target for another inflammatory,
demyelinating disease: neuromyelitis optica
(NMO). NMO was originally thought to be a
form of MS, but the discovery of an antibody
response directed against AQP4 (termed NMO-
IgG) suggested a distinct pathogenic process dif-
ferentiatingNMOfromMS.NMO-IgG is present
in 73% of patients with NMO, but absent in the
serum of patients with MS (Lennon et al. 2005).

TOB-1

Studies have shown that TOB-1 polymorphisms
represent an independent factor that can influ-
ence the progression from CIS to clinically def-
inite MS (CDMS) (Corvol et al. 2008). The
TOB-1 gene plays a suppressive role in T-cell
proliferation, keeping autoreactive cells dor-
mant, and its decreased expression leads toward
a more intense immune response (higher per-
centage of Th1 and Th17 cells and a smaller
percentage of T-regulatory cells).

Apo-Lipoprotein E (ApoE)

ApoE is a protein regulating lipid homeostasis.
Its function is mostly related to its presence in
astrocytes. ɛ4 allele of ApoE is associated with
greater risk of developing mental disorders in
MS patients (Zhang et al. 2010).

Myelin Basic Protein

MBP is highly expressed on the surface of mye-
lin and is involved in maintaining myelin struc-
ture. Increased MBP in the CSF of MS patients
was an early marker suggested in MS (Cohen

et al. 1976; Whitaker 1977). However, with
MRI monitoring of patients, there is no clinical
utility in measuring MBP levels in the CSF.

CNSNeurofilaments andGlial Fibrillary Acidic
Protein (GFAP)

Neurofilaments (Nfl) are the 10 nanometer or
intermediate filaments found in neurons. CNS
neurofilaments can be distinguished in neuro-
filament heavy, medium, and light chains and
α-internexin and they are usually released after
axonal damage. Recent studies have shown that
light-chain Nfl are a more consistent and solid
marker in MS (Kuhle et al. 2013). Nfl levels in
CSF can be measured by ELISA and are in-
creased in both RRMS and progressiveMS com-
pared to the healthy control subjects. Although
in patients with RRMS, Nfl is typically increased
compared to healthy subjects, levels fluctuate
consistently with clinical course and the pres-
ence of active lesions by MRI (Bielekova and
McDermott 2015). Nfl has been found to be
elevated at first diagnosis and in CIS, which
suggests possible use as an early marker for
MS (Disanto et al. 2015). In addition, a longitu-
dinal study suggested that Nfl levels in the
CSF could be predictive of conversion from
CIS to MS within 1 year (Martínez et al.
2015). It has also been shown that Nfl levels in
CSF can be predictive of disease severity, pro-
gression to SPMS (Salzer et al. 2010), and long-
term physical and cognitive disability after
conversion to CDMS (Modvig et al. 2015).
Taken together, it seems that Nfl levels could
be potentially used as a prognostic biomarker
for an aggressive disease course and secondary
progression of the disease.

Additional studies (Gunnarsson et al. 2011;
Romme Christensen et al. 2014; Kuhle et al.
2015b) supports the idea that Nfl alone, or in
combination with other markers of CNS dam-
age, can be used as a marker of neuronal dam-
age. For instance, treatment with fingolimod,
natalizumab, and rituximab have all been shown
to decrease CSF Nfl levels. Although measure-
ment of Nfl levels seems to be a good candidate
as a biomarker, they have not entered into clin-
ical utility because of the necessity to confirm
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these findings in larger samples with a longitu-
dinal cohort to determine whether Nfl levels
prior to treatment are predictive biomarkers or
just correlative to clinical response. In addition
to Nfl, it has been shown that several other
markers of neuronal and glial cell damage can
be elevated in MS patients compared to healthy
controls. One of them is GFAP (Isaacs et al.
1998). GFAP is an intermediate filament (IF)
protein that is mainly expressed by astrocytes
(Jacque et al. 1978) but also by ependymal cells
(Roessmann et al. 1980). It has been shown that
increased levels of GFAP in the CSF of MS pa-
tients are associated with astrocyte damage and
astrogliosis (Rosengren et al. 1995; Malmestrom
et al. 2003; Norgren et al. 2004) and severe dis-
ability (Petzold et al. 2002).

Serum Osteopontin (OPN)

OPN, or early T-lymphocyte activation-1, is a
sialoprotein originated by bone and a large num-
ber of tissues and cells. OPN has been described
as a secreted protein involved in awide spectrum
of physiopathological processes, as OPN expres-
sion was demonstrated in the nucleus and cyto-
plasm of several different cells. OPN takes its
origin from the role of this protein in bone me-
tabolism, as it exerts amajor function in control-
ling biomineralization, stimulating adhesion,
migration, and bone resorption by osteoclasts
(Hunter et al. 1996; Chellaiah et al. 2003; Scatena
et al. 2007). Among its non-bone-related func-
tions, OPN plays a pivotal role in the regulation
of immune cell functions, including monocyte
adhesion, migration, differentiation, and phago-
cytosis (Crawford et al. 1998; Giachelli et al.
1998; O’Regan et al. 1999; Weber et al. 2002).
It also exerts an influence on Th cell polarization
to Th1 or Th2 phenotypes by enhancing Th1
and inhibiting Th2 cytokine expression (Ashkar
et al. 2000). OPN was also demonstrated to have
a role in the development and progression of
several autoimmune diseases, such as MS
(Comi et al. 2012; Wen et al. 2012; Shimizu
et al. 2013; Kivisäkk et al. 2014) rheumatoid ar-
thritis (Iwadate et al. 2014; Ji et al. 2014) psoriasis
(Chen et al. 2009), and Graves’ disease (Xu et al.
2011). In patients with MS, expression of OPN

has been found within the MS lesions (Chabas
et al. 2001; Sinclair et al. 2005), and it is signifi-
cantly higher in blood and CSF from patients
compared with healthy controls. Although sev-
eral studies have shown that OPN correlates to
disease severity, relapse rate (Vogt et al. 2003,
2004; Comabella et al. 2005; Wen et al. 2012;
Szalardy et al. 2013), and also to disease severity
in PPMS (Bornsen et al. 2011), there is no con-
sensus in consideringOPN levels as a prognostic
biomarker of disease severity because of contro-
versial results from other studies in MS that did
not find any association between serum OPN
levels and disease severity (Kivisäkk et al. 2014)
or relapses (Runia et al. 2014). As such, the as-
sociation of OPN with the disease may be cor-
relative with disease susceptibility rather than
predictive of disease severity.

Myelin-Reactive T Cells

Infiltration of autoreactive myelin-specific CD4
and CD8 T cells into the CNS, leading to an
increase of proinflammatory cytokines, is a hall-
mark of MS (Goverman 2009; Hvilsted et al.
2011). In vitro, myelin-specific CD4 T cells
could stimulate microglial cells to secrete in-
flammatory cytokines, including interleukin
(IL)-1β, IL-4, IL-6, IL-12, and IL-13 (Chabot
et al. 2002; Strachan-Whaley et al. 2014).
Many studies have described increased circulat-
ing myelin-reactive CD4 and CD8 cells in the
peripheral blood from MS patients (Ota et al.
1990; Pette et al. 1990; Martin et al. 1991). How-
ever, applying this as a diagnostic tool inMS has
been hindered by the rarity of myelin-specific T
cells in peripheral blood and nonspecific by-
stander activation. It has been shown that major
histocompatibility complex (MHC) class II tet-
ramers specific for myelin-oligodendrocyte gly-
coprotein are more frequent in MS patients as
compared to healthy controls (Raddassi et al.
2011). One study investigated the cytokine pro-
duction and RNA profiles of these myelin-reac-
tive T cells and showed an increase in IFN-γ,
granulocyte macrophage colony-stimulating
factor (GM-CSF), and IL-17 production in my-
elin-reactive CD4 cells from MS patients (Cao
et al. 2015). Studies have identified a phenotypic
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and transcriptional signature of myelin-reactive
T cells inMS patients. The utility of these cells as
the biomarker for disease diagnosis and prog-
nosis is still debatable.

Antibody Reactivity Patterns

Antigen microarray is a great tool to study the
antibody reactivity patterns using a limited
amount of sample (Quintana et al. 2012). Quin-
tana and others have reported the use of antigen
arrays to characterize immune responses in MS
(Kanter et al. 2006; Garren et al. 2008; Quintana
et al. 2008). These studies focused to character-
ize antibody signatures associated with disease
stages and pathological subtypes inMS. Antigen
arrays are also used to measure lipid antibody
responses in CSF fromMS patients (Kanter et al.
2006). MS patients showed antibody signatures
that were specific to various CNS antigens. The
potential pathogenic role of these antibodies
and their lipid targets are also evaluated further
in an EAEmodel. Administration of pathogenic
antibodies or their target lipids worsens the EAE
symptoms (Kanter et al. 2006; Quintana et al.
2008; Farez et al. 2009).

Microbiome-Associated Lipopeptides

The gut microbiome has been implicated in a
number of immunologic disorders, which in-
clude MS, inflammatory bowel disease (IBD),
type 1 diabetes, and rheumatoid arthritis (RA)
(Scher et al. 2013; Kostic et al. 2014; Alkanani
et al. 2015). An experimental EAEmouse model
for MS showed that altering the gut microbiome
modulated CNS autoimmunity. Another relaps-
ing remitting EAE mouse model showed that
transgenic SJL/J mice raised in germ-free condi-
tions were protected against developing the dis-
ease and introduction of commensal microbiota
into the gut restored susceptibility (Berer et al.
2011). Whereas gnotobiotic mice are relatively
immunocompromised because of a lack of mi-
crobial stimulation promoting immunematura-
tion, specific association of germ-free mice with
defined commensal species has been shown to
modulate the development and severity of EAE.
Studies have shown that certain segmented-fil-

amentous bacteria (SFB) drive an expansion of
Th17 cell populations and generation of IL-17 in
the gut (Ivanov et al. 2009). Monocolonization
of the gut of C57BL/6 mice with SFB has been
known to promote Th17 accumulation in the
spinal cords of mice and induces the develop-
ment of EAE (Lee et al. 2011). Conversely, the
treatment of C57BL/6 mice with a polysaccha-
ride from the Bacteroides fragilis expands intes-
tinal Foxp3+ CD4 Tregs and protects against the
development of CNS autoimmunity (Ochoa-
Repáraz et al. 2010; Round and Mazmanian
2010). When high-throughput 16S ribosomal
RNA (rRNA) sequencing was performed to in-
vestigate the gut microbiome in subjects with
MS (n = 61) and healthy controls (n = 44), alter-
ations in the gut microbiome in MS patients
were evident. An increase in the genera Metha-
nobrevibacter and Akkermansia and a decrease
in Butyricimonas genera was observed. These
alterations in the gut microbiome correlated
with variations in the expression of genes in-
volved in dendritic-cell maturation, IFN signal-
ing, and nuclear factor (NF)-κB signaling path-
ways in circulating T cells and monocytes.
Patients on disease-modifying treatment (IFN-
β and glatiramer acetate) show greater abun-
dances of the genera Prevotella and Sutterella,
and decreased Sarcina, in comparison with un-
treated patients. MS patients of a second cohort
showed elevated breath methane compared to
controls, consistent with our observation of in-
creased gut Methanobrevibacter in MS in the
first cohort (Jangi et al. 2016). Additional study
is required to assess whether the observed alter-
ations in the gutmicrobiome play a role in, or are
a consequence of, MS pathogenesis (Jangi et al.
2016).

A recent study showed that a unique bacte-
rially derived TLR2 ligand called lipid 654 was
highly expressed in healthy controls and other
neurological diseases (ONDs) when compared
to MS samples. It is known that this lipid is
produced by a number of bacteroidetes species
and not by human cells (Clark et al. 2013; Far-
rokhi et al. 2013). Although this study used a
smaller sample size to draw conclusions about
its biological significance in MS, it suggested a
possibility that lipids produced by commensal
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organisms may be playing a critical role in MS.
Further studies are required to validate these
findings and determine their possible utility as
biomarkers in MS (Housley et al. 2015).

GENETICS AS BIOMARKERS

Numerous epidemiological studies have shown
that genetic factors have an influence on MS. It
has long been shown that polymorphisms of the
MHC and human leukocyte antigen (HLA) play
an important role in MS risk.

HLA

The presence of polymorphisms in HLA class
II genes of MS patients has supported the
idea of a genetic burden forMS. The first studies
that focused attention on the presence of genetic
predisposition for developing MS showed posi-
tive correlations between disease frequency and
DRB1�1501-DRB5�0101-DQA1�0102, DQB1�

0602 haplotypes. More recent investigations,
conducted in many MS cohorts, suggested that
the allele mainly responsible for attributing
genetic risk in MS population is the HLA-
DRB1�1501 (al-Din et al. 1995; Kwon et al.
1999; Bozikas et al. 2003; Oksenberg et al.
2004; Schmidt et al. 2007). The relevance of
this allele lies also in its interaction with vitamin
D that is able to regulate HLA-DRB1�1501 ex-
pression, explaining the already-known link be-
tween latitude and risk for MS. In addition, the
coexistence of several polymorphisms may lead
to the increase of overall risk, via epistatic mech-
anisms (i.e., DRB1�1501 and DQ1�0102) (Lin-
coln et al. 2009). Other HLA alleles have been
reported to be associated with an increased risk
of developing MS, such as DR3 and DR4 hap-
lotypes in the Sardinian population (Marrosu
et al. 2004), DRB1�04 in Hutterite families (Dy-
ment et al. 2008), the haplotype DRB1�1303-
DQA1�05-DQB1�030 in the non-Ashkenazi
Jewish population (Kwon et al. 1999), and
HLA-DQκαι HLA-DP in opticospinal MS in
Japanese cohorts (Minohara et al. 2001). All of
these reports indicate the disease’s genetic com-
plexity. Many studies have tried to investigate
whether the presence of a genetic predisposition

correlated to clinical parameters or clinical out-
comes. Kikuchi et al. (2003) observed that the
presence of OCB in the CSF of MS patients was
positively correlated with HLA-DRB1�1501 and
negatively correlated with HLA-DRB1�0405 al-
leles in their Japanese cohort. HLA-DRB1�15
positively correlated with early onset of MS
(Van der Walt et al. 2011), and its correlation
with early progression from RRMS to SPMS
continues to be controversial (Cournu-Rebeix
et al. 2008; Stankovich et al. 2009). Studies
showed that the HLA-DRB1�01 allele protects
against malignant disease forms (DeLuca et al.
2007). In a study of MS patients, Zivadinov et al.
(2007) observed that DRB1�1501-positive pa-
tients had worse brain atrophy scores and larger
T1 lesions’ burden in MRI; similarly, patients
positive forDQB1�0301hadworsebrainatrophy
scores and larger T2 lesions’ burden and patients
positive for DQB1�0602 had worse gray matter
atrophy scores. In another study (Okuda et al.
2009), DRB1�1501-positive patients had lower
N-acetyl-aspartate (NAA) levels within nor-
mal-appearing white matter (NAWM) com-
bined with larger white matter lesions, worse
brain atrophy scores, and impaired cognitive
function.

It is also notable that HLA-DRB1�0401,
0408, and 1601 alleles correlate with a greater
risk of developing neutralizing antibodies
against IFN-β, resulting in poor therapeutic out-
come (Buck et al. 2011).

Non-MHC Polymorphisms Attributing
Genetic Risk

GWAS revealed thatmany non-MHC single nu-
cleotide polymorphisms have also been associ-
ated with greater risk of MS, although most of
themonly have amodest effect. Among the non-
MHC alleles, the polymorphisms of the IL2RA
and IL7RA regions seem to be the polymor-
phisms most commonly associated with MS af-
ter MHC (International Multiple Sclerosis Ge-
netics Consortium et al. 2007). However, the list
of non-MHC class genes that are associated with
MS is increasing and more genes have been
found that correlate with increased risk of devel-
oping MS (D’Netto et al. 2009; International
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Multiple Sclerosis Genetics Consortium et al.
2011).

CONCLUSIONS

In conclusion, this article suggests that a lot of
effort has been made to identify potential bio-
markers for MS. Whereas the identification of
an optimal MS biomarker will provide advan-
tages in terms of choosing early treatment op-
tions for newly diagnosed patients, the design of
personalized treatment for patients, and lower
the cost of clinical trials substantially, the het-
erogeneity of disease in MS makes biomarker
identification more challenging. However, a
well-characterized and sufficiently powered
MS patient population, a reliable measuring
platform, and multiple-center validation would
overcome some of the challenges in identifying
optimal biomarkers forMS. It is possible that for
a complex and heterogeneous disease like MS, a
single marker is not effective, and thus efforts
should be made toward combinatorial analysis
of biomarkers to create signatures forMS disease
diagnosis, prognosis, and treatment response.
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