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Disease-modifying therapies (DMTs) have significantly advanced the treatment of relapsingmultiple sclerosis (MS), decreasing the
frequency of relapses, disability, andmagnetic resonance imaging lesion formation. However, patients’ responses to and tolerability
of DMTs vary considerably, creating an unmet need for biomarkers to identify likely responders and/or those who may have
treatment-limiting adverse reactions. Most studies in MS have focused on the identification of pharmacogenetic markers, using
either the candidate-gene approach, which requires prior knowledge of the genetic marker and its role in the target disease, or
genome-wide association, which examines multiple genetic variants, typically single nucleotide polymorphisms (SNPs). Both
approaches have implicated numerous alleles and SNPs in response to selected MS DMTs. None have been validated for use in
clinical practice. This review covers pharmacogenetic markers in clinical practice in other diseases and then reviews the current
status of MS DMT markers (interferon 𝛽, glatiramer acetate, and mitoxantrone). For a complex disease such as MS, multiple
biomarkers may need to be evaluated simultaneously to identify potential responders. Efforts to identify relevant biomarkers are
underway and will need to be expanded to all MS DMTs.These will require extensive validation in large patient groups before they
can be used in clinical practice.

1. Introduction

Multiple sclerosis (MS) is a chronic, immune-mediated,
inflammatory, neurodegenerative disorder. It is the leading
nontraumatic cause of disability in young adults and is esti-
mated to affect >100/100,000 inhabitants in North America
and Europe [1, 2].The diagnosis is three times more common
in women than in men [1, 2]. The precise etiology of MS is
unknown; however, there is strong evidence that it arises from
complex interactions between environmental and genetic fac-
tors.With regard to genetic factors, genome-wide association
studies (GWAS) have identified almost 200 genetic variants
associated with MS susceptibility, most of which are involved
in the immune response and are often associated with other
immune-mediated diseases [3–6]. A strong association has
been found between the major histocompatibility complex
(MHC) region and MS susceptibility, with human leukocyte
antigen- (HLA-) DRB1∗1501 showing the strongest effect
[7]. Other contributors include the interleukin-2 receptor

and interleukin-7 receptor alleles [8]. Environmental factors
associated withMS include exposure to infectious organisms,
for example, Epstein-Barr virus, vitaminD levels and sunlight
exposure, tobacco use, geographical latitude, and possibly
antigenic determinants in the gut microbiome [9–12].

Although there are currently no therapies recognized
to reverse the neurodegenerative process of MS, significant
progress has beenmade over the last two decades in the treat-
ment of relapsing forms of MS (RMS) with the introduction
of disease-modifying therapies (DMTs) that decrease the fre-
quency of relapses and slow development of disability. Avail-
able DMTs used in patients with RMS have diverse mecha-
nisms of action. They include interferon betas (IFN𝛽s: intra-
muscular IFN𝛽-1a, subcutaneous [SC] IFN𝛽-1a, SC IFN𝛽-1b,
and SCpegylated IFN𝛽-1a), glatiramer acetate,mitoxantrone,
alemtuzumab, natalizumab, daclizumab, fingolimod, teri-
flunomide, and dimethyl fumarate [13]. Responses to these
treatments, as defined by reduced relapse rates, improved
magnetic resonance imaging outcomes, and preservation of
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Table 1: Major factors affecting drug response in patients.

Factor Examples

Pharmacokinetic
Absorption, distribution,
metabolism, and/or excretion of
drugs

Pharmacodynamic

Disease state
Availability of therapeutic
targets, for example, the presence
or absence of drug receptors

External factors
Environmental chemicals
(including smoking)
Coadministered drugs

Drug

Drug form
Dosing frequency
Route of administration
Drug mechanism of action

Physiological Age, weight, sex, pregnancy, race,
and food consumption

Pathological
Liver disease
Renal disease
Malnutrition

Patient behavior Compliance and persistence with
drug regimens

neurological function, vary between patients, and there are
notable differences in adverse effect profiles [14]. For example,
there is evidence for associations between treatment with
IFN𝛽 and increased liver enzyme levels and, occasionally,
with serious liver injury. Glatiramer acetate treatment can
cause localized lipoatrophy that can be distressing to patients.
Natalizumab treatment, and to a much lesser extent dimethyl
fumarate and fingolimod treatments, is associated with a
rare but potentially fatal demyelinating disorder known as
progressive multifocal leukoencephalopathy. Mitoxantrone
treatment can cause cardiotoxicity and acute leukemia. Fin-
golimod has been associated with herpes infections, macular
edema, and cardiac conduction issues. Although attempts
are underway to identify biomarkers that can be used to
monitor response to therapy during treatment [15, 16] and
patients are monitored for the occurrence of adverse effects,
it would clearly be beneficial if biomarkers could be used
before initiating treatment to identify patients who are likely
to respond. It would also be helpful to identify those who
are more likely to experience a serious adverse effect [14].
Such approaches would avoid unnecessary costs and negative
effects on quality of life resulting from treating patients with
drugs to which they will not respond and which may be
associated with unacceptable adverse events.

Drug response is affected by pharmacokinetic, pharma-
codynamic, physiological, pathological, and environmental
factors; drug mechanism of action, formulation, and route of
administration; and patient characteristics (Table 1). Genetic
polymorphisms that influence the activity of proteins regulat-
ing the pharmacodynamic and pharmacokinetic properties
of drugs are key contributors to the variability in response to
drugs between individuals. For example, cytochrome P450
(CYP) enzymes are the major enzymes involved in drug

metabolism. Polymorphisms in these enzymes can result in
either ultrafast metabolism of therapeutic drugs, thereby lim-
iting their efficacy, or poor metabolism, thereby increasing
the risk of toxicity [17]. Identification of genetic differences
associated with variability in drug response would allow
better-informed decisions regarding choice of treatment.The
aim of this article is to review basic definitions of genetic
biomarkers and how they are being used in other disorders
and then to review their current status in MS.

2. Pharmacogenetic Biomarkers

Pharmacogenomics is the study of how genes affect drug
response. Both inherited and acquired genetic variations
may be involved. Meaningful biomarkers allow physicians to
tailor treatment to patients’ individual genetic and genomic
characteristics. Accordingly, a pharmacogenomic biomarker
is defined as a measurable DNA and/or RNA characteristic
that is an indicator of normal biologic processes, pathogenic
processes, and/or response to therapeutic or other interven-
tions [18]. A genomic biomarker could, for example, be the
degree of expression of a gene, the function of a gene, or
the regulation of a gene [18]. Pharmacogenetics is a subset of
pharmacogenomics. It involves variations in DNA sequences
as they relate to drugmetabolism and response [18]. A genetic
variation may range from a single nucleotide polymorphism
(SNP) to loss of part of a chromosome. Key applications
for pharmacogenetic biomarkers are the identification of
responders and nonresponders to medications, avoidance of
adverse events, and optimization of drug dose.

2.1. Pharmacogenetic Biomarkers in Practice. There are cur-
rently over 150US Food and Drug Administration- (FDA-)
approved drugs with pharmacogenomic information in their
labeling [19]. Almost all therapeutic areas have at least one
drug for which pharmacogenomic guidance exists, including
psychiatry, rheumatology, gastroenterology, endocrinology,
and dermatology; however, by far, the best represented
therapeutic area is oncology (Table 2). The vast majority of
drugs have guidance concerning variations in DNA sequence
which relate to drug response, which are therefore classed
as pharmacogenetic biomarkers. Examples of drugs with
pharmacogenetic guidance are presented in Table 3. Pharma-
cogenetic information may pertain to many aspects of drug
use, including definition of specific patient populations for
which a drug is indicated or contraindicated, for which dose
adjustments could be necessary, and also in which potentially
serious adverse events could occur. For the majority of
oncology drugs, the inclusion of biomarkers in drug labels
generally corresponds to a requirement or recommendation
for genetic testing; however, in other therapeutic areas, there
is no specific guidance on what actions should be taken based
on biomarker information.

In the area of infectious diseases, there are at least 17 drugs
with pharmacogenetic information in their labeling [19]. For
the majority of these, the guidance relates to the presence
of a pharmacogenetic marker and the increased likelihood
of adverse effects associated with treatment. Abacavir is
a synthetic carbocyclic nucleoside analog with inhibitory
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Table 2: Therapy areas using therapies with pharmacogenomic
information in their labels.

Therapy area Number of drugs∗

Oncology 54
Psychiatry 27
Infectious diseases 17
Endocrinology 10
Neurology 9
Gastroenterology 9
Cardiology 8
Rheumatology 6
Inborn errors of metabolism 6
Hematology 5
Anesthesiology 4
Pulmonary 4
Urology 2
Dermatology 2
Dental 1
Gynecology 1
Transplantation 1
Toxicology 1
∗Search of http://www.fda.gov/Drugs/ScienceResearch/ResearchAreas/
Pharmacogenetics/ucm083378.htm conducted on July 27, 2016.

activity against human immunodeficiency virus.The labeling
of abacavir states that all patients should be screened for
the presence of the HLA-B∗5701 allele before initiating
or reinitiating abacavir therapy, unless the patient has a
previously documented HLA-B∗5701 allele assessment [20].
Abacavir is contraindicated in patients who are positive for
the HLA-B∗5701 allele because of the high risk of experi-
encing a hypersensitivity reaction [20]. Systematic analysis
has indicated that testing for HLA-B∗5701 before initiating
abacavir is cost-effective [21], and companion diagnostic
tests are available for this allele, although no specific test is
recommended in the drug label [22].

In oncology, there are at least 54 drugs with pharmaco-
genetic information in their labeling [19]. For over half, the
pharmacogenetic information relates to a specific indication
or usage [19]. Vemurafenib is a kinase inhibitor that was
specifically designed to inhibit mutated serine/threonine-
protein kinase B-Raf (BRAF), in patients with metastatic
melanoma who harbor the 𝐵𝑅𝐴𝐹V600E mutation. It is not
recommended for use in patients with wild-type BRAF
melanoma, as safety and efficacy have not been demonstrated
in this population. Accordingly, the requirement for the
presence of this mutation is specified in the indications for
vemurafenib within the drug label [23]. In the first example
of its kind, a companion diagnostic test for vemurafenib, the
cobas� 4800 BRAF V600 Mutation Test (Roche Molecular
Systems, Inc., Pleasanton, CA, USA), was developed and
received FDA approval alongside the drug. Despite the
codevelopment and coapproval of the drug and diagnostic
test, the label does allow for another FDA-approved test to
be used if desired [23].

Only a handful of hematology drugs have pharmaco-
genetic information in their labeling, mostly relating to
warnings and precautions [19]. Lenalidomide is one of the
few drugs with pharmacogenetic information pertaining to
its indication. In an initial study involving patients with
myelodysplastic syndromes who did not respond to treat-
ment with recombinant erythropoietin, a greater proportion
of patients with a 5q deletion no longer needed red cell trans-
fusions after being treated with lenalidomide compared with
patients with other karyotypes [24]. This observation was
confirmed in further studies, leading to a defined indication
for lenalidomide for the treatment of transfusion-dependent
anemia due to International Prognostic Scoring System low-
or intermediate-1 risk myelodysplastic syndromes associated
with a 5q deletion abnormality with or without additional
cytogenetic abnormalities [25]. No specific guidance is pro-
vided regarding testing for 5q deletion.

Some drugs used to treat heritable genetic diseases, such
as cystic fibrosis and certain inborn errors of metabolism,
also have pharmacogenetic information in their labeling. For
example, ivacaftor, a cystic fibrosis transmembrane conduc-
tance regulator potentiator, is indicated for the treatment
of cystic fibrosis in patients aged 2 years and older who
have defined mutations in the CFTR gene (G551D, G1244E,
G1349D, G178R, G551S, S1251N, S1255P, S549N, or S549R).
According to the label, if the patient’s genotype is unknown,
an FDA-approved cystic fibrosis mutation test should be used
to detect the presence of a CFTR mutation [26]. Specific
guidelines are available to facilitate the interpretation of
genotype tests to guide ivacaftor therapy [27].

In the field of schizophrenia, aripiprazole, an atypical
antipsychotic, has pharmacogenetic information in its label
relating to its use in patients with poor CYP2D6metabolism.
Aripiprazole is partly metabolized by CYP2D6 and expo-
sure to the active moieties of the drug is ∼60% higher in
poor metabolizers of CYP2D6 substrates. In endocrinology,
glimepiride, a sulfonylurea indicated as an adjunct to diet and
exercise to improve glycemic control in adults with type 2
diabetes mellitus, has guidance in its label relating to its use
in individuals who are glucose-6-phosphate dehydrogenase-
deficient, owing to the risk of hemolytic anemia. Finally, in
the area of transplantation, mycophenolic acid is contraindi-
cated in patients with hereditary deficiency of hypoxanthine-
guanine phosphoribosyltransferase, as use of mycophenolate
in such patientsmay cause exacerbation of disease symptoms.

3. Approaches to Identifying Pharmacogenetic
Biomarkers in Polygenic Diseases

To date, the routinely used pharmacogenetic biomarkers
reflect relatively simple, well-defined genetic changes. Con-
siderable efforts are now being made to establish pharma-
cogenetic biomarkers for polygenic diseases, such as cancer,
chronic kidney disease, MS, cardiovascular disease, and
neuropsychiatric illnesses. In these indications, numerous
genes and their products are potentially involved in dis-
ease manifestation, drug metabolism, and drug mechanism
of action, and the individual contribution of each gene
may be small [28–30]. In 2008, a systematic review of

http://www.fda.gov/Drugs/ScienceResearch/ResearchAreas/Pharmacogenetics/ucm083378.htm
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Table 3: Examples of pharmacogenetic biomarkers in clinical practice.

Disease Drug Biomarker Significance

HIV Abacavir HLA-B∗5701 allele Presence of HLA-B∗5701 allele indicates
high risk of hypersensitivity reaction

Metastatic melanoma Vemurafenib 𝐵𝑅𝐴𝐹V600E mutation Presence of 𝐵𝑅𝐴𝐹V600E mutation
specified in drug indication

Myelodysplastic syndrome Lenalidomide 5q deletion Presence of 5q deletion specified in drug
indication

Cystic fibrosis Ivacaftor
Defined mutations in the CFTR gene

(G551D, G1244E, G1349D, G178R, G551S,
S1251N, S1255P, S549N, or S549R)

Presence of defined mutations allows
drug use

Schizophrenia Aripiprazole CYP2D6 Dosage adjustments necessary in
CYP2D6 poor metabolizers

Transplantation Mycophenolic acid HGPRT Contraindicated in patients with
hereditary deficiency of HGPRT

Type 2 diabetes mellitus Glimepiride G6PD Can cause hemolytic anemia in patients
with G6PD deficiency

CFTR: cystic fibrosis transmembrane conductance regulator; CYP: cytochrome P450; HLA: human leukocyte antigen; G6PD: glucose-6-phosphate
dehydrogenase; HGPRT: hypoxanthine-guanine phosphoribosyltransferase; HIV: human immunodeficiency virus.

pharmacogenetic studies found that most had examined
genetic variations in drug targets (i.e., pharmacodynamic
studies) rather than examining genes encoding proteins
involved in drug handling and elimination (pharmacokinetic
studies) [29].However, this is no doubt a consequence of early
studies using a candidate-gene approach to identify potential
genes. The candidate-gene approach directly tests the effects
of genetic variants of a potentially contributing gene in an
association study. A higher frequency of a particular allele
or genotype in a series of individuals with a specific disease
or phenotype can be interpreted as meaning that the allelic
variant or genotype is associated with that disease or the
disease phenotype [31]. A key limitation of this approach
is that it is dependent on knowledge of the biology of the
disease being investigated in order to identify candidate genes
for testing. In contrast, GWAS examine multiple genetic
variants, typically SNPs, in different individuals to see if any
variant is associated with a trait or response to a drug. The
advantage of the GWAS approach is that it does not require
specific knowledge of the disease in question; however, it is
not without its own challenges. For example, effect sizes for
common variants are typically modest and large sample sizes
are required to detect associations; single genomic regions
can harbor variants with weak effects and also large effects;
some associations implicate non-protein-coding regions; and
correlations between genetic variants and phenotypes can
be limited by the accuracy and validity of the phenotypic
measurement [32].

For pharmacogenetic information to be routinely used
in clinical practice, the genetic markers will require valida-
tion in large cohorts, particularly in cases where response
is found to be influenced by numerous genetic variants.
Predictive diagnostic tests also require validation before
use, and regulatory frameworks are evolving to ensure that
diagnostic tests accurately identify the intended population
for a corresponding treatment.

3.1. Pharmacogenetic Markers in MS. Over the last decade,
considerable effort has been made to identify pharmaco-
genetic markers in the field of MS. To date, efforts have
been focused on the identification of markers that determine
drug response, and there are no published data relating to
pharmacogenetic markers to predict adverse drug reactions.
A review conducted in 2013 outlined a number of candidate
genes for future study but noted the challenges in identifica-
tion of pharmacogenetic markers for adverse drug reactions
including the relative rarity of these reactions, the need
for accurate characterization of the reaction, and accurate
phenotyping of the patient [14].

Regarding pharmacogenetic markers for drug response,
longitudinal data on drug response and disease worsening are
necessary for their identification and potential validation. As
a consequence, the majority of data relate to the established
first-line agents IFN𝛽 and glatiramer acetate, with limited
data on mitoxantrone. At the time of writing, there were no
data available on pharmacogenetic markers for natalizumab
or fingolimod. Although there are no universally accepted
measures of response for DMTs, most studies evaluate a
clinically event-free status, for example, relapse-free status
with no confirmed worsening on the Expanded Disability
Status Score, as a measure of a positive response.

3.1.1. Interferon 𝛽. IFN𝛽 is a pleiotropic cytokine that medi-
ates its effects through binding of the heterodimeric IFN𝛼/𝛽
receptor, which activates Janus kinase- (JAK-) signal trans-
ducer and activator of transcription (STAT) signaling, and
induces genes with multiple biological functions. The mech-
anism of action of IFN𝛽 in MS has not yet been fully elu-
cidated. It is thought that IFN𝛽 reduces the inflamma-
tory processes that lead to demyelination in MS, promot-
ing a regulatory versus proinflammatory milieu through
multiple actions, such as changing cytokine network bal-
ance, reducing antigen presentation and T cell proliferation,
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altering cytokine and matrix metalloproteinase expression,
and restoring suppressor function [33]. Clinical trials show
that treatment with IFN𝛽 is associated with prevention of
relapse compared with placebo across all relapsing subtypes
of MS [34–36]; however, up to 30–50% of patients show
suboptimal responses to therapy [37–39]. As determination
of response requires clinical follow-up for at least 2 years,
this “wait and see” approach is clearly suboptimal as it
can result in the delay of an alternative, potentially more
effective treatment, being initiated. In addition, this approach
unnecessarily exposes patients to potential adverse effects
and can add to the substantial economic burden carried by
healthcare providers. There is an unmet need for biomarkers
that reliably correlate with response to IFN𝛽 in MS.

Pharmacogenetic biomarkers for IFN𝛽 response in MS
have recently been extensively reviewed [39, 40]. Initial
attempts used the candidate-gene approach, selecting genes
with known associations with IFN𝛽 mechanisms and sig-
naling pathways. Using this method, around 15 genes show
significant associations with response to IFN𝛽 (Table 4) [39,
41–52]. Genes with polymorphisms associated with response
to IFN𝛽 include those that encode the common receptor for
type I IFNs, IFN response-element sequences, IFN regulatory
transcription factors, the ubiquitin-specific peptidase gene,
and other cytokine genes. For the majority of polymor-
phisms, significant associations with positive IFN𝛽 treatment
response were found, although some were associated with
nonresponse [39]. Not all of the significant associations have
been validated, and further studies in large populations with
independent validation are warranted. The validity of many
candidate biomarkers was recently called into question in a
study of ten “responders” and ten “nonresponders” with RMS
who were retrospectively selected on the basis of stringent
clinical criteria after a 5-year follow-up [53]. The baseline
expression levels of 25 IFN-regulated genes (MxA, GPR3,
IL17RC, ISG15, TRAIL, OASL, IFIT1, IFIT2, RSAD2, OAS3,
IFI44L,TRIM22, IL10,CXCL10, STAT1,OAS1,OAS2, IFNAR1,
IFNAR2, IFN𝛽, ISG20, IFI6, PKR, IRF7, and USP18) were
examined but were not confirmed to have predictive value
[53].

To date, five GWAS have been conducted to identify
polymorphisms associated with IFN𝛽 response in MS [54–
58]. These have been carried out in initial populations of
between approximately 100 and 350 patients, with follow-up
to determine response for up to 4 years. Although the find-
ings of the earliest study were not independently validated,
subsequent studies were validated in independent popula-
tions to further test their significance. Across the studies,
a number of genes have been found to be positively asso-
ciated with positive or negative response to IFN𝛽. These
genes and the potential function of the proteins they encode
are summarized in Table 5 and include those for glypican
5 (GPC5) collagen type XXV alpha-1, hyaluronan proteo-
glycan link protein, calpastatin, and neuronal PAS domain
protein 3 [54]; alpha-amino-3-hydroxy-5-methyl-4-isoxazo-
lepropionic acid-type glutamate receptor GRIA3, type 1 IFN-
related proteins ADAR and IFNAR2, cell cycle-dependent
protein CIT, zinc finger proteins ZFAT and ZFHX4, and
guanosine triphosphatase-activating protein STARD13 [56];

SLC9A9, an Na+/H+ exchanger found in endosomes [57];
NINJ2, TBXAS1, and genes related to the glutamatergic
system (GRM3 and GRIK2) [55]; and FHIT (fragile histidine
triad) and GAPVD1 (GTPase-activating protein and VPS9
domains 1) [58]. Surprisingly, there has been little overlap
across studies with regard to the genes that have been
implicated as being significantly associated with treatment
response. For example, the most recent study did not find an
association for the genes for GPC5 and SLC9A9 [58], as was
identified by two previous studies [54, 57].

The reasons underlying the lack of consistent findings
across the studies are unclear but may reflect the lack of
an unequivocal definition of responder status, small sample
sizes, and different populations. It is also possible that the
contribution of single alleles of candidate genes is very small
and that combinations of alleles should be studied together
to identify markers for therapeutic response. Multilocus
analyses have been attempted and some have identified sets
of alleles that show significant associations. For example, in
an analysis of 61 SNPs in 34 candidate genes as possible
determinants of IFN𝛽 response in Irish patients with MS,
the most significant allelic combinations that differed in
frequency between responders and nonresponders included
JAK2–IL10RB–GBP1–PIAS1, followed by JAK2–IL10–CASP3
[59]. It is perhaps not surprising thatmultiple geneswill influ-
ence the efficacy of a drug with pleiotropic effects; it there-
fore seems likely that the multiallele approach will represent
the most likely path to identify responders. As with all
pharmacogenetic studies, it will be important to validate any
findings in studies that include large numbers of patients with
comprehensive clinical information to allowdetermination of
drug-response status [58].

3.1.2. Glatiramer Acetate. Glatiramer acetate is a mixture of
synthetic polymers composed of random sequences of four
amino acids, which simulates myelin basic protein. In MS,
it exerts immunomodulatory effects and is proposed to have
neuroprotective properties, although its precise mechanism
of action is not known. Genome-wide expression studies
show that it alters the expression of thousands of genes [60].
Glatiramer acetate appears tomodulate the immune response
by altering T cell differentiation, causing a shift from T cells
with a proinflammatory T helper (Th)1/Th17 phenotype to
T cells with the anti-inflammatory Th2/T-regulatory pheno-
type, which may dampen neighboring inflammation within
the central nervous system [61, 62]. It also exerts immu-
nomodulatory activity on antigen-presenting cells, such as
macrophages and dendritic cells, which participate in innate
immune responses [61].

Aswith IFN𝛽, most data relating to the pharmacogenetics
of glatiramer acetate have been identified through candi-
date-gene studies. In a recent review, ten genes with poly-
morphisms associated with glatiramer acetate response were
identified from candidate-gene studies (Table 6) [39, 40,
44, 63–65]. The first genes identified with polymorphisms
associated with glatiramer acetate treatment response were
HLA class II genes [44, 63, 64]. This is in contrast to IFN𝛽
response, where no association was observed with the HLA
class II genes [39]. Other candidate genes that have shown an
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Table 4:Geneswith polymorphisms showing significant associationwith response to IFN𝛽 in patients withmultiple sclerosis from candidate-
gene studies [39].

Gene (polymorphic locus) Product function (if known) Number of loci
Nature of response

for each
polymorphism

IFNAR1 (rs1012334; rs55884088)
[41, 42]

Type I membrane protein that forms one of the two chains of
a receptor for IFN𝛼 and IFN𝛽 2 +, +

LMP7 (rs2071543) [42] Subunit of the immunoproteasome which generates peptides
presented on MHC class I molecules to cytotoxic T cells 1 +

CTSS (rs1136774) [42]
Cathepsin S, a lysosomal cysteine proteinase that may
participate in the degradation of antigenic proteins to
peptides for presentation on MHC class II molecules

1 +

MXA (rs2071430; rs17000900) [42] An antiviral protein induced in immune system cells by
type I IFNs 2 +, +

IRF5 (rs2004640) [43] IFN regulatory factor 5, transcription factor involved in both
type I IFN and Toll-like receptor signaling pathways 1 −

IRF8 (rs17445836) [44] IFN regulatory factor 8, transcription factor of the IFN
regulatory factor family 1 −

USP18 (rs2542109) [45] Member of the ubiquitin-specific proteases family of enzymes
that cleave ubiquitin from ubiquitinated protein substrates 1 +

IFNG (polymorphic microsatellites in
the first intron) [46] IFN𝛾 4 −, −, −, +

IL10 (rs1800896; rs1800871; rs1800872)
[47] Interleukin-10 1 +

CCR5 (rs333) [48] Member of the 𝛽 chemokine receptor family, expressed by
T cells and macrophages 1 +

TGFB1 (rs1800469) [48] Member of the transforming growth factor 𝛽 family of
cytokines 1 +

TRAILR1 (rs20576) [49] Tumor necrosis factor-related apoptosis-inducing ligand 1 +

CD58 (rs12044852) [50] Ligand of the T lymphocyte CD2 protein and functions in
adhesion and activation of T lymphocytes 1 −

CD46 (rs2724385) [51] Type I membrane protein that is a regulatory part of the
complement system 1 +

GPC5 (rs10492503; rs1411751) [52] Cell surface heparan sulfate proteoglycan 2 +, +
+: associated with positive treatment response; −: associated with negative treatment response; CD: cluster of differentiation; IFN: interferon; MHC: major
histocompatibility complex.

association with response to glatiramer acetate include those
involved inT cell activation and the formation of trimolecular
complexes (T cell receptor, MHC molecule, and antigen)
necessary for T lymphocytes to recognize antigen [39].

Only one GWAS has been conducted to date with glati-
ramer acetate [66]. This analysis, which was conducted on
a subset of good and poor responders to glatiramer acetate,
identified 11 SNPs, the majority of which related to genes
involved in glatiramer acetate’s mechanism of action. As
with IFN𝛽, attempts have also been made to identify groups
of genes which influence response, taking into account the
potentially pleiotropic effects of the drug and the likelihood
that multiple genes influence its activity. Findings from this
approach are showing promise. For example, in an analy-
sis of nine polymorphisms in candidate genes in 285 Rus-
sian patients with MS, carriers of one combination of alle-
les, DRB1∗15 + TGFB1∗T + CCR5∗d + IFNAR1∗G and
DRB1∗15 + TGFB1∗T + CCR5∗d, had a 14- to 15-fold
increased risk of poor response to glatiramer acetate therapy.
Similar to IFN𝛽, it seems that the multiallele approach will

represent the most likely path to identify responders. Again,
any findings will require validation in studies of large MS
populations with comprehensive clinical information.

3.1.3. Mitoxantrone. Mitoxantrone is a synthetic anthracene-
dione derivative that exerts immunomodulatory effects in
patients withMS, although these remain to be fully elucidated
[67]. It intercalates into DNA and inhibits both DNA repli-
cation and RNA synthesis and blocks DNA repair. Clinical
trial data indicate that intravenous mitoxantrone treatment
improved neurological disability and delayed progression of
MS in patients with worsening relapsing disease [68]. The
impact of SNPs in the ATP-binding cassette transporters
ABCB1 and ABCB2 on the efficacy of mitoxantrone was
examined retrospectively in 155 patients with MS [69]. ATP-
binding cassette transporters are transmembrane proteins
influencing drug absorption, excretion, and the extent of drug
entry into target organs. Analysis showed that the clinical
response rate increased significantly with ATP-binding cas-
sette transporter genotypes that were known to be associated
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Table 5: Selected genes with polymorphisms showing significant association with response to interferon 𝛽 in patients withMS from genome-
wide association studies.

Gene (polymorphic locus) Product function (if known)
GPC5 (rs10492503;
rs9301789) [54]

Glypicans are implicated in synapse formation and axon regeneration and guidance and are found in dense
networks in active MS plaques, where they may be involved in sequestering proinflammatory chemokines

COL25A1 (rs794143) [54] Collagen type XXV 𝛼1, a brain-specific membrane-bound collagen

HPLN1 (rs4466137) [54] Hyaluronan proteoglycan link protein 1, an extracellular matrix protein

CAST (rs10510779) [54] Calpastatin, a calpain (calcium-dependent cysteine protease) inhibitor

NPAS3 (rs4128599) [54] Neuronal PAS domain protein 3, a member of the basic helix-loop-helix and PAS domain-containing
family of transcription factors

GRIA3 (rs12557782) [56] 𝛼-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid-type glutamate receptor component

ADAR (rs2229857) [56] Type 1 interferon-related protein, responsible for RNA editing by site-specific deamination of adenosines

IFNAR2 (rs2248202) [56] Interferon (𝛼, 𝛽, and 𝜔) receptor 2

CIT (rs7308076) [56] Serine/threonine-protein kinase that functions in cell division

ZFAT (rs733254) [56] Zinc-finger protein, binds DNA and functions as a transcriptional regulator involved in apoptosis and cell
survival

ZFHX4 (rs11787532) [56] Zinc-finger protein, may play a role in neural and muscle differentiation

STARD13 (rs9527281) [56] Guanosine triphosphatase-activating protein, may be involved in regulation of cytoskeletal reorganization,
cell proliferation, and cell motility

SLC9A9 (rs9828519) [57] Solute carrier family 9, subfamily A (NHE9, cation proton antiporter 9), member 9, localized in
endosomes and may play an important role in maintaining cation homeostasis

NINJ2 (rs7298096) [55] Ninjurin 2, member of the ninjurin (for nerve injury induced) family

TBXAS1 (rs4726460) [55] Thromboxane A synthase 1, member of the cytochrome P450 superfamily of enzymes that catalyze many
reactions involved in drug metabolism

GRM3 (rs2237562) [55] Glutamate receptor 3

GRIK2 (rs1475919) [55] Glutamate receptor, ionotropic, kainate 2

FHIT (rs760316) [58] Fragile histidine triad involved in purine metabolism
GAPVD1 (rs10819043;
rs2291858; rs10760397) [58]

Guanosine triphosphatase activating protein and VPS9 domains 1, participates in various processes such
as endocytosis, insulin receptor internalization, or LC2A4/GLUT4 trafficking

MS: multiple sclerosis.

Table 6: Genes with polymorphisms showing significant association with response to glatiramer acetate in patients with multiple sclerosis
[39].

Gene (polymorphic locus) Product function (if known) Number of loci Nature of response for
each polymorphism

HLA-DRB1 (N/A; rs3135388; N/A; N/A)
[44, 63–65] HLA class II MHC antigen, DRB1 𝛽 chain 4 +, +, +, +

HLA-DQB1 (N/A) [64] HLA class II MHC, class II, DQ 𝛽1 3 +, −, −
CCR5 (rs333) [65] C–C chemokine receptor type 5 1 +
TCRB (rs71878) [40] T cell receptor 𝛽 chain 1 +
IL12RB2 (rs946685) [40] Interleukin-12 receptor subunit 𝛽2 1 −

MBP (rs470929) [40] Myelin basic protein 1 +
IL1R1 (rs956730) [40] Interleukin-1 receptor type 1 1 +

CD86 (rs1129055) [40] CD86 molecule providing costimulatory
signals necessary for T cell activation 1 +

CTSS (rs2275235; rs1415148) [40] Cathepsin S 2 +, +
FAS (rs982764) [40] Fas cell-surface death receptor 1 +
+: associated with positive treatment response; –: associated with negative treatment response; CD: cluster of differentiation; MHC: major histocompatibility
complex; N/A: not available.
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with decreased function. As with all potential biomarkers,
the findings require comprehensive validation in a large MS
population.

4. Conclusions

Variability in response to DMTs in patients with MS repre-
sents a significant clinical challenge. Potentially, delays may
occur in patients receiving a treatment to which they can
optimally respond, exposing them to adverse effects without
significant benefit and placing a huge burden on healthcare
systems. Drug efficacy is affected by multiple genetic factors;
it would be advantageous to understand those factors in
order to identify patients who will respond to a particular
drug before they receive it. Although there have been notable
successes in identifying pharmacogenetic biomarkers for rel-
atively simple, well-defined genetic changes in other diseases,
the identification of markers for MS has been more challeng-
ing. Candidate-gene approaches have implicated numerous
alleles with varying levels of significance, and GWAS have
added to the wealth of data on the topic. For a complex
disease such asMS, for which key treatments have pleiotropic
effects that are not fully understood, it is becoming apparent
that multiple biomarkers may need to be evaluated simul-
taneously to identify responders. Efforts to identify groups
of relevant biomarkers are beginning to show associations
with responses, but, based on current data, the routine use of
pharmacogenetics inMS is not imminent. Central to research
in this areawill be the validation of anymarkers and groups of
markers in large well-defined patient populations, with clear
definitions of response and nonresponse criteria.

Conflicts of Interest

Patricia K. Coyle has received fees for consultancy from
Accordant, Acorda, Bayer, Biogen, Celgene, Genentech/
Roche, Genzyme/Sanofi, Novartis, and Serono and support
for research from Actelion, Alkermes, Genentech/Roche,
MedDay, NINDS, and Novartis.

Acknowledgments

Editorial assistance was provided by LucyKanan of Anthemis
Consulting Ltd., funded by Teva Pharmaceutical Industries,
Frazer, PA, USA. Teva provided a single medical accuracy
review of the final draft.The author was not compensated and
retained full editorial control over the content of the paper.

References

[1] P. Dilokthornsakul, R. J. Valuck, K. V. Nair, J. R. Corboy, R. R.
Allen, and J. D. Campbell, “Multiple sclerosis prevalence in the
United States commercially insured population,”Neurology, vol.
86, no. 11, pp. 1014–1021, 2016.

[2] E. Leray, T.Moreau, A. Fromont, andG. Edan, “Epidemiology of
multiple sclerosis,” Revue Neurologique, vol. 172, no. 1, pp. 3–13,
2016.

[3] International Multiple Sclerosis Genetics Consortium and
WellcomeTrustCaseControl Consortium2, “Genetic risk and a

primary role for cell-mediated immunemechanisms inmultiple
sclerosis,” Nature, vol. 476, no. 7359, pp. 214–219, 2011.

[4] A. H. Beecham, N. A. Patsopoulos, and D. K. Xifara et al.,
“Analysis of immune-related loci identifies 48 new susceptibility
variants for multiple sclerosis,” Nature Genetics, vol. 45, no. 11,
pp. 1353–1360, 2013.

[5] M. D. Fortune, H. Guo, O. Burren et al., “Statistical colocaliza-
tion of genetic risk variants for related autoimmune diseases in
the context of common controls,” Nature Genetics, vol. 47, no. 7,
pp. 839–846, 2015.

[6] P.-P. Axisa and D. A. Hafler, “Multiple sclerosis: genetics,
biomarkers, treatments,” Current Opinion in Neurology, vol. 29,
no. 3, pp. 345–353, 2016.

[7] S. V. Ramagopalan, J. C. Knight, and G. C. Ebers, “Multiple
sclerosis and the major histocompatibility complex,” Current
Opinion in Neurology, vol. 22, no. 3, pp. 219–225, 2009.

[8] P.-A. Gourraud, H. F. Harbo, S. L. Hauser, and S. E. Baranzini,
“The genetics of multiple sclerosis: an up-to-date review,”
Immunological Reviews, vol. 248, no. 1, pp. 87–103, 2012.

[9] O. Santiago, J. Gutierrez, A. Sorlozano, J. de Dios Luna, E. Vil-
legas, and O. Fernandez, “Relation between Epstein-Barr virus
and multiple sclerosis: analytic study of scientific production,”
European Journal of Clinical Microbiology & Infectious Diseases,
vol. 29, no. 7, pp. 857–866, 2010.

[10] V. Pantazou, M. Schluep, and R. Du Pasquier, “Environmental
factors in multiple sclerosis,” Presse médicale, vol. 44, no. 4, pp.
e113–e120, 2015.

[11] R. Dobson, G. Giovannoni, and S. Ramagopalan, “The month
of birth effect in multiple sclerosis: systematic review, meta-
analysis and effect of latitude,” Journal of Neurology, Neuro-
surgery and Psychiatry, vol. 84, no. 4, pp. 427–432, 2013.

[12] P. Zhang, R.Wang, Z. Li et al., “The risk of smoking onmultiple
sclerosis: a meta-analysis based on 20,626 cases from case-
control and cohort studies,” PeerJ, vol. 2016, no. 3, article no.
1797, 2016.

[13] L. Brunetti and S. F. Hunter, “Implications for multiple sclerosis
in the era of the Affordable Care Act: an evolving treatment
paradigm,”The American Journal of Managed Care, vol. 20, no.
11, pp. S228–S241, 2014.

[14] K. Kowalec, B. Carleton, and H. Tremlett, “The potential role of
pharmacogenomics in the prevention of serious adverse drug
reactions in multiple sclerosis,” Multiple Sclerosis and Related
Disorders, vol. 2, no. 3, pp. 183–192, 2013.

[15] V. K. Harris and S. A. Sadiq, “Biomarkers of therapeutic
response in multiple sclerosis: current status,” Molecular Diag-
nosis and Therapy, vol. 18, no. 6, pp. 605–617, 2014.

[16] H. Hegen, I. Adrianto, C. J. Lessard et al., “Cytokine profiles
show heterogeneity of interferon-beta response in multiple
sclerosis patients,” Neurology� Neuroimmunology and Neuroin-
flammation, vol. 3, no. 2, p. e202, 2016.

[17] C. F. Samer, K. I. Lorenzini, V. Rollason, Y. Daali, and J. A.
Desmeules, “Applications of CYP450 testing in the clinical
setting,”Molecular Diagnosis andTherapy, vol. 17, no. 3, pp. 165–
184, 2013.

[18] U.S. Department of Health and Human Services FaDA, Center
forDrug Evaluation andResearch (CDER), Center for Biologics
Evaluation and Research (CBER) Guidance for Industry et al.,
http://www.fda.gov/downloads/Drugs/GuidanceCompliance-
RegulatoryInformation/Guidances/ucm073162.pdf, 2008.

http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm073162.pdf
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm073162.pdf


Multiple Sclerosis International 9

[19] U.S. Food and Drug Administration, “Table of pharmacoge-
nomic biomarkers in drug labeling,” http://www.fda.gov/
Drugs/ScienceResearch/ResearchAreas/Pharmacogenetics/
ucm083378.htm, 2016.

[20] ViivHealthcare, “Ziagen prescribing information,” https://www
.gsksource.com/pharma/content/dam/GlaxoSmithKline/US/
en/Prescribing Information/Ziagen/pdf/ZIAGEN-PI-MG.PDF,
2015.

[21] C. O. Plumpton, D. Roberts, M. Pirmohamed, and D. A.
Hughes, “A systematic review of economic evaluations of phar-
macogenetic testing for prevention of adverse drug reactions,”
PharmacoEconomics, vol. 34, no. 8, pp. 771–793, 2016.

[22] D. Van Nguyen, C. Vidal, J. Li, R. B. Fulton, and S. L. Fer-
nando, “Validation of a rapid test for HLA-B∗58:01/57:01 allele
screening to detect individuals at risk for drug-induced hyper-
sensitivity,” Pharmacogenomics, vol. 17, no. 5, pp. 473–480, 2016.

[23] Genentech Inc., “Zelboraf prescribing information,” http://
www.rxresource.org/prescription-information/ZELBORAF-
Genentech-Inc-SSF.html, 2011.

[24] A. List, S. Kurtin, D. J. Roe et al., “Efficacy of lenalidomide
in myelodysplastic syndromes,” The New England Journal of
Medicine, vol. 352, no. 6, pp. 549–557, 2005.

[25] Celgene Corporation, “Revlimid prescribing information,”
http://www.revlimid.com/wp-content/uploads/2013/11/PI.pdf,
2015.

[26] Vertex Pharmaceuticals Incorporated, “Kalydeco prescribing
information,” http://pi.vrtx.com/files/uspi ivacaftor.pdf, 2015.

[27] J. P. Clancy, S. G. Johnson, S. W. Yee et al., “Clinical pharma-
cogenetics implementation consortium (CPIC) guidelines for
ivacaftor therapy in the context of CFTR genotype,” Clinical
Pharmacology andTherapeutics, vol. 95, no. 6, pp. 592–597, 2014.

[28] D. Lvovs, O. O. Favorova, and A. V. Favorov, “A polygenic
approach to the study of polygenic diseases,” Acta Naturae, vol.
4, no. 3, pp. 59–71, 2012.

[29] M. V. Holmes, T. Shah, C. Vickery, L. Smeeth, A. D. Hingorani,
and J. P. Casas, “Fulfilling the promise of personalized medi-
cine? Systematic review and field synopsis of pharmacogenetic
studies,” PLoS ONE, vol. 4, no. 12, Article ID e7960, 2009.

[30] G. Zaza, S. Granata, F. Sallustio, G. Grandaliano, and F. P.
Schena, “Pharmacogenomics: a new paradigm to personalize
treatments in nephrology patients,” Clinical and Experimental
Immunology, vol. 159, no. 3, pp. 268–280, 2010.

[31] C. M. Lewis and J. Knight, “Introduction to genetic association
studies,” Cold Spring Harbor Protocols, vol. 7, no. 3, pp. 297–306,
2012.

[32] J. J. Crowley, P. F. Dullivan, and H. L. McLeod, “Pharmacoge-
nomic genome-wide association studies: lessons learned thus
far,” Pharmacogenomics, vol. 10, no. 2, pp. 161–163, 2009.

[33] C. E. Markowitz, “Interferon-beta: mechanism of action and
dosing issues,” Neurology, vol. 68, 4, no. 24, pp. S8–11, 2007.

[34] PRISMS (Prevention of Relapses and Disability by Interferon
beta-1a Subcutaneously in Multiple Sclerosis) Study Group,
“Randomised double-blind placebo-controlled study of inter-
feron beta-1a in relapsing/remitting multiple sclerosis,” The
Lancet, vol. 352, no. 9139, pp. 1498–1504, 1998, Erratum in: The
Lancet, vol. 353, no. 9153, pp. 678, 1999.

[35] L. D. Jacobs, D. L. Cookfair, and R. A. Rudick et al., “Intramus-
cular interferon beta-1a for disease progression in relaps-
ing multiple sclerosis. The Multiple Sclerosis Collaborative
Research Group (MSCRG),” Annals of Neurology, vol. 39, no. 3,
pp. 285–294, 1996.

[36] R. P. Kinkel, M. Dontchev, C. Kollman, T. T. Skaramagas, P. W.
O’Connor, and J. H. Simon, “Association between immediate
initiation of intramuscular interferon beta-1a at the time of a
clinically isolated syndrome and long-term outcomes: a 10-year
follow-up of the Controlled High-Risk Avonex Multiple Scle-
rosis Prevention Study In Ongoing Neurological Surveillance,”
Archives of Neurology, vol. 69, no. 2, pp. 183–190, 2012.

[37] L. Kappos, A. Traboulsee, C. Constantinescu et al., “Long-
term subcutaneous interferon beta-1a therapy in patients with
relapsing-remitting MS,” Neurology, vol. 67, no. 6, pp. 944–953,
2006.

[38] L. Kappos, B. Weinshenker, C. Pozzilli et al., “Interferon beta-
1b in secondary progressive MS: a combined analysis of the two
trials,” Neurology, vol. 63, no. 10, pp. 1779–1787, 2004.

[39] E. Tsareva, O. Kulakova, A. Boyko, and O. Favorova, “Phar-
macogenetics of multiple sclerosis: personalized therapy with
immunomodulatory drugs,” Pharmacogenetics and Genomics,
vol. 26, no. 3, pp. 103–115, 2016.

[40] I. Grossman, V. Knappertz, D. Laifenfeld et al., “Pharmacoge-
nomics strategies to optimize treatments for multiple sclerosis:
insights from clinical research,” Progress in Neurobiology, vol.
152, pp. 114–130, 2017.

[41] U. Sriram, L. F. Barcellos, P. Villoslada et al., “Pharmacogenomic
analysis of interferon receptor polymorphisms in multiple
sclerosis,” Genes and Immunity, vol. 4, no. 2, pp. 147–152, 2003.

[42] S. Cunningham, C. Graham, M. Hutchinson et al., “Pharma-
cogenomics of responsiveness to interferon IFN-𝛽 treatment
in multiple sclerosis: a genetic screen of 100 type I interferon-
inducible genes,” Clinical Pharmacology and Therapeutics, vol.
78, no. 6, pp. 635–646, 2005.

[43] S. Vosslamber, L. F. van der Voort, I. J. van den Elskamp et al.,
“Interferon regulatory factor 5 gene variants and pharmacolog-
ical and clinical outcome of interferon beta therapy in multiple
sclerosis,”Genes and Immunity, vol. 12, no. 6, pp. 466–472, 2011.

[44] R. Gross, B. C. Healy, S. Cepok et al., “Population structure
and HLA DRB1*1501 in the response of subjects with multiple
sclerosis to first-line treatments,” Journal of Neuroimmunology,
vol. 233, no. 1-2, pp. 168–174, 2011.

[45] S. Malhotra, C. Morcillo-Suárez, R. Nurtdinov et al., “Roles
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