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FOCUS ON BIOMARKERS

BIOMARKERS FOR MULTIPLE
SCLEROSIS

Promising biomarkers
such as HLA or myelin
antibodies have not
fulfilled expectations,
but many other
biomarkers are in the
pipeline to fill this niche.

by Pablo Villoslada

BIOMARKERS FOR THE MANAGEMENT
OF COMPLEX DISEASES

Complex diseases are characterized by a
multifactorial pathogenesis that leads to
wide clinical variability (1). For this reason,
the course of the disease and the response
to therapy can vary largely between
patients, even if groups can be established
of similar clinical phenotypes. The unpre-
dictability of complex diseases represents a
significant challenge for healthcare systems
and is an important priority from a patient’s
perspective. For this reason biomarkers offer
a promising approach to identify disease
stages or subgroups based on the ongoing
pathogenic events, in order to improve our
predictive abilities. In addition, the develop-
ment of effective biomarkers is one of the
more basic steps in the path of developing
personalized medicine (2).

The definition of a biomarker has been clar-
ified recently for regulatory purposes. Thus,
biomarker is a characteristic that is objec-
tively measured and evaluated as an indica-
tor of normal biological processes, patho-
genic processes or pharmacological respons-
es to a therapeutic intervention (3). A surro-
gate endpoint is a biomarker that is intend-
ed to substitute for a clinical endpoint and is
expected to predict the effect of a therapeu-
tic intervention. A clinical endpoint is a char-
acteristic or variable that measures how a
patient feels, functions or survives (3).
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Prentice’s criteria define two main proper-
ties of a biomarker: 1) the biomarker strong-
ly and significantly correlates with the clini-
cal endpoint; 2) the biomarker must fully
capture the net effect of the treatment on
the true clinical endpoint (4). Although the
first principle is included in the definition of
biomarkers, the second is often not consid-
ered and in general, it is very difficult to ful-
fill. Because the majority of chronic diseases
have a complex pathogenesis, an individual
biomarker is likely to reflect only one of the
many ongoing pathogenic processes. This
specificity of a biomarker for an individual
process is one reason why it does not serve
as a surrogate for the clinical outcome of a
complex disease. However, it also implies
that the clinical outcome, which reflects all
the pathophysiological processes that con-
tribute to the disease, is too insensitive to
capture the full effect of any therapeutic
application specific to an individual process.

False-positive and -negative biomarkers are
an important limitation to the discovery of
true biomarkers (5). False-positive biomark-
ers may arise if the changes in the biomark-
er reflect the effect of treatment, although
these effects are either irrelevant to the
pathophysiology of the disease or they are
clinically unimportant. False-negative bio-
markers reflect clinically relevant changes in
the pathophysiology but they do not capture
the mechanistic effects of the treatment
applied (e.g., T2 lesion load in magnetic res-
onance imaging [MRI] for neuroprotection
trials). In addition, they may arise if the bio-
marker is more sensitive than the clinical
marker or if the clinical marker is irrelevant
to a subset of the patients, to a novel mode
of action of the drug or to its new indication

(5).

SUMMARY

The pursuit of personalized medicine
requires the development of biomarkers
to predict disease course, monitor dis-
ease evolution, stratify patient sub-
groups by disease activity and to predict
and monitor response to therapies.
Multiple sclerosis (MS) is a common neu-
rological disease in young adults with an
unpredictable course that may be associ-
ated with significant disability, diminish-
ing the patient's quality of life. Currently,
disease prognosis is based on clinical
information (relapse rate and disability
scales) and diagnostic tests (brain MRI or
the presence of oligoclonal bands in the
cerebrospinal fluid). However, the ability
of neurologists to make an accurate
prognosis is very limited based on such
information, a situation perceived by
patients as one of their biggest concerns.
Although many recent studies have iden-
tified different molecules and imaging
techniques associated with the course of
MS, in most cases the diagnostic accura-
cy of such technologies has not been
properly assessed. This shortcoming is
partly due to the failure to validate such
biomarkers, which impedes their appli-
cation in clinical practice. However, the
recent validation of anti-aquaporin-4
antibodies for Devic's disease and the
development of optic coherent tomogra-
phy for MS, are examples of the benefits
that the development of MS biomarkers
can offer. Indeed, it may currently be nec-
essary to redress the bias in research
towards clinical validation rather than
discovery in order to promote transla-
tional research and improve patient's
quality of life.
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Biomarkers can be divided into different cat-
egories: 1) prognostic markers, 2) predictive
markers and 3) pharmacodynamic biomark-
ers (Fig. 1A) (6). Prognostic biomarkers seek
to predict the natural course of the disease,
distinguishing between good and bad out-
comes. Predictive biomarkers or response
biomarkers aim to establish the probability
a given patient will respond to a specific
therapy. Finally, pharmacodynamic bio-
markers measure the near-term treatment
effects of a drug on the disease, in order to
guide the doses required. Thus, at the treat-
ment level, the prognostic biomarker
addresses the decision to “treat or not
treat”, the predictive biomarker “which
drug”, and the pharmacodynamic biomarker
the “dose” (6). In addition to this diagnosis-
therapeutic approach, an alternative
approach is to search for pathway-based
biomarkers in order to stratify patients into
subgroups based on the main pathogenic
processes responsible for the disease that
will drive their response to therapy. This
pathway-based approach is the main focus
of the systems biology drug and biomarker
discovery approach (7).

The Food & Drug Administration (FDA) cat-
egorizes biomarkers as 1) exploratory bio-
markers, 2) possible valid biomarkers, 3)
known valid biomarkers and 4) regulatory
biomarkers (Box 1) (8). The regulatory

process at the FDA is guided by the Clinical
Laboratory Improvement ~Amendments
(CLIA) and by the CE mark of the European
Medicines Agency (EMA). Discovering bio-
markers is a multistep process involving bio-
marker identification, assay development,
biomarker validation, regulatory approval
and translation to clinical practice (Fig. 1B).
In order to validate biomarkers, it is neces-
sary to perform well-controlled observation-
al studies using the Standards for Reporting
of Diagnostic Accuracy (STARD) criteria
(www.consort-statement.org\stardstate-
ment.htm) (9). The STARD criteria are
equivalent to the CONSORT (Consolidated
Standards of Reporting Trials) criteria for
reporting clinical trials but they are aimed at
reporting the diagnostic accuracy of a test.
Calculating the diagnostic accuracy requires
establishing the number of patients that
must reach the clinical endpoint and calcu-
lating the sensitivity, specificity, positive and
negative predictive value, accuracy and the
area under the receiver operating character-
istic (ROC) curve (AUC). Although there are
many articles describing new exploratory
biomarkers every year, in most cases these
discoveries are not followed-up by system-
atic studies to validate the marker.
Moreover, new studies often fail to repro-
duce the original observation due to
methodological differences, poor study

design, the use of nonstandardized assays
or misleading statistical analysis based on
small sample sizes. This problem has been
particularly evident in the field of cancer,
where many biomarkers have been pro-
posed but few have been validated, a situa-
tion which has led to the release of a set of
standards (REMARK, REporting recommen-
dations for tumor MARKer prognostic stud-
ies) to report biomarker discovery (10).

THE NEED FOR BIOMARKERS IN
MULTIPLE SCLEROSIS

Biomarkers in multiple sclerosis (MS) can
play several different roles. They can be
used to improve our diagnostic capacity
when screening individuals at risk of suffer-
ing the disease, allowing early diagnosis
and preventive therapy. Although the sensi-
tivity and specificity of diagnosing MS based
on current criteria is high (11, 12), identifica-
tion of new biomarkers of the disease may
improve our capacity to diagnose more
complex cases or those where confounding
diseases imply the need for a differential
diagnosis. Even if the number of individuals
requiring such differential diagnosis is small
compared with the overall population of
patients, augmenting the accurate diagno-
sis of the disease will improve how the dis-
ease is managed as a whole.

Prognostic biomarker
Disease outcome?

Exploratory
biomarker

Assay
development

Possible
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Predictive biomarker
Which therapy?

Known
biomarker

Regulatory
biomarker

Pharmacodynamics

Regulatory
approval
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Which dose?

Clinical
practice

Figure 1. Role of biomarkers in patient management and biomarker development. A) Biomarkers are useful tools to address specific questions regarding
patient management and therapy. B) Development of a biomarker follows a process to some degree similar to drug development, until reaching clinical appli-

cation.
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MS BIOMARKERS

Box 1. Biomarker definition (FDA)

* Valid (regulatory) biomarker: A biomarker that is measured in an analytical test system with well-established performance characteristics and for which
there is an established scientific framework or body of evidence that elucidates the physiologic, toxicologic, pharmacologic or clinical significance of the

test results.

* Known valid biomarker: A biomarker that is measured in an analytical test system with well-established performance characteristics and for which there
is widespread agreement in the medical or scientific community about the physiologic, toxicologic, pharmacologic or clinical significance of the results.

Probable valid biomarker: A biomarker that is measured in an analytical test system with well-established performance characteristics and for which
there is a scientific framework or body of evidence that appears to elucidate the physiologic, toxicologic, pharmacologic or clinical significance of the

test results.

Source: U.S. FDA. Guidance for Industry: Pharmacogenomic Data Submissions.

The most important unmet need in MS is
the identification of biomarkers for the prog-
nosis of the disease (prognostic biomark-
ers). MS is a very variable and unpredictable
disease, this situation being one of the most
disturbing aspects referred to by patients
(13). The uncertainty about the short- and
long-term disease course poses significant
difficulties to reach the appropriate balance
between risk and benefits for therapies, as
well as when making decisions about per-
sonal life. In addition, obtaining predictive
biomarkers—those providing information
about response to therapy—is also a priority
since decisions about drug prescription are
currently based on population information
(efficacy of the therapy in cohorts of patients
with a similar phenotype). By identifying
which patients are more likely to respond
well to a given therapy, or which are at risk
of developing serious side effects (e.g., pro-
gressive multifocal leukoencephalopathy
[PML]), we can maximize the patient’s ben-
efits for a given therapy, significantly
improving the patient’s quality of life and
healthcare management. Moreover, devel-
opment of pharmacodynamic biomarkers
will permit the most convenient dosage to
be selected and adjusted over time.

Finally, biomarkers can be specific and
informative of the pathogenic processes
active in a given patient. As explained above,
in complex diseases like MS there may be
many pathogenic processes ongoing at dif-
ferent levels and in different individuals.
Hence, more knowledge of the active path-
ways would allow physicians to make a more
precise diagnosis at the physiopathological
level, which will drive disease management.
Indeed, different biomarkers have been pro-
posed for the inflammatory process (both
innate and immune system response), infec-
tions, demyelination, axonal damage and
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neurodegeneration, although these markers
still remain to be validated (14, 15).

PROPOSED BIOMARKERS FOR MS

In a PubMed search using the key words
“multiple sclerosis” and “biomarker”, we
obtained 2,980 entries reporting the identi-
fication of new molecular, cellular, imaging
or clinical variables associated with the
course of MS or its response to therapy.
However, a search using the same terms
plus the key words suggested by the STARD
criteria (“diagnostic accuracy”, “sensitivity”,
specificity” or "AUC") produced only 308
hits. This indicates the bias in research (and
publishing) towards the screening for new
biomarkers rather than validating previously
reported markers. This could reflect the fact
that exploratory studies can be done with a
small cohort of patients, whereas validation
requires prospective multicenter studies,
which are significantly more complex and
expensive.

The Biomarkers Module of Thomson Reuters
Integrity>™ (http://thomsonreutersintegri-
ty.com) is a specialized, manually curated
text-mining database that contains bio-
marker information published in scientific
papers and patents. A search of this data-
base using the condition “Multiple
Sclerosis” identified 319 entries, and it was
striking that the majority of these were in
the exploratory stage (including emerging,
experimental, early and late studies in
humans), and none had reached the known
or regulatory level. Moreover, the majority of
the biomarkers were related with new high
throughput techniques (genomics and pro-
teomics; Fig. 2A) (16). In terms of their med-
ical application, they were mainly focused
on the diagnosis of MS, including differen-
tial diagnosis (Fig. 2B), and only a few

addressed the unmet need in MS for prog-
nostic and predictive biomarkers.

A list of proposed biomarkers (molecular
and imaging) for MS is shown in Tables | and
[, which may not be complete if any mole-
cules or imaging techniques exist that have
not been described as biomarkers for MS.
The best known biomarkers for MS at the
molecular level is the presence of oligoclon-
al bands (OCB) in cerebrospinal fluid (CSF)
or an increase in the IgG index (17). OCB
have a known biomarker status, although
they may never reach the regulatory status
due to the lack of current commercial inter-
est. OCB have a high sensitivity and speci-
ficity for the diagnosis of MS and in addition,
the presence of OCB is a prognostic bio-
marker for the conversion from clinically iso-
lated syndrome to relapsing-remitting MS
(17, 18). Also, the presence of IgM OCB
seems to be associated with a more aggres-
sive disease (19, 20).

The field of genomics, including genetic
studies (genetic association studies and
linkage studies) and gene expression stud-
ies (DNA arrays, real time PCR), has been
particularly fruitful in providing new candi-
date markers, although outside of the
human leukocyte antigen (HLA) class Il it
has been quite poor in validating them (21,
22). However, recent genome-wide associa-
tion studies have started to provide valida-
tions for some such markers (Table 1),
although the low odds ratio of such genes
might prevent their usefulness as biomark-
ers of MS. The case of HLA is a particular
example of the difficulties in biomarker dis-
covery since even if the association between
HLA-DRBT¥1501 exists and it is associated
with a significant risk of suffering the dis-
ease (23), its utility is significantly impaired
by the fact that it is also a common allele in

587



MS BIOMARKERS P. Villoslada

mRNA
[T DNA
Protein
I Cerebrospinal fluid

Serum
M Plasma

B PBMC
B Urine

Brain

Diagnosis

M Differential
diagnosis
Risk factor

7] Monitoring

treatment efficacy

Prognosis

M Disease profiling

Figure 2. Current biomarkers in multiple sclerosis. A) Distribution of proposed multiple sclerosis bio-
markers (excluding imaging markers) available in the Biomarker Module of Thomson Reuters Integrity>™
database based on the technology and tissue and B) their role in clinical practice.

the general healthy population (30-60% of
the Caucasian population).

A new field in the search of biomarkers for
MS is pharmacogenomics and in a wider
perspective, biomarkers of the response to
therapy (predictive and pharmacodynamics
biomarkers) (24, 25). The first studies con-
ducted in this field have provided a list of
candidate biomarkers related with the
response to the most common therapies for
MS, such as interferon B or glatiramer
acetate (Table 1) (26-29). Again, the com-
plexity of the disease and the mode of
action of these drugs make identifying
markers difficult, as does the lack of a good
definition of the response to therapy, the
pleiotropic activity of the drug and the het-
erogeneity of the disease.

Another hot topic in MS is the discovery of
self-antibodies in the blood. Antibodies are
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ideal candidates as biomarkers because
they are very stable, specific for the antigen
and related to the pathogenesis of the dis-
ease. In MS, the search for antibodies has
been extensive, reporting many candidate
auto-antibodies (15, 30). However, none of
these have been validated to date, even
despite some extensive work as in the case
of anti-myelin-oligodendrocyte glycoprotein
antibodies (including the standardization of
many assays and well-conducted prospec-
tive studies) (31, 32). However, in the case of
neuromyelitis optica (NMO), the discovery of
the anti-aquaporin-4 antibody (anti-AQP4)
was further validated as having good sensi-
tivity and high specificity for the diagnosis of
the disease (33).

At the protein level, many of the candidate
markers reported are related to the study of
the pathogenesis of the disease, mainly at

the immunological level. They include
molecular mediators of the immune system
such as cytokines, chemokines, activation
markers or adhesion molecules (Table 1) (34,
35). However, even after decades of
research and the confirmation that a few of
these molecules are involved in the patho-
genesis of the disease, none have been con-
firmed as valid biomarkers (known or regu-
latory biomarker). The field of proteomics is
now starting to generate a long list of candi-
dates that will ultimately require further val-
idation (36-40).

Among the other biomarkers explored are
metabolites, lipids, self-antigens, cell phe-
notypes or viruses. Metabolomics is a grow-
ing area of interest due to the recent tech-
nological advances enabling thousands of
metabolites to be screened. Due to the crit-
ical role of intermediate metabolism in the
immune response and the response of brain
tissue to damage, such molecules are
actively screened in other fields like cancer
and a few of them have been reported in MS
(Table 1) (47). More recently, the role of vita-
min D in the susceptibility of MS has been
strengthened and it is actively pursued as a
marker of the disease (42). Although lipids
have been a topic of interest in MS research
given their prominent role in demyelination-
remyelination, technical limitations in the
study of lipids have hampered significant
advances in this field. However, new tech-
nologies may open the door to the efficient
analysis of lipids and to the new field of gly-
comics (43-45). Antigens represent a specif-
ic set of molecules with a distinct chemical
nature (and for this reason with different
technological needs) that are recognized by
the adaptive immune response. Identifying
the antigen targeted by the immune
response will allow the immune response
and the pathogenetic process to be moni-
tored. Since the explosion of molecular
immunology in the 1980s and the interest in
autoimmune diseases, a prominent search
for antigens involved in the pathogenesis of
MS has been carried out (34). However, we
have failed to definitely probe the main anti-
gen in MS, despite significant advances in
NMO with the discovery of AQP4. New tech-
nologies to screen hundreds of antigensin a
chip open new avenues to promote such dis-
covery (46).

Cell phenotyping has been another area of
intensive research due to the development
of cellularimmunology. Although numerous
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Table I. Candidate molecular biomarkers for multiple sclerosis.

Type
DNA
HLA

Genes?

Genes®

Genes*

mRNA

Proteins
Oligoclonal bands (OCB)
Antibodies

Cytokines

Chemokines

Complement
Adhesion molecules

Activation markers

Other®

Metabolites

Lipids

Examples

HLA-DRBT (1501, 1503, 0801, 0301, 0401, 1401), DRB5, HLA-DQA, HLA-DQB (0603), HLA-C

IL7R, IL2ZRA, CLECIBA, CD68, CD226, RPL5, DBCI, ALK, FAMB9A, TYKZ, CD6, IRFS, TNFRSFIA, SCIN, IL12A,
MPHOSPH9, RGSI, KIF21B, TMEM39A

ADAMTSI4, AGER, ALS2, ALOX5, BANK, CD226, CCDC97, CYPZ2S1, CTLA4, FAM5A, LECAMZ, GCCR, GSK3B,
GPC5, AFGF, EIBAPS, ITGA4, ICAM], IRF1, IENGRI, IENGRZ, IL10, IL12, IL13, IL2RA, IL23R, IL3, IL4, IL4R, IL5,
IL6, IL7, IL7R, IL9, CMT2A, GLODI, PTPRC, FDC, LFA3, MMP7, MMP9, TIMP3, MICB, MAPT, SLC25A8, MBP,
MAG, MPO, CMTIF, NPAS3, NPTXR, NT3, CARDI5, OPN, CMTIA, PAll, PECAMI, PLA2G7, PRR2, POU2AFI,
GGF2, NKNA, JAGT, PKCA, HIP, PONT, STATI, FLJ22950, LAP18, MMP3, SOD1, SYN3, PLAT, TCF7, TGFBI,
TGFB2, TNFA, NGFR, GITR, TNFR2, TNFRSF5, 4-1BB, AXL, VEGF, VAMP

CASP3, TRAIL, FLIP, COL25, GPC5, HAPLNI, CAST, STATI, IFNARI, IFNARZ2, MX1, IFNG, IL10, GRIA3, CIT,
ADAR, ZFAT, STARDI3, ZFHX4, FADST, MARCKS, IRF2, IRF4, IL4R, CASPI0, CASP7, IL8, IFIT3, RASGEFIB,
IFITT, OASL, IFI44, IFIT2, HLA-DRBT*1501, TCRB, CTSS

PDGFRA, BAX, BCL2, APAFI, API1, CASPI1, CASP2, CASP6, CASPS8, CASPIO, P53, COL3A1, DOCKI10, ADAMI7,
EGRz, EPHX2, EAATI, G3PD, CI1, HBB, HAVCR, IFI6, IFITMI, IFITM3, IFNARI, IFNARZ, ISG15, MX1, GIOPI,
GIOPZ, IL1B, ILTA, IL10, IL12, IL4, IL5, CLEC5B, LY6E, LT, LAPTM5, MIF, MBP, MYD8S, SIR2L1T, NOTCHZ,
FLJ00340, EBP-1, RIP15, PRDX5, PLSCRI, PSENZ, PDCD2, PDCD4, PARK7, JAGI, PKB, RSADZ, EB9, HIP,
NOGO, STK17A, TLR4, TLR6, NFKB3, TGFBI, TRIBT, TNFA, TRAIL, TNFSF12, APRIL, FASL, TNFRSFIZA,
UBEA4B, XIAPAFI1, RASGEFIB, OASL, MARKS

IgG index, IgG OCB, IgM OCB, light chains

Anti-MBP, anti-MOG, anti-GalC, anti-PLP, anti-OSP, anti-CNPase, anti-transaldolase, anti-proteasome,
anti-B-arrestin, anti-Gangliosides, anti-CRYAB, anti-HSP60, anti-HSP70, anti-HSP90, anti-ATP2C],
anti-KIAA1279, anti-PACSINZ, anti-SPAG16, anti-hnRNP B1, anti-Alu repeats, anti-NG2, anti-phosphatidyl-
choline, anti-NF, anti-NogoA, anti-tubulin, anti-enolase, anti-glycan, anti-triosephosphate isomerase (TPI),
anti-GAPDH

Anti-AQP4°

Neutralizing antibodies of interferon 3 or natalizumab

IL-1, IL-2, IL-3, IL-4, IL-5, IL=6, IL-10, IL-12, IL13, IL-15, IL17A, IL-18, 1L-23, TNF-a, TGF-, interferon 3,
interferon y

CCRe, CCR5, CCR7, CCL1Y, CCL2, CCL3, CCL4, CCL5, CCL8, CCL17, CCL21, CCL22, CXCR3, CXCR4,
CXCL5, CXCL10, CXCL12, CXCL13

(3, C3d, C4, C7 neoC9
ICAM-1, VCAM-I, E-selectin, L-selectin, LFA-1, VLA-4

CD25, CD40, CD80, CD86, CD26, CD30, OX40, Fas, TRAIL, OPN, CD127, CD45, CD47, CD16, CD279,
CD163, T-bet, CD1d, CD266, GITR, TNFR2

of3-Crystallin, neurofilaments (light-chain), tau, actin, tubulin, 14-3-3, neuronal enolase

Nogo-A, Lingo, ALDH, 1B glycoprotein, ai2-HS-glycoprotein, o-synuclein, A, ANX1-5, ApoA (I, IV, B, D),
APIN, BADRBKI, Arrestin, beta 1, beta-End, NGF, BDNF, CNTF, BRCA1, CRP, CB2, CD276, CD44,
chitotriosidase-1, chromogranin A, clusterin, contactinl, cystatin C, CD26, Mac-2 BP, gelsolin, GFAP,
haptoglobin, iNOS, IGFBP-3, interferon o, interferon y, MxA, IL-Tra, kallikrein-1, kallikrein-6, Manan-binding
lectin serine protease-1, MMP-9, TIMP-3, MICB, MBP, MAG, NT3, OLIG2, P2X7R, PDGFB, PD-L1, PD-L2,
IGFBP3R, COX-2, DJ-1, PACSINZ, protein C inhibitor, SIO0A, S100B, RBP4, secretogranin |, transferrin,
serum paraoxonase/arylesterase 1, Stat-1, SCN2A, Sox-9, Sox-10, SPAG16, MMP-3, SOD], tetranectin, tPA,
transferrin receptor, TGF-B, peripheral benzodiazepine receptor, transthyretin, TNFSF12, tissue factor, Fas,
vitamin D-binding protein, VDACI1, AZGP1

Folic acid, homocysteine, prostaglandin Ez' vitamin D, vitamin sz' vitamin BG, hydroxyindoleacetic acid,
iron, malonaldehyde, N-acetylaspartate, neopterin, nitrates, orosomucoid, sorbitol, thiobarbituric acid
reactive species, cholesterol, 24S-hydroxycholesterol

Galactocerebroside, gangliosides, sphingolipids, phosphatidyl-serine, oxidized cholesterol derivatives
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Exploratory
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Exploratory

Continued

589



MS BIOMARKERS P. Villoslada

Table I. Cont. Candidate molecular biomarkers for multiple sclerosis.

Type Examples

Antigens
AQP4°

Cell phenotypes

Viruses

MOG, MBP, PLP, B-arrestin, contactin 2,

Treg (Foxp3+, Trl, CD8reg)
Breg, NK cells, CD4, CD8, B cells (CD5"), macrophages, DC (myeloid and plasmacytoid)

EBV, HHV-6, MSRV, VZV

Status'

Exploratory
Known

Possible
Exploratory

Exploratory

IStatus: Exploratory biomarker (including emerging, experimental, early and late studies in humans according to the Biomarkers Module of Thomson Reuters

Integrity>); possible biomarker, known biomarker, regulatory biomarker (as per FDA definitions; see text).

2Genes discovered in genome-wide association studies and validated in subsequent studies.
3Genes reported as biomarkers in the Biomarkers Module of Thomson Reuters Integrity>™.
4Genes identified in pharmacogenomics studies for interferon-f3 therapy.

>Biomarker for neuromyelitis optica.

5Proteins identified by molecular biology methods (ELISA, Western blot), histology (immunohistochemistry or immunofluorescence) or proteomic methods in

different tissues (CSF, serum, brain, etc.).

cell surface markers and cell populations
have been proposed to be associated with
MS (47), difficulties in the standardization of
the techniques and the dynamic nature of
the process have hampered the validation of
a given cell phenotype as a biomarker of the
disease. Nevertheless, the identification of
regulatory T cells that are impaired in MS
and that are modified by disease-modifying
drugs is currently a very active area of
research (48-50).

Finally, measuring pathogen levels is also
another area in which there is an intense
search for biomarkers, particularly focusing
on viruses. The search for a pathogen asso-
ciated with MS has been constant and
although a role for environmental agents
has been proposed, along with associations
with different viruses and bacteria, to date
no such agent has been fully validated as a
biomarker (51, 52). This could be due to the
complex interaction between pathogens
and the immune system in the pathogenesis
of MS, which might prevent a single
pathogen from being detected in samples
from patients with MS. Nevertheless, in
recent years an association between
Epstein-Barr virus and MS has been clearly
established, although currently quantifying
viral load and Epstein-Barr virus antibody
titers is not sufficiently sensitive for it to
become a biomarker for the disease (53, 54).
Similarly, the association between human
herpes virus 6 or the MS-associated retro-
virus is promising, even though they have
not yet achieved the status as biomarkers for
the disease (55, 56).
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BIOMARKERS BASED ON SAMPLE TYPE
OR PATHOGENIC PROCESS

Identification of biomarkers is most often
closely related with the samples available
for study. By contrast to oncology, where the
main focus is the target tissue, in MS the
study of the brain is extremely unusual (only
a few cases are study by biopsy), excluding
post-mortem studies. For this reason, the
main focus is the analysis of blood and CSF,
and to a lesser extent urine. Biomarkers
determined in blood will be the most con-
venient ones due to its availability and
because it is a tissue that can reflect the
activity of the immune system. Indeed, its
relationship with the target tissue, it seems
an ideal place for looking for pathogenic
markers of the disease. For this reason,
most of the studies performed to date have
been performed on serum, plasma or blood
cells, screening for DNA, messenger RNA,
proteins, metabolites, antibodies, cytokines,
viruses, etc. (Fig. 2B). Indeed, the CSF is cur-
rently the only tissue that has provided a
known biomarker, namely the OCB (if we
exclude brain MRI). Moreover, several bio-
markers of axonal damage and neurode-
generation have been proposed, including
light-chain neurofilaments, tau, B-amyloid,
protein S100-B, 14-3-3 protein, glial fibril-
lary acidic protein (GFAP) or neuronal eno-
lase (57-59). Recently, a new standard in the
collection and biobanking of CSF has been
proposed which is going to ultimately
improve the ability of detecting biomarkers
in this fluid (60). Urine has also been stud-
ied, which has the advantage of collecting

molecules produced by metabolism but the
disadvantage of being quite far from the two
systems of interest, the brain and the
immune system. Several biomarkers in urine
have been proposed, including neopterin,
nitrate, y-globulins, myelin basic protein,
interleukins, prostaglandin or $-microglob-
ulin, but to date none of these have been
validated (61-64).

Another important area of research is the
discovery of biomarkers related to patholog-
ical processes, and several markers of
inflammation have been proposed, includ-
ing cytokines, chemokines, antibodies, com-
plement, adhesion molecules, antigen pres-
entation, cell cycle/apoptosis, etc. The
proposed markers of demyelination are
myelin basic protein-derived peptides or
myelin antibodies, while the markers of
axonal damage include neurofilaments, tau,
B-amyloid, protein S100-B, GFAP or neu-
ronal enolase (14, 59).

IMAGING AS A BIOMARKER FOR MS

Magnetic resonance imaging

Imaging is one of the most rapidly growing
areas of interest in the development of bio-
markers for complex diseases (65). In the
case of MS, MRI has completely changed
the diagnosis of the disease due its sensitiv-
ity to identify brain lesions and given that
the MS MRI criteria (Barkoff-Tintore criteria)
are also very specific (11, 12, 66). Several
imaging markers have been described as
prognostic biomarkers for MS, including the
presence of black hole, as well as the num-
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Table Il. Imaging markers for multiple sclerosis.

Technology

MRI

MS MRI criteria (Barkoff-Tintore)
TI

T2

Gadolinium (gad+)

lon particles contrast

Double inversion recovery

Brain volume

Magnetization transfer MRI

Spectroscopy

Diffusion MRI
Fractal dimension (FD)

Texture analysis

fMRI

Optic coherent tomography

Positron emission tomography

Marker

3-4 criteria: periventricular (3), juxtacortical, gad+, infratentorial, spinal cord lesions
Number and volume of T1 lesions, “black-holes”

Number and volume of T2 lesions

Number and volume of gad+ lesions

Number and volume of iron+ lesions

Cortical lesions

Brain parenchymal fraction, grey matter volume, white matter volume, spinal cord (cervical) volume,
regional volumes

Magnetization transfer ratio

NAA, glutamate, glutamine, GABA, choline, creatinine, myoinositol
glutathione, ascorbic acid

Mean diffusivity, diffusion tensor (tractography and voxelwise analysis)
White matter FD, grey matter FD

Gradient matrix, run-length matrix, grey level co-occurrence matrix, autoregressive model, wavelet
analysis

Regional activation (BOLD)

Thickness retinal nerve fiber layer and quadrants
Macular volume

Peripheral benzodiazepine receptor ligand (PK-11195, ['C]-vinpocetine)

Status’

Known
Known
Known
Known
Exploratory
Exploratory

Known

Possible

Possible
Exploratory

Possible
Exploratory

Exploratory

Known

Possible

Exploratory

Echography

Hypoechogenicity/hyperechogenicity Deep nuclei, third ventricle

'See explanation in Table I. MS, multiple sclerosis; MRI, magnetic resonance imaging.

ber and volume of T1, T2 and gadolinium-
enhancing lesions (Table Il) (11, 67). These
phenomena have been validated in previous
studies, becoming considered as known bio-
markers, and they are used as surrogate
endpoints in phase Il clinical trials. However,
they have still not reached the status of reg-
ulatory biomarkers approved by the FDA or
EMA as valid surrogate endpoints in phase
Il clinical trials.

At the pathogenic level, MRI markers are
partially informative of the disease process.
Indeed, there is a close relationship between
the breakdown of the brain-blood barrier
and presence of gadolinium enhancement,
although we know that not all brain—blood
barrier damage is captured by this marker.
T1 lesions are more closely associated with
axonal loss and tissue damage, although
such an association is far from perfect.
However, the pathogenic substrate of T2
lesions is more complex, including the pres-
ence of edema, demyelination, inflamma-
tion, astrogliosis or axonal loss. Hence, T2
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lesions would appear to lack specificity as a
biomarker of pathogenic processes (67, 68).

Brain atrophy is the imaging counterpart of
tissue destruction and tissue loss is current-
ly captured with brain volume measure-
ments using voxel-based morphometry.
Several markers have been described along
such lines, including the brain parenchymal
fraction, the volume of grey and white mat-
ter, cervical cord or regional volumes (e.qg.,
thalamus volume) (68). Such measure-
ments are associated with disease pheno-
type and disability, although they remain to
be validated as prognostic markers of the
disease.

Other MRI techniques that offer more infor-
mation about the disease and that may
serve as biomarkers of MS are magnetic
transfer imaging to calculate the magnetic
transfer ratio, MR spectroscopy, diffusion
weighted imaging, functional MRI, fractal
dimension analysis or texture analysis (69).
Magnetic transfer ratio provides a quantita-

Exploratory

tive measurement that is related to the
extent of demyelination, although difficul-
ties in standardizing the technique have
prevented it from entering multicenter stud-
ies (70). MR spectroscopy provides quanti-
tative information about several brain
metabolites (Table Il) and although it is cur-
rently used in the differential diagnosis of
several brain diseases (71), it has not been
validated as a marker for MS. Diffusion
weighted imaging is a rapidly advancing
technology that has provided several mark-
ers of brain damage related to the restricted
movement of molecules, yet validation stud-
ies are still necessary before it can produce
biomarkers for MS (72). Functional MRI pro-
vides information about brain activation by
measuring changes in blood flow. While it is
extensively used in cognitive sciences and it
has revealed how brain damage impairs
cognition in MS, it is still not a validated
marker for MS (68). Our group developed
fractal dimension analysis of the grey and
white matter as a marker for MS (73, 74).
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Fractal dimension captures the topological
complexity of an object like the brain, and it
is sensitive to the brain atrophy and
tissue changes related to MS, even at the
early stages of the disease. Indeed, frac-
tal dimension by MRI is currently in the
process of being validated as a biomarker
for MS.

Optic coherence tomography

Optic coherence tomography (OCT) provides
high-resolution measurements of the thick-
ness of the retinal nerve fiber layer (RNFL) or
the macula (75). The visual system is fre-
quently affected by the disease, leading to
axonal loss, which is captured by the RNFL
measurement at the head of the optic nerve.
We performed a study to validate the RNFL
thickness measured with OCT as a prognos-
tic biomarker of MS, detecting high specifici-
ty and intermediate sensitivity for predicting
future relapses and increases in the
Expanded Disability Status Scale 2 years
later (76). OCT holds promise as a biomarker
of the neurodegenerative processes in MS
and to become a surrogate marker for neuro-
protective therapies (68). The technological
advance represented by spectral-domain
OCT, with a very high spatio- temporal reso-
lution will significantly help make OCT a use-
ful biomarker for MS (77).

Table I1l. Clinical markers for multiple sclerosis.
Clinical variable
Disease subtype

Demographics
Topography first relapse

Disability after first relapse
Time to second relapse
Relapse frequency

Disability steps

Low contrast visual acuity
Visual evoked potentials

Motor evoked potentials

COMBINING BIOMARKERS WITH THE
CLINICAL MARKERS OF MS

Decades of research in the natural history of
MS have identified several clinical variables
as markers of MS (Table Ill). By contrast to the
biomarker field, the search for clinical mark-
ers of MS has led to the validation of many
known markers, such as those for the time to
the second relapse, relapse rate, progressive
subtype or reaching several disability steps
(78). Recently, low contrast visual acuity was
accepted as another known marker of the dis-
ease, which is also used as an endpoint in
clinical trials (79). Neurophysiological stud-
jes, including the measurement of evoked
potentials, can identify subclinical damage of
brain pathways and they are useful in the
diagnosis of the disease. Visual evoked
potentials and motor evoked potentials have
been explored as prognostic markers of the
disease, although more validation studies will
be necessary for them to become useful
markers (80).

The challenge in biomarker and clinical
research for MS is now how to combine all the
information and measurements these tech-
niques have made available in order to better
predict disease evolution and response to
therapy. As explained before, the complexity
and multifactorial nature of MS makes it diffi-
cult that a single biomarker will capture all
the dimensions of the disease, proving accu-

Marker
CIS, RR, SP, PP, PR

Sex (male), age at onset (> 40 years)
Month of birth, familiar MS

Motor, cerebellar, polyregional: bad outcome;
Sensitive or visual: good outcome

EDSS > O: bad outcome
<1year: bad outcome
Number of relapses previous 2 years

Time to EDSS 4.0
Time to EDSS 6.0
Time to EDSS 7.0

2.5%, 1.25% contrast visual acuity
Latency P100

Latency, amplitude

rate as a prognostic marker. For this reason,
developing algorithms or scores that com-
bine clinical, imaging and biological informa-
tion is a promising approach to the problem.
Accordingly, the use of computational classi-
fiers developed in the field of medical infor-
matics (neuronal networks, decision trees,
Bayesian classifiers or regression classifiers)
could be a good way to select the most useful
information and maximize its predictive abili-
ties (81-83).

DEFINING THE RESPONSE TO THERAPY
Predictive biomarkers are also of critical
interest in MS due to the limited efficacy,
cost and side effects associated with current
therapies. Current efforts are focused on
identifying biomarkers to identify respon-
ders and nonresponders to first-line thera-
pies (interferon B and glatiramer acetate), or
to predict and identify individuals at risk of
developing severe side effects at early
stages (e.g., PML in natalizumab-treated
patients) (84, 85). Most of the main efforts
along these lines have been made in phar-
macogenomics and imaging for interferon
[ therapy. Several genes have been associ-
ated with the response to interferon § (Table
I) and the persistence of gad* lesions, or the
increase in the T1or T2 lesion load, are being
pursued as markers of failure to respond to
the therapy (27, 85, 86). This is a growing

Status'
Known

Known
Exploratory

Known

Known
Known
Known

Known

Possible
Possible

Possible

ISee explanation in Table I. CIS, clinically isolated syndrome; RR, relapsing-remitting; SP, secondary-progressive; PP, primary-progressive; PR, progressive-

relapsing; EDSS, Expanded Disability Status Scale.
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area of interest that physicians, patients and
pharmaceutical companies are now
addressing under the paradigm of personal-
ized or stratified medicine, and it will clearly
pay dividends in the near future (2).

CONCLUSIONS

Research into biomarkers for MS is a very
active area that should move from the dis-
covery phase to the validation stage in order
to transfer the advances of biomedical
research to clinical practice, and to provide
benefits to patients and society. This process
is going to require an effort by clinicians,
researchers, funding agencies and journal
editors, placing emphasis on the validation
steps in order to provide more effective
markers. Validation requires conducting
prospective multicenter studies on large,
statistically relevant cohorts, the standardi-
zation of the techniques, the evaluation of
intercenter or intermachine variability,
reporting the diagnostic accuracy of the bio-
markers using accepted criteria such as
STARD, and applying for regulatory
approval when appropriate. In the process
of developing personalized medicine, we
must move from population data (statistics)
to individual predictions. Biomarkers must
be easy to apply in clinical practice, robust
to the center and platform differences, and
cost effective. In the field of demyelinating
diseases, we have seen dramatic changes in
the management of NMO through the dis-
covery of a biomarker such as anti-AQP4
antibody. However, in terms of MS, we have
seen that promising biomarkers such as
HLA or myelin antibodies have not fulfilled
expectations, although many other bio-
markers are in the pipeline to fill this niche.
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