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Summary

Biomarkers are key tools and can provide crucial infor-
mation on the complex cascade of events and molecular
mechanisms underlying pathophysiology and the secondary
pathologic cascades of rare diseases. Obtaining a profile of
distinct classes of biomarkers reflecting core pathologic
mechanisms could enable us to identify and characterize
the initial injury. Thus, they represent a logical adjunct to
improve diagnosis. Regular monitoring both for disease
onset and progression but also demonstrating the benefit of
potential treatment are of high value for the patients. Bi-
omarkers bring rationality in the treatment of patients with
rare diseases. We present review of the biomarkers, their
role in rare diseases diagnostic process and implementation
in currently available predictive and personalize medicine,
while characterizing their potential role and applications in
diagnosis, monitoring, drug discovery. In reviewing these
concepts, we discuss epidemiological and interventional
clinical studies as the important and powerful tool in bi-
omarkers development. Based on several examples outline
the advantages and limitations, perspectives and draw-
backs, for their use at the clinic.

Keywords: Biomarkers, Rare diseases, Personalized Medi-
cine, Diagnostic tests, Drug Innovation

Overview

The opportunity for world-changing breakthroughs and the
limitless potential of the life sciences are both exciting and
compelling to us. An interest in new therapeutic agents,
anging from the underlying basic mechanisms of disease,
the role of genetics, pathophysiology and pharmacotherapy
in genetic disorders and metabolic diseases, which are ex-
hausted with classic medical principles requires the transla-
tion of our scientific knowledge and emerging concepts of
the personalized medicine into early screening, diagnosis,
and individualized treatment of diseases. In this context,
the discovery of biomarkers in Rare diseases will be of
prime importance to enable timely prevention, early diag-
nose and effective treatment. >

Biomarkers represent key features in both diagnostics and
research on rare diseases and will encounter wide exploita-
tion in translational and personalized medicine. °

It is therefore actual to focus on identifying determinants
able to distinguish between specific disease stages, discrim-
inate states and probabilities of response to treatments- the
biomarkers-State of art.

The classic definition of a biomarker is “a characteristic
that is objectively measured and evaluated as an indicator
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of normal biological processes, pathogenic processes, or
pharmacological responses to a therapeutic intervention”
Biomarkers can be used to identify the primary cause or
track the primary and secondary pathophysiologic changes
at the genetic, RNA, protein, and metabolite levels. 12
Following the rules of regulatory authorities such as the
European Medicines Agency (EMA), the features of an
‘ideal’ biomarker, namely ® :

0 Analytical validity. Require for detection biomarker
accurately, reproducibly, with their clearly defined
technological limits. As the analytical accuracy de-
pends on laboratory procedures for biomarker discov-
ery and validation.

0 Clinical validity. Not be influenced by circumstan-
tial factors, always reflect a change in the disease. In
other words, identify specific disease parameters and
be sensitive to any change in them.

0 Non-invasiveness, accessibility, enable an early, sen-
sitive measurement, of disease severity etc. allow a dis-
order to be monitored at different time points, without
recourse to invasive procedures via the simple collec-
tion of body fluids (urine/blood) or scanned images
(e.g. MRI or PET, etc.)

0 Feasibility. Practical to identify and measure, as
well as invariable, irrespective of the type of sample for
collection, in its detection.

¢ Time and cost-effectiveness. Quick and easy to use,
not so expensive and time consuming to measure.

In other words ideal biomarker should be linked to clinical
manifestation or outcome, realistically reflects the burden
of the disease, reflects therapeutic measures, elucidates mo-
lecular pathogenesis of the disease, is easy to be quantified
reliably, easily accessible clinical sample. '’

Since 80 % of RDs are of genetic origin >, identification
causative genes, disease-causing mutations, polymor-
phisms, and phenotypic dynamic markers, i.e., RNA/
miRNAs, proteins, and metabolites are all considered valu-
able biomarkers to identify/characterize the disease as well
as the cellular pathophysiology.. A gene mutation causing a
Mendelian disease has to be considered as biomarker for
genetic diagnosis, according to the IRDiRC statement
(http://www.irdirc.eu), and, thus, all the gene discovery
methods considered as specific strategies for diagnostic
biomarker identification the advent of high-throughput
technologies such as genomics, transcriptomics, prote-
omics, metabolomics, and modern imaging.

Strategic approaches for biomarker discovery currently be-

ing applied:

1. Candidate approach: meta-analysis of data - proteins ,
specific transcripts with proven functional relationship
with the disease or some aspects of it. This approach is
less demanding but not effective, at least until the hu-
man profilomics will be fully defined.

High-throughput strategy takes advantage of the novel
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techniques (e.g. parallel sequencing, mass spectrometry
(MS), array expression profiling towards whole exome
sequencing, and similar omic approaches) to pick up and
identify a small cohort of biomarkers. This is a very cost
-intensive approach with a high potential ( EU BIO-
NMD project).

3. High-throughput/candidate-combined approach: uses the
high-throughput techniques using in silico methods
(software) that prioritize the candidates to be further
selected.

4. Parallel-omics: complex, parallel omic analysis
(genomic, proteomic, metabolomics, etc.) often per-
formed on the same individual/patient, at different
times and/or disease stages. To create personal omic
profiles, thereby lending themselves to the develop-
ment of personalised medicine strategies, it can be
widely used when omic techniques will become less
expensive and better interpretable in terms of bioinfor-
matics filters applied.

Biomarker determination disease genes detection
method:

Next-generation sequencing (NGS) techniques are based on
high-throughput genomic and transcriptomic sequencing-
capturing of target regions -coding regions only ( whole
exome sequencing), a specifically targeted gene region
(limited number of known genes), or whole-genome se-
quencing. The advantage of the WGS approach is covering,
all exons and non-coding genomic sequences that can act as
modifier can be informative for explanation of discordant
spectrum of phenotypes that is frequently observed in rare
diseases™

In some cases, mutations in causative genes can be consid-
ered biomarkers of disease severity. in the case of fragile X
syndrome , The CGQG triple-repeat located within the 5'
UTR of the FMRI1 gene expansion variability defines four
different phenotypes of a rare intellectual disability disor-
der and can therefore be used to distinguish between them ’
Cellular gene expression patterns are known to change in
health and disease. Global transcriptome assays now can be
done using the RNA-Seq technology that utilizes the next
generation sequencing methodology or a gene expression
microarray to perform transcriptome analysis qualitative
and quantitative variations at the RNA level.

Discovery of RNA variations:

For example, circulating miRNAs are found to be elevated
in serum of patients with Duchenne and Becker muscular
dystrophies. '* This supports the idea that genetic modifiers
exist and can influence both the phenotype and the clinical
severity of the disease and also response to therapy. The
level of the identified miRNAs decreased after exon skip-
ping therapy and restoration of dystrophin protein. Another
rare disease where alterations in miRNAs expression have
been observed is Rett syndrome in mice with disease-
causing mutations in the Mecp2 protein '
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Cellular pathways reflects the actual metabolic state of a
cell, tissue or organ, translating the genotype and epigenet-
ic factors into the phenotype.

An metabolomics approach

Detect alterations and deficiencies in the metabolic state
that is a cellular marker for as a molecular signature . af-
fected biochemical pathways can act as targets for drug
discovery.

Metabolomics studies are condensed into two main catego-
ries ;" In untargeted metabolomics from global profile of
the samples extract statistically different metabolites be-
tween control and test samples. Upon determining statisti-
cally significant metabolites, they are then subjected to val-
idation- “hypothesis generating metabolomics”.

By targeted metabolomics Disease-specific analytes can be
routinely screened-Organic acidemias, amino acid disor-
ders, fatty acid oxidation defects, congenital disorders of
glycosylation, and lysosomal storage , PKU-PHE, Ho-
moscystinuria- MET, Systemic carnitine deficiency.

More than 50 different monogenic Lysosomal storage dis-
eases (LSD) have been reported with multisystemic effects
involving the central nervous system, connective tissue,
skin, heart or other organs. CENTOGENE has developed
specific biomarkers for certain LSDs with therapeutic op-
tions. They can be analyzed from dried blood spots-One
single sample for complete patient diagnostics via enzyme
assay, biomarker analysis and genetic testing , appropriate
classification of identified genetic variants in single data-
base combining genotype and phenotype.

As an example, Morquio A syndrome, also named muco-
polysaccharidosis IVA is recessive lysosomal storage dis-
order caused by a mutation in N-acetylgalactosamine-6-
sulfatase gene (GALNS) ', ¥, which codes for keratan sul-
phate and chondroitin-6-sulphate. The mutation results in a
wide spectrum of clinical features involving skeletal and
dental abnormalities °, valvular heart disease, hearing and
visual impairment, and the identification of biomarkers
able to monitor the response to Enzyme replacement thera-
py (ERT). The diagnosis of MPS IVA is established with
detection of enzymatic activity of the lysosomal enzyme N-
acetylgalactosamine-sulfate sulfatase, GALNS gene se-
quencing and deletion/duplication testing of

the GALNS gene®”

Fabry disease is a lysosomal storage disorder which will
typically lead to the accumulation of the sphingolipid glo-
botriaosylceramide (Gb3) in numerous organs leads to pro-
gressive skin lesions, renal failure, cardiac and cerebrovas-
cular involvement, and peripheral neuropathy. (Schiffmann
R. Fabry disease. Handb Clin Neurol. 2015;132:231-48),
The most efficient and reliable method for the diagnosis of
Fabry disease in affected males is the demonstration of de-
ficient a-galactosidase A (0-Gal A) enzyme activity in plas-
ma, isolated leukocytes, and/or cultured cells. Males with
classic Fabry disease have less than 1% a-Gal A enzyme
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For example, Glycosylsphingosine is highly sensitive and
specific biomarker for primary diagnostic and follow-up
monitoring in Gaucher disease '®; Lyso-Gbl reflects severi-
ty of the individual mutation and concentration is linked to
clinical manifestation or outcome during ERT therapy.

An example of a diagnostic biomarker has been found in
Alexander disease (ALXDRD, OMIM: 203450), a very
rare neurodegenerative disorder (incidence of 1/2.7 million
per year) characterised by varying degrees of macroceph-
aly, spasticity, ataxia, and seizures. Causative mutations
have been identified in Glial Fibrillary Acidic Protein
(GFAP), which result in toxic accumulation of the protein
in astrocytes. Animal model studies have demonstrated that
transactivation of the GFAP promoter is an early indicator
of the disease process, and that GFAP level in the CSF
could be a potential biomarker in human patients.

Biomarkers are useful not only for diagnosis of rare diseas-
es. The current research focus to identification of bi-
omarkers, which is hoped will furnish as prognostic, pre-
dicative and pharmacological sources. That makes baseline
categorization of patients by the degree of risk for disease
occurrence/progression, classifies characteristics of pa-
tients by likelihood for response or evaluates dynamic bio-
logical response after a pharmaceutical intervention.

An example of prognostic biomarker for Marfan syndrome
(MFS, OMIM: 154700), by a wide spectrum of systemic
manifestations, is TGF-f. patients affected by MFS suffer
from an increased risk of cardiovascular complications that
lead to premature death, and a correlation has been demon-
strated between the larger aortic root diameters, coupled to
a faster aortic root growth, and high serum levels of trans-
forming growth factor-B (TGF-B). Increasing levels of TGF
-B predict cardiovascular events and thereby possesses sig-
nificant prognostic value.

The matrix metalloproteinase-9 (MMP-9) is as both a diag-
nostic and prognostic biomarker . in DMD, Indeed, DMD
patients showed a higher serum level of MMP-9 protein
and tissue inhibitors of metalloproteinase-1 (TIMP-1) pro-
teins with respect to controls.

A single disease can defined and monitored through differ-
ent types of biomarkers. For instance, in the case of cystic
fibrosis (CF), the G551D mutation and forced expiratory
volume in 1 second (FEV1) G551D is the third most com-
mon CF mutation and is a predicative biomarker because
knowing the specific CF mutation allows a clinician to pre-
dict whether a drug like Ivacaftor would be effective for
that individual patient.5 Ivacaftor is a potentiator that as-
sists in the folding of the CFTR protein to increase protein
functionality. FEV1 was used as a pharmacologic biomarker
to measure improvement in lung function, It is caused by
mutations in the cystic fibrosis conductance regulator gene
(CFTR), and it appears that miR-494 and miR-145 are sig-
nificantly over-expressed in CF tissues with respect to

5

those of healthy individuals, suggesting their role as disease
biomarkers.
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activity. (Lukas L. et al. Enzyme enhancers for the treat-
ment of Fabry and Pompe disease. Mol Ther. 2015 Mar;23
(3):456-64.

Proteomics

Due to the low invasiveness of the methods involved, pro-
teomic biomarkers are also very appealing in clinical trials
and/or screening (e.g. neonatal testing). New methods, like
mass-spectrometry characterizes metabolic alterations in
plasma. It allow diagnosing in the future the disease with
new valid biochemical markers earlier, with a higher sensi-
tivity and specificity. Established tandem mass spectrome-
try (MRM-MS) based biomarker tests for Gaucher, Nie-
mann-Pick type C, Fabry and Farber disease.

Biomarkers can offer an objective measurement of small
changes over a short period which is directly related to an
aspect of the condition even before the patient or the clini-
cian have noted a worsening in symptoms They suggest a
disease’s likely course, progression or activity and make
predictions about the benefits of a therapy or any effects.
The novel idea of RNA-Targeted splice-correction therapy
for Neuromuscular Diseases - Werdnig-Hoffmann disease
(SMA1). Which is a perfect example of benefit of multiple
-omics approaches. In recent ‘BforSMA” '° cross-sectional
study aimed at identifying novel biomarkers in spinal mus-
cular atrophy (SMA, OMIM: 253300 The SMN protein
plays a crucial role in RNA biosynthesis in all tissues,
forming a large, multiprotein complex that drives the as-
sembly of small nuclear ribonucleoproteins (snRNPs) of
the spliceosomes]. Preliminary results based on proteomics,
metabolomics, and transcriptomics discovery platforms
correlated with motor performance, as assessed by the
Modified Hammersmith  Functional Motor Scale
(MHFMS), and secondary measures, such as SMN2 copy
number, body mass, walking time scores, nutritional status,
and respiratory function, Candidate biomarkers were iden-
tified that significantly differentiated between disease and
control groups and that correlated with SMA disease sever-
ity. The top 35 hits from the proteomics analysis were used
to produce a multiplex immunoassay SMA-MAP panel ,
Although the majority of SMA cases (>95%) are caused by
homozygous deletions of exon 7 and/or exon 8 in
the SMNI gene '® other genes have also been associated
with SMA °. Confirmation of a clinical diagnosis through
genetic testing of SMN-negative spinal muscular atrophy
can allow for genetic counseling and may direct medical
management, expedite the discovery of new diagnostic
tools and treatments-the greatest chance of bringing science
to society from Bench to Bedside and Back (BBB).

Conclusions

Indeed, the creation of an exhaustive catalogue of approved
biomarkers may be the single most important innovation in
healthcare, bringing considerable clinical and economic
benefits. Although current science is heavily focused on the
development of drugs and companion diagnostic tests, in
the future, biomarker discovery and development will be
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vital for tailoring medical care to individual patients *

Personalized medicine has a high potential in translating
research results to clinical practice. In order to counter
small consumer base orphan drug are priorities, Given the
fact that undiagnosed diseases still constitute the largest
portion of the rare diseases cohorts, advances in the high-
throughput omics technologies will enable to universally
and objectively diagnose, measure disease progression,
unravel biochemical pathways that are potential drug tar-
gets.

Personalized medicine will be at the forefront of clinical
applications, and customizing the individualized treatment
will be guided by the individual’s specific biomarker pan-
els. and will have a high impact on increasing the quality of
medical care of rare disease patients, better align with pa-
tient-centric approaches, biomarker discovery represents a
giant leap towards the ultimate goal of truly personalized
medicine.
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