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of protein biomarkers and alleviate existing disappointments in the field. In this review, we discuss in detail in-
dividual phases of biomarker development pipeline, such as biomarker candidate identification, verification and

validation. We focus on mass spectrometry as a principal technique for protein identification and quantification,
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and discuss complementary -omics approaches for selection of biomarker candidates. Proteomic samples,
protein-based clinical laboratory tests and limitations of biomarker development are reviewed in detail, and crit-
ical assessment of all phases of biomarker development pipeline is provided. This article is part of a Special Issue
entitled: Medical Proteomics.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Biomedical and translational science literature widely claims that
molecular markers will revolutionize diagnosis and prognosis of almost
every disease, including cancer, neurodegeneration and cardiovascular
diseases. Such expectations arise mainly from recent exciting develop-
ments in the high-throughput -omics technologies which are set to an-
alyze expression of every human gene. Increased availability of -omics
technologies makes them very attractive to search for biomarkers and,
as aresult, leads to a steadily increasing number of biomarker discovery
studies. The number of publications which report on putative disease
biomarkers is continuously increasing, while the number of novel
Food and Drug Administration (FDA)-approved protein biomarkers
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remains very low [1-3]. Indeed, no major cancer biomarker for screen-
ing or early diagnosis has been approved in the last 25 years [4]. In fact,
the lately approved ovarian cancer biomarker, human epididymis pro-
tein 4 (HE4), is intended for either monitoring cancer recurrence [5]
or prediction of malignancy along with CA-125 [6], but not for early di-
agnosis. With the underestimated difficulties of biomarker discovery
and development, many overstated expectations are followed by later
disappointments in the actual progress in the field [4]. Rational design
and implementation of individual phases as parts of an integrated pipe-
line should facilitate systematic development of protein biomarkers and
may soon bring new successful stories to the field and alleviate existing
disappointments.

2. Proteins as biomarkers

Various classes of molecules may be considered as potential dis-
ease biomarkers. Advantages of proteins as a class include their enor-
mous diversity, dynamic turnover and secretion into blood and
bodily fluids. There is an estimated number of 20,300 genes [7],
40,000 unique metabolites [8], ~100,000 mRNA transcripts, and up
to 1.8 million of different proteoforms, if post-translational modifi-
cations are considered [9]. Such enormous diversity of proteoforms
increases chances to identify a marker, or a panel of markers, for
each disease state. Since protein sequences may also reflect some
genomic variations, a single instrumentation platform of mass spec-
trometry can measure not only changes in protein abundance, but
also genomic and transcriptomic variations, such as mutant proteins
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or alternatively spliced proteoforms. Finally, proteins secreted into
blood and body fluids can be measured with the minimally invasive
tests.

Enormous protein diversity, however, poses the analytical challenge
of detecting a specific protein in complex biological matrices. For exam-
ple, detection of a particular nucleotide in the genome of a human cell
should meet the analytical challenge of searching through 3.2 x 10°
nucleotides, while detection of a certain amino acid in interleukin 6 se-
quence in blood plasma has the challenge of searching through 10'3
amino acids [10]. Use of post-translational modifications as biomarkers
would be an even more challenging undertaking due to the even higher
complexity and dynamic turnover. For those reasons, typical protein
biomarker pipelines are still focused on discovery of consensus protein
sequences with differential abundance in disease rather than on discov-
ery of differences in proteoforms or post-translational modifications.

3. Addressing unmet clinical needs with protein biomarkers

Unmet clinical needs, the intended use of biomarkers and their po-
tential to facilitate the medical decision making in combination with
concurrent diagnostic procedures should be considered well in advance.
Specific applications of biomarkers typically include diagnosis, screen-
ing, prognosis, disease monitoring, or prediction of the response to
therapy [11].

The discovery of diagnostic biomarkers would benefit those diseases
for which the correct diagnosis is clinically challenging. For example,
there is no single diagnostic test for Alzheimer's disease, so its current
diagnosis is based on several criteria including medical history, mental
status testing and physical and neurological examinations [12]. Histo-
logical examination of post-mortem brain regions still remains the
gold standard for Alzheimer's disease diagnosis [ 13]. Although two cere-
brospinal fluid biomarkers, amyloid 3-protein fragments 1-42 and tau
protein, have been included in the diagnostic criteria for the symptom-
atic pre-dementia phase of Alzheimer's disease [14], new biomarkers
are needed for diagnosis of asymptomatic preclinical phase [15] and
for diagnosis through a minimally-invasive blood test [16]. Reduction
of numbers of invasive biopsies and diagnostic costs are additional
values of diagnostic biomarkers. Some diagnostic procedures, such as
computed tomography (CT) scan, may not be readily available in
small medical centers or remote areas. Blood-based biomarker tests
will thus facilitate quick decision-making and ultimately reduce diag-
nostic costs.

Early detection of rapidly progressing fatal diseases, such as cancer,
is needed to provide a sufficient time window for treatment. Identifica-
tion of screening biomarkers for early detection of rare diseases with low
prevalence in the population is very challenging and may not even be
feasible for some cancers [17]. For example, potential screening bio-
marker for ovarian cancer should have specificity of at least 99.5% at
80% sensitivity, to provide a positive predictive value of 10% [18]. Bio-
markers with prognostic value are needed to predict the disease out-
come and prescribe relevant therapies. Likewise, monitoring of disease
progression and prediction of therapy efficiency are other specific appli-
cations of biomarkers.

4. Biomarker development pipeline

Similar to drug discovery and development, biomarker development
should be designed as a multiple step process. The ultimate purpose of
the biomarker development pipeline (Fig. 1) is to assess as many candi-
dates as possible and exclude ineffective markers as early as possible.
Upon presentation of the unmet clinical needs, biomarker development
includes identification of proteins in the relevant biological sample,
qualification of biomarker candidates, verification of candidates in the
independent set of samples, development of a pre-clinical assay, clinical
validation, and, finally, assay approval by health agencies, such as the
FDA. The cost and duration of the whole biomarker development

pipeline may be as high and as long as the cost and duration of a drug
discovery project. For instance, it took nearly 8 years since the discovery
of human epididymis protein 4 (HE4), an ovarian cancer biomarker, to
conduct all essential validation studies and receive an FDA approval
[5,19]. Similar to HE4 story, heart failure biomarker interleukin 1
receptor-like 1 protein (also known as ST2) was discovered in 2003,
while its clinical assay was cleared by the FDA in 2011 [20]. And it
took almost two decades for tryptase, a serum-based biomarker of
mastocytosis, to reach the clinic [21].

The first phase of a biomarker development project often involves
identification of proteins in clinical samples. Even though mass spec-
trometry is the most powerful technique for protein identification, it
still suffers from relatively poor capabilities for protein quantification.
Various label-free and label-based approaches were introduced to
equip global protein identification with quantification capabilities and
thus facilitate selection of biomarker candidates. Following protein
identification, biomarker qualification provides an evidence of associa-
tion between protein abundance and the clinical outcome. Certain filter-
ing criteria are usually applied to select a manageable number of
candidates and proceed to the verification phase [22].

The aim of biomarker verification is to measure the most promis-
ing candidates in a large set of samples and exclude false candidates.
ELISA and mass spectrometry-based selected reaction monitoring
(SRM) [23] are commonly used assays for biomarker verification. Ad-
vantages of ELISA include low cost, high sensitivity and high-
throughput measurement of proteins in biological fluids of high
complexity, such as blood serum. SRM assays facilitate multiplex
verification of medium- and high-abundance proteins for which
immunoassays are not available and provide attractive multiplexing
capabilities. Combination of immunoaffinity enrichment of proteins
or peptides with mass spectrometry measurements resulted in
SISCAPA [24], MSIA [25], iMALDI [26], and immuno-SILAC ap-
proaches [27] which advanced verification of novel protein
biomarkers.

Biomarker verification is followed by development of a pre-clinical
assay and biomarker validation. Proper validation includes measure-
ment of each biomarker in hundreds of samples from multiple centers,
blinded analysis, establishment of reference values and selection of clin-
ically meaningful or surrogate endpoints [28,29].

Finally, a clinical-grade assay is developed and subjected for the
approval by the FDA. The list of FDA-approved protein biomarker as-
says currently includes more than 200 proteins [30]. The majority of
FDA-approved protein assays utilizes ELISA, and not a single mass
spectrometry-based protein assay has been approved for clinical
use yet [31]. In addition, there is no yet a single FDA-approved pro-
tein biomarker that has been discovered by mass spectrometry and
proteomics. Recently approved cancer biomarkers, HE4 protein and
PCA3 mRNA, were discovered by microarray-based differential
transcriptomic approaches. Due to the long duration of biomarker
development projects, we may soon witness the approval of protein
biomarkers which were discovered by mass spectrometry and prote-
omics in the 2000s.

5. Biological samples for protein biomarker discovery

A variety of biological samples such as blood, proximal fluids, tissue
samples, cell lines and laboratory animals (Fig. 2) are suitable for pro-
tein identification. Blood serum or blood plasma is routinely analyzed
in the clinical laboratory due to their minimally invasive collection
and systemic circulation. Being the fluid of choice from the clinician's
and patient's perspectives, blood plasma, however, is the most challeng-
ing sample to analyze by proteomic techniques. Blood plasma proteins
have a dynamic range of concentrations of more than ten orders of mag-
nitude, with albumin and cytokines being the most and the least abun-
dant proteins, respectively [3]. Such a wide dynamic range allows for
identification of high- and medium-abundance proteins while low-
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