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Preface to the Second Edition

Tremendous advances have taken place since the publication of the first edition of
this book in 2010, both in the discovery as well as applications of biomarkers. This
has necessitated the preparation of a second edition to provide up-to-date informa-
tion on this topic. Most of the original book has been rewritten, and new chapters
are added. Biomarkers are involved in every therapeutic area, particularly cancer.
Pharmaceutical companies are using biomarkers for drug discovery and develop-
ment, particularly in clinical trials. Biomarkers are now closely linked to practice of
personalized medicine.

Uniform style of presentation, characteristic of a single-author book, has been
maintained with minimal overlap between chapters. Instead of a bibliography at the
end of the book, the references cited in each chapter are appended at the end of the
chapter. This will be convenient for specialists such as oncologists, neurologists, car-
diologists, etc., who may wish to study only the chapters relevant to their area of inter-
est. Nevertheless, the first few and the last three chapters are of general interest for a
wide range of readers including basic scientists, pharmacologists, general physicians,
and those working in clinical laboratories and the pharmaceutical industry.

As in the first edition, the author acknowledges the help and encouragement from
the Springer editorial staff and management, particularly David Casey and Patrick
Marton.

Basel, Switzerland Kewal K. Jain, MD



Preface to the First Edition

This book is an overview of the state-of-art of biomarkers. A biomarker is a charac-
teristic that can be objectively measured and evaluated as an indicator of a physio-
logical as well as a pathological process or response to a therapeutic intervention.
Although there is nothing new about biomarkers such as glucose for diabetes and
blood pressure for hypertension, the current focus is on molecular biomarkers,
which have taken the center stage in the development of molecular medicine.
Molecular diagnostic technologies have enabled the discovery of molecular bio-
markers, and are helping in the definition of their role in pathomechanism of dis-
ease. Biomarkers form the basis of development of diagnostic assays as well targets
for drug discovery. Effect of drugs, in clinical trials as well as in practice, can be
monitored by biomarker assays.

There is a tremendous amount of literature on biomarkers, but there is no com-
prehensive source of information on the topic. Of the thousands of biomarkers that
are being discovered, relatively few are being validated for further applications, and
it is difficult to evaluate the potential of a biomarker. This book describes different
types of biomarkers and their discovery using various “-omics” technologies such
as proteomics and metabolomics along with the background information for evalu-
ations of biomarkers as well as the procedures for their validation and use in clinical
trials. Biomarkers are first described according to technologies and then according
to various diseases. An important feature is correlation with diseases and classifica-
tion of biomarkers, which provides the reader with a guide to sort out current and
future biomarkers.

This book would be an important source of information on biomarkers for scien-
tists as well as physicians, and those involved in drug discovery and development.
Many of the regulatory issues concerning biomarkers are related to proteomics,
molecular diagnostics, and pharmacogenomics/pharmacogenetics. By facilitating
the combination of therapeutics with diagnostics, biomarkers will play an important
role in the development of personalized medicine, which is an important emerging
trend in healthcare.

Basel, Switzerland Kewal K. Jain, MD
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Chapter 1
Introduction

Definitions

There are several definitions of biomarkers. A biomarker is a characteristic that can
be objectively measured and evaluated as an indicator of a physiological as well as a
pathological process or pharmacological response to a therapeutic intervention.
Classical biomarkers are measurable alterations in blood pressure, blood lactate lev-
els following exercise and blood glucose in diabetes mellitus. Any specific molecular
alteration of a cell on DNA, RNA, metabolite or protein level can be referred to as a
molecular biomarker. In the era of molecular biology, biomarkers usually mean
molecular biomarkers and can be divided into three broad categories:

1. Those that track disease progression over time and correlate with known clinical
measures

2. Those that detect the effect of a drug

3. Those that serve as surrogate endpoints in clinical trials

While researchers are studying all three categories, biotechnology and pharma-
ceutical companies favor using biomarkers as drug discovery tools — not only to
detect biological responses to experimental drugs but also to aid in the discovery of
new targets for therapeutic intervention. A biomarker can be as simple as a labora-
tory test or as complex as a pattern of genes or proteins. From a practical point of
view, the biomarker would specifically and sensitively reflect a disease state and
could be used for diagnosis as well as for disease monitoring during and following
therapy. The term “negative biomarker” is used for a marker that is deficient or
absent in a disease.

Surrogate endpoint is a biomarker that is intended to serve as a substitute for a
clinically meaningful endpoint and is expected to predict the effect of a therapeutic
intervention. A clinical endpoint is a clinically meaningful measure of how a patient
feels functions or survives. Clinical endpoints may be further classified as intermedi-
ate endpoints, which are clinical endpoints that are not the ultimate outcome, but are
nonetheless of real clinical usefulness, e.g. exacerbation rate, and ultimate clinical

© Springer Science+Business Media LLC 2017 1
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2 1 Introduction

outcomes, which are clinical endpoints reflective of the accumulation of irreversible
morbidity and survival. These definitions indicate a clear hierarchical distinction
between biomarkers and surrogate endpoints. While numerous laboratory biomark-
ers may be associated with a particular disease state, the term ‘surrogate’ indicates
the ability of a biomarker to provide information about the clinical prognosis or
efficacy of a therapy. The word ‘surrogate’ implies a strong correlation with a clinical
endpoint, but in order to be clinically useful a surrogate must provide information
about prognosis or therapeutic efficacy in a significantly shorter time than would be
needed by following the clinical endpoint.

Historically, successful surrogates have linked effects on biomarkers for single
effects in large populations but this framework needs to be expanded because it does
not recognize multidimensional quality of clinical response and thus conflicts with
current goals for individualized therapy. There is also the need to include possibility
that multiple biomarkers may provide useful information in aggregate. A biomarker
is valid if:

I. It can be measured in a test system with well established performance
characteristics
2. Evidence for its clinical significance has been established

Historical Aspects of Biomarkers

Historical landmarks in discovery and development of biomarkers are shown in
Table 1.1.

Classification of Biomarkers

A classification of biomarkers is shown in Table 1.2.

Biomarker as a Response to Therapeutic Intervention

A biomarker can be a pharmacologic response to therapeutic intervention. A phar-
macogenetic test is an assay intended to study interindividual variations in DNA
sequence related to drug absorption and disposition (pharmacokinetics) or drug
action (pharmacodynamics), including polymorphic variation in the genes that
encode the functions of transporters, metabolizing enzymes, receptors, and other
proteins.

A pharmacogenomic test is an assay intended to study interindividual variations
in whole-genome or candidate gene, SNPs, haplotype markers, or alterations in
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Table 1.1 Historical landmarks in discovery and development of biomarkers

Year Landmark

1847 The first laboratory test for a protein cancer biomarker, the Bence Jones protein
in urine.

1954 Test for the measurement of transaminases in myocardial infarction (Karmen
et al. 1954).

1960s The term “biomarker” started to appear in the literature on metabolites and
biochemical abnormalities associated with several diseases.

1967 An improved test for myocardial infarction based on a biomarker — serum
creatine phosphokinase (Rosalki 1967).

1971 Report of carcinoembryonic antigen (CEA) as biomarker of cancer (Moore et al.
1971).

1987 Troponin I as biomarker for myocardial infarction (Cummins et al. 1987)

Early 1990s  Accelerator mass spectrometry used for analysis of biological samples for
biomarkers

1995 Applications of proteomics for discovery of biomarkers and use in molecular
diagnostics.

1999 Emergence of metabolomics for study of biomarkers.

2000 Sequencing of the human genome completed, opening the way for discovery of

gene biomarkers.
2005 Discovery and application of biomarkers becomes a major activity in
biotechnology and biopharmaceutical industries.

© Jain PharmaBiotech

gene expression or inactivation that may be correlated with pharmacological
function and therapeutic response. In some cases, the pattern or profile of change is
the relevant biomarker, rather than changes in individual markers.

Biomarkers in relation to therapeutic response can be dynamic or static. Dynamic
biomarkers describe disease progression and associated treatment response, and are
widely used in patient care and drug development, e.g. dynamics of prostate specific
antigen for response to prostate cancer treatment (van Hasselt et al. 2015). Static
biomarkers are prognostic and predict a clinical response e.g. gene expression sig-
natures for prediction of clinical benefit of anticancer drugs (Cardoso et al. 2016).

Pharmacokinetic/Pharmacodynamics Biomarkers

Mechanism-based pharmacokinetic/pharmacodynamic (PK/PD) models differ from
empirical descriptive models in that they contain specific expressions to characterize
processes on the causal path between drug administration and effect. Mechanism-
based PK/PD models have much improved properties for extrapolation and predic-
tion. As such, they constitute a scientific basis for rational drug discovery and
development. Within the context of mechanism-based PK/PD modeling, a biomarker
is defined as a measure that characterizes, in a strictly quantitative manner, a process,
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Table 1.2 Classification of biomarkers

Disease biomarkers: type 0
Clues to pathomechanism of a disease
Diagnostic biomarkers for early detection of disease
Global biomarkers for tracking disease progression over time, e.g. tumor size

Process biomarkers are specific lab measures to capture molecular aspect of pathogenesis of
the disease

Prognostic biomarker for prognosis or outcome of disease

Progression biomarkers have predictive power for a desired outcome and can serve as
surrogate biomarkers

Diagnostic biomarkers

Molecular diagnostics, e.g. CA-125 for ovarian cancer

Biomarkers as links between diagnostics and therapeutics

Pattern diagnosis, e.g. serum protein biomarker pattern diagnosis of ovarian cancer
Biomarkers for drug discovery

Target biomarker: reports interaction of the drug with its target

Disease biomarkers as targets for drug discovery
Predictive biomarkers

Biomarker associated with a risk for disease as a candidate for a screening test

To predict disease at presymptomatic stage: autoantibodies

To predict the effect of a drug on disease

To predict the toxicity of a drug
Biomarkers to detect drug effects: type I biomarkers

Efficacy biomarker: indicator of beneficial effect of a drug

Mechanism biomarker: reports a downstream effect of a drug

Pharmacodynamic biomarker: indicator of pharmacological mechanisms and response to a

therapy

Toxicity biomarker: reports toxicological effect of a drug in in vitro or in vivo systems
Translation biomarker

A biomarker that can be applied in both a preclinical and clinical setting
Biomarkers as surrogate endpoints in clinical trials: type II biomarkers

As a substitute measure for clinical outcome, e.g. cholesterol levels in statin therapy

In vivo imaging as endpoint: MRI of multiple sclerosis lesions in interferon therapy
Valid biomarkers: validated in clinical trials

© Jain PharmaBiotech

which is on the causal path between drug administration and effect. Biomarkers
relevant to PK/PD are:

Genotype/phenotype for determining drug response

As indicatator of concentration of a drug or drug metabolite in the body
As indicators of molecular target activation or occupancy by a drug
Physiological measures

Pathophysiological measures

M.
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Predictive Biomarkers

Biomarkers may be used to predict the efficacy or toxicity of a drug. Finding reliable
biomarkers that are indicators of a certain response is difficult. So when looking for
biomarkers that can predict a certain clinical outcome the task becomes even more
challenging. Biomarkers for predicting toxicity, which is often dose-related, are dif-
ficult. These effects are usually studied by increasing the dose of a compound until
toxicity is observed. However, the predictive value of such an approach in patients
is very limited. What is needed is a biomarker that will predict toxicity in a certain
patient population.

In the chemoinformatics approach, chemistry-related toxicity can be predicted
with the help of databases of known drugs that links phenotypic toxicity to a specific
characteristic of a compound. However, other approaches are required for determin-
ing genomic-based toxicity.

Biomarkers are used in toxicogenomics as well. Toxicogenomics is based on the
idea that if the environment inside a cell is altered by an external stimulus, some of
the cell’s genes will likely express themselves in an atypical way. The more toxic
the external stimulus, the greater the number of genes that will be altered. Conversely,
if the stimulus is benign, then very few genes will change. Predictive toxicogenom-
ics, i.e. the acquisition of advanced knowledge of the safety profile of a compound
using genomic biomarkers, is a technology that provides much optimism for
improving early drug discovery decisions. Toxicogenomics creates an opportunity
to shift attrition to earlier stages in drug development to a point where course-
corrective action can be taken with relatively lower financial costs, thus improving
the efficiency of the drug development process. Toxicogenomics can be used for
predicting toxicity, both in vivo and in vitro, by using classification algorithms and
toxicogenomic databases for biomarker discovery and validation.

Valid Biomarkers

A valid biomarker is defined as 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 physio-
logic, toxicologic, pharmacologic, or clinical significance of test results. Validation
of a biomarker is context-specific and the criteria for validation will vary with the
intended use of the biomarker. The clinical utility (e.g. predict toxicity, effectiveness
or dosing) and use of epidemiology/ population data (e.g. strength of genotype-
phenotype associations) are examples of approaches that can be used to determine
the the necessary criteria for validation. Factors to be considering for approaching
biomarker validation are:

1. Consistency of the biomarker with known or expected physiologic or patho-
physiologic effects on the process
2. Acceptance and adoption by experts in the field
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Table 1.3 Terminology of clinically relevant biomarkers of disease

Term Application

Predisposition biomarker To identify predisposition to a disease, e.g. genetic
Screening biomarkers To identify those suffering from a disease

Staging biomarker To determine the stage of progression of the disease
Prediction biomarker To predict the course of the disease

Prognostic biomarker To assess disease progression and outcome.
Recurrence monitoring biomarkers To identify recurrence of the disease

© Jain PharmaBiotech

3. Utilization by pharmaceutical companies for decision-making about advancing
drugs into further development.

Table 1.3 lists the terms used for disease biomarkers in clinical development,
which is an expansion of type 0 biomarkers listed in Table 1.2. Regulatory aspects
of biomarker validation will be discussed in Chap. 19.

Types of Biomarkers

There are many ways of classifying biomarkers as reflected in the rest of this report.
The biomarkers may be simple molecules such as metabolites, carbohydrates (e.g.
glucose), steroids and lipids. Less simple are peptides and proteins such as insulin,
hemoglobin A and C, prostate specific antigen and C-reactive protein. More com-
plex biomarkers are cells such as platelets or T cells and autoantibodies. Patients as
clinical phenotypes are most complex but this topic will not be discussed in this
report.

Genes as Biomarkers

A gene is a sequence of chromosomal DNA that is required for the production of a
functional protein or a functional RNA molecule. Genes range in size from small
(1.5 kb for globin gene) to large (~2000 kb for Duchenne muscular dystrophy gene).
A gene includes not only the actual coding sequences but also adjacent nucleotide
sequences required for the proper expression of genes, i.e., for the production of a
normal mRNA molecule. Mature mRNA is about one-tenth the size of the gene
from which it is transcribed. The same DNA strand of a gene is always translated
into mRNA so that only one kind of mRNA is made for each gene. Transcription is
gene in action. Genes are often described as blueprints of life ands transmit inher-
ited traits from one generation to another.
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The activity of a gene, so called gene “expression” means that its DNA is used as
a blueprint to produce a specific protein. Not all the genes are expressed in a typical
human cell and those that are expressed vary from one cell to another. Patterns in
which a gene is expressed provide clues to its biological role. Malfunctioning of
genes is involved in most diseases, not only inherited ones. All functions of cells,
tissues and organs are controlled by differential gene expression. As an example, red
blood cells contain large amounts of the hemoglobin protein that is responsible for
carrying oxygen throughout the body. The abundance of hemoglobin in red blood
cells reflects the fact that its encoding gene, the hemoglobin gene, is actively tran-
scribed in the precursor cells that eventually produce red blood cells. In all other
cells of the body, the hemoglobin gene is silent. Accordingly, hemoglobin is present
only in red blood cells. It is now well established that differential gene expression
results in the carefully controlled (or regulated) expression of functional proteins,
such as hemoglobin and insulin.

Silent Gene Mutations

So-called silent, or synonymous, mutations change the sequence of a gene but not
the protein it encodes. Silent mutations can occur in noncoding regions (outside of
genes or within introns), or they may occur within exons. When they occur within
exons they either do not result in a change to the amino acid sequence of a protein
(synonymous substitution) or result in the insertion of an alternative amino acid
with similar properties to that of the original amino acid; in either case there is no
significant change in phenotype. Although previously thought to have no biological
effect, silent mutations are now considered to be associated with disease states.
Identification of silent mutations as biomarkers may not only improve diagnostics,
but enable gene-based therapies as well, by giving the patient an improved version
of the gene.

Epigenetic Biomarkers

Epigenetics is the study of chemical modifications in DNA and histones that regu-
late the gene expression or cellular phenotype. During the past decade this term has
evolved further with elucidation of various mechanisms involved in regulating gene
expression. Technologies for analyzing epigenetic changes, e.g. methylated DNA,
microRNA (miRNA) expression, post-translational modifications on histones, have
disclosed new biomarkers for the study of neurodegenerative diseases, multifacto-
rial complex diseases, rare diseases and cancer (Garcia-Giménez et al. 2012).
Lifestyle, stress, drugs, physiopathological situations and pharmacological inter-
ventions have a great impact on the epigenetic code of the cells by altering the
methylome, miRNA expression and the covalent histone modifications. Since there
is aneed to find new biomarkers and improve diagnosis for several diseases, research
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on epigenetic biomarkers for molecular diagnostics encourages the translation of
this field from the bench to clinical practice. In this context, deciphering intricate
epigenetic modifications involved in several molecular processes is a challenge that
remains to be addressed. Several high-throughput technologies and laboratory tech-
niques are available for epigenetic studies that can be reliably used in a clinical
diagnostic laboratory (Sandoval et al. 2013). Most promising advances in epigenetic
biomarkers have been achieved in cancer (see Chap. 13). Several autoimmune dis-
orders, diseases of the nervous system, and rare syndromes have specific impaired
molecular pathways with involvement of epigenetic mechanisms, thus providing
opportunities for the discovery of new epigenetic biomarkers. It is anticipated that
epigenome-wide association studies will increasingly complement genome-wide
association studies in the study of novel disease genes and clinically relevant bio-
markers, along with use of bioinformatics.

Proteins as Biomarkers

Proteins are fairly large molecules, made up of strings of amino acids linked like a
chain. There are 20 amino acids, and proteins range in length from a few to over a
thousand amino acids. Different combinations of amino acids link to form tens of
thousands of proteins. Proteins usually contain thousands of atoms precisely
arranged in a 3-D structure that is unique for each type.

As a protein is made, it “folds” itself into a complex, 3D shape, like a piece of
ribbon that has been crumpled up. Each protein has one folded shape, and consis-
tently folds into it, usually in less than a second. That complicated folded shape
dictates how the protein works, and also how it interacts with other entities.

The specific sequence of amino acids that make up each protein is coded by a
gene in the DNA of living cells. A protein cannot be synthesized without its mRNA
being present, but a protein can persist in the cell when its mRNA is no longer pres-
ent. However, mRNA may be present in abundance but the message is not translated
into proteins. There is, thus, no good correlation between mRNA and protein in a
cell at any given time. Protein synthesis is a very complicated process. Ribosomes
are the cell’s protein factories. RNA bridges in the ribosomes are not just support
structures but also a part of the protein forming machinery.

Peptides are small proteins that play a central role in almost all biological pro-
cesses. They function as biochemical messengers (for example: insulin, calcitonin
and angiotensin) or occur as metabolites of proteins.

Proteomics
The term ‘proteomics’ indicates PROTEins expressed by a genOME and is the sys-

tematic analysis of protein profiles of tissues. The term “proteome” refers to all
proteins produced by a species, much as the genome is the entire set of genes.
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Unlike the genome, the proteome varies with time and is defined as “the proteins
present in one sample (tissue, organism, cell culture) at a certain point in time”.
Proteomics parallels the related field of genomics. Now that the human genome has
been sequenced, we face the greater challenge of making use of this information for
improving healthcare and discovering new drugs. There is an increasing interest in
proteomics technologies now because DNA sequence information provides only a
static snapshot of the various ways in which the cell might use its proteins whereas
the life of the cell is a dynamic process. In addition to proteins, peptides (low molec-
ular weight proteins) are also biomarkers of disease in body tissues and can be
detected by proteomic technologies.

DNA Biomarkers

Genetic information is contained in the cells in the form of DNA. DNA consists of
two strands, which resemble a ladder coiled into a spiral shape - the double helix.
It is a macromolecule composed of linear array of nucleotides, each of which com-
prises a base plus a pentose sugar and phosphate. Only four nucleotide bases are
normally found in DNA: cytosine (C), thymine (T), adenine (A) and guanine (G).
The information content of the DNA is embodied in the sequential arrangement of
nucleotides. The assembly of higher order structures comprising multiple proteins
bound at distinct DNA sites initiates readout of information encoded in the
DNA. DNA contains the instructions for making proteins. There is a need to assess
DNA damage because of impact that different insults on genetic material may have
on human health.

Mitochondrial DNA

While autosomal nuclear DNA genes are confined to the nucleus, limited to two
copies per cell, the mitochondrial DNA (mtDNA) genes are distributed throughout
the cytoplasm and are present in numerous copies per cell. The mtDNA molecule is
relatively small containing 16,569 nucleotide pairs. Mitochondria are descendent of
a “bacterium-like” organism, which had a working relationship with our ancestral
cells so that they could produce energy from glucose and oxygen and store this
energy in the form of high-energy phosphate bonds of adenosine triphosphate
(ATP). As a remnant of its past life, each mitochondrion contains a “private” set of
genes that possess the genetic blueprint for the production of proteins and other
molecules that are critical to the process of cellular energy production. mtDNA
encodes for proteins that are components of the mitochondrial respiratory chain and
oxidative phosphorylation system. Mitochondria have a degree of autonomy within
the cell by virtue of having their own genome but it is limited because replication
and transcription of mtDNA is dependent on nuclear factors such as mitochondrial
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transcription factor a. mtDNA differs from DNA in cell nucleus in the following
important respects:

e It is strictly maternally inherited, does not recombine and therefore accumulates
mutations sequentially.

* It contains few non-coding sequences

e It has a slightly different genetic code, for example, the uridine - guanine -
adenine (UGA) codon is read as “tryptophan” rather than a “stop”.

Mitochondrial Mutations

There is growing evidence that defects of mtDNA causes disease. Majority of these
defects are due to point mutations or rearrangements of the mitochondrial genome,
while others, such as mtDNA deletions, are autosomally-linked. More than 100
mutations of mtDNA been associated with a striking variety of multisystemic as
well as tissue-specific human diseases. Disorders due to mutations in genes affect-
ing mitochondrial protein synthesis may erode the bioenergetic capacity of the tis-
sues contributing to the senescence process in aging. In contrast to the remarkable
progress in our understanding of etiology, pathogenesis is only partially explained
by the rules of mitochondrial genetics and remains largely unclear.

RNA Biomarkers

Ribonucleic acid (RNA) is the other major nucleic acid besides DNA but unlike
DNA, it is single-stranded. It contains ribose instead of deoxyribose as its sugar-
phosphate backbone, and that uracil (U) instead of thymine (T) in its pyramidine
bases. Like DNA, it can be assembled from nucleotides using DNA sequence as a
template and RNA polymerase. The structure of an RNA molecule is also deter-
mined by its DNA-derived sequence. If proteins are the hardware, RNA is the soft-
ware controlling how the genes are expressed to make proteins. RNA is unique in
being able to store and transmit information as well as process that information.

Classically RNAs can be classified into messenger RNAs (mRNAs), which are
translated into proteins, and non-protein-coding RNAs (ncRNAs). mRNA is the
short-lived intermediary in the transfer of genetic information from DNA to protein.
mRNA is transported out of the nucleus and is translated into protein on the cyto-
plasmic ribosomes. Transcriptome is the complete set of mRNA molecules of a cell,
tissue or an organism. Transcription preserves the whole information content of the
DNA sequence that it has been transcribed from, since the RNA has the same base-
pairing characteristics.

ncRNA genes produce functional RNA molecules rather than encoding proteins
and include transfer RNAs (tRNAs) and ribosomal RNAs (rRNA). rRNAs are
highly structured and conserved molecules found in all living organisms and are
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well established as phylogenetic markers. ncRNAs are very stable molecules, which
represents a very important prerequisite for an excellent biomarker. During the last
two decades several ncRNAs have emerged, having a diverse range of functions,
from structural through regulatory to catalytic. A dominating category is that of
small nucleolar (sno) RNAs, which act as guides to direct pseudouridylation and
2’'-O-ribose methylation in rRNA. Other categories are microRNAs (miRNAs),
antisense transcripts and transcriptional units containing a high density of stop
codons and lacking any extensive open reading frame. tRNAs are the most promis-
ing biomarkers as they are present in circulating biological fluids and can be conse-
quently tested with noninvasive and rather inexpensive methodology.

Human mRNAs are present in saliva and can be used as biomarkers of oral can-
cer, e.g., squamous cell carcinoma. Saliva harbors both full-length and partially
degraded forms of mRNA. RNA enters the oral cavity from different sources, and
association with macromolecules may protect salivary RNA from degradation.
However RNA is unstable and the degradation process is likely to start before the
cells are shed from the tissue, limiting its value as a biomarker. The results of mea-
surements of transcript levels in biopsies of oral tissue need to be interpreted with
caution. To address the problem of RNA instability, RNA is immediately stabilized
after the blood draw by PAXgene (PreAnalytiX). Total RNA is then extracted from
PAXgene-stabilized blood and subjected to microarray analysis (Debey-Pascher
et al. 2009). Combining RNA stabilization of peripheral blood with bead-based
oligonucleotide microarray technology is not only applicable to small single-center
studies with optimized infrastructure but also to large scale multicenter trials that
are mandatory for the development of predictive biomarkers for disease and treat-
ment outcome.

Transcriptomics

The focus of decoding genomic information for drug discovery has been mostly on
proteomics and mRNA (cDNA) analysis. A limitation of this approach is that the
information contained within the genome is first expressed in the form of “primary
transcripts” before it is processed into mRNA and proteins. The primary transcripts
may not lead to the formation of mRNA and proteins but perform crucial cellular
functions directly. Transcriptomics is the study of the entire set of RNA transcripts
of an organism.

A shared goal in transcript and proteomic profiling is the development of
biomarkers and signatures of chemical toxicity. Toxicity profiling with DNA micro-
arrays to measure all mRNA transcripts, or by global separation and identification
of proteins, has led to the discovery of better descriptors of toxicity, toxicant
classification and exposure monitoring than current indicators. Biomarkers and sig-
nature profiles are described for specific chemical toxicants that affect target organs
such as liver, kidney, neural tissues, gastrointestinal tract and skeletal muscle, for
specific disease models such as cancer and inflammation, and for unique chemical-
protein adducts underlying cell injury. The introduction of toxicogenomics databases
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supports researchers in sharing, analyzing, visualizing and mining expression data,
assist the integration of transcriptomics, proteomics and toxicology datasets, and
eventually will enable in silico biomarker and signature pattern discovery.

MicroRNAs

MicroRNAs (miRNAs), small mostly ncRNA gene products, are molecules derived
from larger segments of “precursor” RNA that are found in all diverse multicellular
organisms. miRNAs are 21-25-nucleotide transcripts that repress gene function
through interactions with target mRNAs. miRNAs target the control of gene activity
at multiple levels, specifically transcription, translation and protein degradation, i.e.
miRNAs act as meta-regulators of expression control. miRNA-mediated gene regu-
lation is guided by the base-pairing rules of Watson and Crick.

Each miRNA is thought to regulate multiple genes, and since >1000 miRNA
genes have been identified in humans, the potential regulatory circuitry afforded by
miRNA is enormous. Recent studies of miRNA expression implicate miRNAs in
viral disease, neurodevelopment, and cancer. In higher eukaryotes, the role of miR-
NAs in regulating gene expression could be as important as that of transcription
factors.

Metabolomics

The human metabolome is best understood by analogy to the human genome, i.e.
where the human genome is the set of all genes in a human, the human metabolome
is the set of all metabolites in a human. In a systems biology approach, metabolo-
mics provides a functional readout of changes determined by genetic blueprint,
regulation, protein abundance and modification, and environmental influence.
Metabolomics is the study of the small molecules, or metabolites, contained in a
human cell, tissue or organ (including fluids) and involved in primary and interme-
diary metabolism. It analyzes large arrays of metabolites, thereby extracting
biochemical information that reflects the true functional endpoints of biological
events. By definition, the metabolome should exclude enzymes, genetic material
and structural molecules such as glycosaminoglycans, and other polymeric units
that are degraded to small molecules but do not otherwise participate in metabolic
reactions.

A related term, metabonomics is the use of NMR technology to study metabolo-
mics, which is defined as the study of metabolic changes. It encompasses
metabolomics, metabolite target analysis, metabolite profiling, metabolic finger-
printing, metabolic profiling, and metabonomics. Examination of a sample using
multiple mass spectrometry (MS)-based technologies, nuclear magnetic resonance
(NMR), integration the data and analysis by proprietary software and algorithms
enables faster and more accurate understanding of a disease than previously
possible.
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The Human Metabolome Database (HMDB) of the Metabolomics Society
(http://metabolomicssociety.org/resources/metabolomics-databases) is a freely avai-
lable electronic database containing detailed information about small molecule
metabolites found in the human body. The database contains three kinds of data: (1)
chemical data; (2) clinical data; and (3) molecular biology/biochemistry data.
HMDB contains information on >6500 metabolites. Additionally, ~1500 protein
(and DNA) sequences are linked to these metabolite entries. Because the number of
metabolites that are biomarkers of metabolism is much smaller than 22,000 genes,
150,000 RNA transcripts and ~1 million unique proteins, the quantitative method of
analysis of the metabolome is easier.

Metabolites are like canaries in the coal mine as indicators of human health,
because the metabolome is highly sensitive to food, lifestyle, environment, seasons
and even mood. A single base change in DNA can lead to a 100,000-fold change in
metabolite levels. Unfortunately, <1% of known metabolites are being used in rou-
tine clinical testing. There is a need for development of tests based on metabolic
biomarkers.

Glycomics

The term glycome is defined, in analogy to the genome and proteome, as a whole
set of glycans produced in a single organism. Glycomics — an integrated approach
to study structure-function relationships of complex carbohydrates (or glycans) — is
an emerging field in in postgenomic era. Realizing the importance of glycomics,
many large scale research initiatives are generate novel resources and technologies
to advance glycomics, e.g. Consortium for Functional Glycomics (http://www.
functionalglycomics.org/). These initiatives are generating and cataloging diverse
data sets necessitating the development of bioinformatic platforms to acquire, inte-
grate, and disseminate these data sets in a meaningful fashion.

Glycoproteomics is the study of glycoproteins, which have a predominant role in
cell-cell and cell-substratum recognition events in multicellular organisms. There is
increasing recognition of the importance of post-translational modifications such as
glycosylation as diversifier of proteins and as potential modulator of their function
in health as well as in disease.

Glycosylation is greatly affected by diseases such as cancer, and serum glycan
biomarkers of various diseases have been investigated. For example, glycan bio-
markers of breast cancer will be described in Chap. 13.

Single Nucleotide Polymorphisms

Small stretches of DNA that differ in only one base are called single nucleotide
polymorphisms (SNP) and serve to distinguish one individual’s genetic material
from that of another. SNPs comprise some 80% of all known polymorphisms.
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Among the roughly 3-billion nucleotide base pairs (i.e. the “letters”) that make up
the genetic code, SNPs occur with a frequency of one per 500 base pairs so that
there are approximately 6 million SNPs. Each gene contains approximately 5 cod-
ing SNPs, which likely effect the expression of the currently estimated 30,000—
40,000 genes. Identification of SNPs is important as it helps in understanding the
genetic basis of common human diseases. In the absence of functional information
about which polymorphisms are biologically significant, it is desirable to test the
potential effect of all polymorphisms on drug response. Over nine million SNPs
have been identified already. Potential uses of SNP markers are:

e Genome analysis for linkage studies
* Genome scan for association studies
» Candidate gene mapping

* Drug discovery

* Prediction of adverse effects of drugs
e Prediction of drug efficacy

Haplotyping

Haplotypes are gene versions that represent the genetic variations as they occur on
each pair of chromosome in an individual — a genetic bar code with each line rep-
resenting a SNP. Gene-based haplotypes are comprised of a sequence of nucleotides
(approximately 25,000) that occur at SNP positions on a single chromosome at the
locus of a single gene. An alternative approach to SNP genotyping is haplotyping as
haplotypes contain more information than unorganized SNPs and, for practical pur-
poses, one has to deal with a dozen or fewer haplotypes for each gene. Thus, fewer
patients are needed to detect statistically significant correlation to drug response
than if SNP genotyping is used alone. This forms the basic of developing personal-
ized or individualized therapy.

Haplotypes are the most precise markers possible for a given gene because they
contain all the variations in a gene. Pairs of SNPs exhibit variability in the degree of
linkage disequilibrium (LD) that is a function of their location within a gene, dis-
tance from each other, population distribution, and population frequency.
Haplotyping is a way of characterizing combinations of SNPs that might influence
response to a drug and is considered to be a more accurate measure of phenotypic
variation. However, SNP-based tests have greater power when the number of caus-
ative SNPs (a subset of the total set of SNPs) is smaller than the total number of
haplotypes. One limitation of haplotyping is that haplotypes need to be determined
for each individual, as SNPs detected from a pool of DNA from a number of indi-
viduals cannot yield haplotypes.

Until whole-genome sequencing of individual patients becomes feasible clini-
cally, the identification of SNPs and haplotypes will prove instrumental in efforts to
individualize health care. When an extensive inventory of genome-wide SNP scans
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has been assembled across diverse population samples, LD maps using SNP and/or
haplotypes will dictate that it will not be necessary to identify the precise genes
involved in determining therapeutic efficacy or an adverse reaction. LD methods
will provide robust statistical correlations between a patients response/risk index for
a given drug class and a specific LD-SNP/haplotype profile.

Cell Biomarkers of Disease

Changes in cells may be used as biomarkers of disease. Organ-specific T cell popu-
lations can be identified by analysis of multiparameter flow cytometry data using
DNA-chip analysis software. This information can be used for assessing disease
progression and therapeutic intervention, and for the association of disease-related
biomarkers on the protein level.

Slide-based Optical LiveCell® Array Imaging Technology (http://www.
molecular-cytomics.com/) is a densely-packed hexagonal transparent array of
micron-size wells that hold intact, individual cells (live or fixed) in suspension. A
standard upright, inverted or confocal microscope is used with optional image anal-
ysis software. Kits are available for apoptosis and cell surface markers. Numerous
applications include study of cell biomarkers and medical diagnostics.

Stem Cell Biomarkers

Scientists have been using several methods to identify the cells from different
sources, including a common stem cell biomarker called CD34, but most cells
identified with this method are not true stem cells. The gene, ABCG2/Bcrpl, pro-
vides scientists with a much more accurate way of identifying true stem cells as the
stem cells in the bone marrow, skeletal muscle and the early mouse embryo all
express the ABCG2/Bcerpl gene in a highly specific manner. Stem cells from such
diverse sources share expression of this single gene, while most mature cells
showed no expression. This is particularly important because an accurate method
is needed to identify stem cells the adult bone marrow; in a sample of 100,000 bone
marrow cells, only one or two may be stem cells. An additional finding is that the
expression of the ABCG2/Bcerpl gene may ensure that stem cells remain in a prim-
itive state, i.e. they do not differentiate into red blood cells, white blood cells or
other kinds of cells. This finding might be useful in devising methods to control
stem cell differentiation. There is also a need for identification of tissue-specific
stem cells. A transgenic reporter gene approach has been used for hematopoietic
stem cells (HSCs).
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Association of Stem Cell Biomarkers with Disease

Identification of biomarkers associated with particular cell types can in some cases
be exploited and developed into indicators of certain types of disease. The best
known example is cancer stem cells. Relnnervate Ltd’s research team is using mass
spectrometry to identify novel biomarkers of neural stem cells. There is evidence
that markers of neural stem cells are upregulated in certain forms of brain cancer.
Such biomarkers may therefore also serve as potential diagnostic or prognostic indi-
cators of neural tumors.

Cancer Stem Cell Biomarkers

The lineages assumed by stem cells during hematopoiesis can be identified by
the pattern of protein markers present on the surface of cells at different stages of
differentiation. Specific antibodies directed at these markers have facilitated the
isolation of hematopoietic stem cells by flow cytometry. Similarly, cancer stem
cells in solid organs also can be identified using cell surface markers. In addition,
solid tumors contain small proportions of cells that are capable of proliferation,
self-renewal, and differentiation into the various cell types seen in the bulk
tumor. The tumor-initiating cells are termed cancer stem cells (CSCs) when mul-
tipotency and self-renewal have been demonstrated (Woodward and Sulman
2008). They often display characteristics of treatment resistance, particularly to
ionizing radiation. CSCs may be responsible for some of the characteristics of
the primary tumor in which they are found. Expression of Cripto-1 may represent
a useful biomarker to identify cancer stem cells in melanoma, and possibly other
aggressive tumors as well (Strizzi et al. 2008). Other examples of CSCs are given
along with biomarkers of individual cancers. Biomarkers of CSCs may be useful
for determining prognosis of cancer as well as targets for developing anticancer
therapies.

Endoglin as a Functional Biomarker of Stem Cells

Endoglin, an auxiliary transforming growth factor receptor, plays an important role
in angiogenesis and hematopoiesis, and is a functional biomarker of hematopoietic
stem cells HSCs) and neural crest stem cells (NCSCs). Only NCSCs expressing
high levels of endoglin have myogenic differentiation potential. Expression of
endoglin in NCSCs declines with age, coinciding with a reduction in both smooth
muscle differentiation potential and TGF-p1 responsiveness (Mancini et al. 2007).
These findings demonstrate a cell autonomous role for endoglin in smooth muscle
cell specification contributing to vascular integrity.
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p75NTR as a Biomarker to Isolate Adipose Tissue-Derived Stem Cells

Adipose tissue-derived stem cells (ASCs) have been isolated and collected from
mouse subcutaneous adipose tissue using the p75 neurotrophin receptor (p75NTR)
as a biomarker (Yamamoto et al. 2007). Adipose tissue was processed for immunos-
taining using antibodies anti-CD90, anti-CD105 and anti-Sca-1 as general MSC
biomarkers, and anti-p75SNTR, an epithelial stem cell and MSC marker. Subsequently,
the expression of cell surface markers in adipose tissue-derived stromal vascular
fraction culture cells was examined by FACS. Finally, cells positive for p7SNTR
were sorted and cultured to induce their differentiation into adipocytes, osteoblasts,
chondrocytes, smooth muscle cells and neuronal cells. Cells positive for several of
these biomarkers were found in the deep layers of adipose tissue. Among them,
those positive for p75SNTR differentiated into adipocytes, osteoblasts, chondrocytes,
smooth muscle cells and neuronal cells. The rate of differentiation into adipocytes,
osteoblasts and neuronal cells was higher for p75SNTR-positive cells than for
p75NTR-negative cells.

Protein Expression Profile as Biomarker of Stem Cells

Differentiation of cultured stem cells often depends on the expression of genes and
proteins, which could provide information on the developmental status of the cell or
culture system. There are few molecules, however, that show definitive expression
exclusively in a specific cell type. Moreover, reliance on a small number of mole-
cules that are not entirely accurate biomarkers of particular tissues can lead to mis-
interpretation in the characterization of the direction of cell differentiation. Mass
spectrometry has been used to examine proteins expressed in cultured cells as a
means to identify the developmental status of stem cells and their derivatives
in vitro. This approach is rapid and reproducible and it examines the expression of
several different biomarkers simultaneously, providing a profile of protein expres-
sion that more accurately corresponds to a particular type of cell differentiation.
Genome-wide expression profiling of ESC mRNAs and proteins and direct analyses
of the cell surface subproteome have demonstrated that ESCs express a diverse
range of biomarkers, cell surface antigens, and signaling molecules found in differ-
ent cell lineages, as well as a number of key molecules that assure stemness of the
cells (Nagano et al. 2008).

STEMPRO® EZChek™ for Analysis of Biomarkers of hESCs

The most important characteristic of human embryonic stem cells (hESCs) is their
pluripotency, or ability to differentiate into all three primitive cell lineages in the
body — endoderm, ectoderm and mesoderm. Scientists working with hESCs must
continually screen them to ascertain pluripotency. A preferred monitoring method is
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the use of PCR to amplify specific biomarkers associated with pluripotency. PCR is
a sensitive and early measurement of differentiation, but it requires the sacrifice of
sample cells, leaving fewer behind for research purposes.

The STEMPRO® EZChek™ Kit (ThermoFisher Scientific) enables the analysis
of four early differentiation biomarkers using a small sample and a single-tube reac-
tion. Without the kit, researchers need to carry out five separate reactions in five
tubes, using many more cells. In addition, the kit requires no extensive additional
training to achieve desired results.

SSEA-4 as Biomarker of MSCs

Stage-specific embryonic antigen 4 (SSEA-4), an early embryonic glycolipid anti-
gen commonly used as a biomarker for undifferentiated pluripotent hESCs and
cleavage to blastocyst stage embryos, also identifies the adult MSC (Gang et al.
2007). SSEA-4 will aid in singling out the mesenchymal stem cells (MSCs), for
more detailed scientific study as well as for possible medical applications. The abil-
ity to obtain a purer, more homogeneous population of MSCs is an important con-
sideration for applications such as tissue engineering, where only bone-generating
cells are needed. SSEA-4 molecule’s relationship to cancer stem cells is also being
investigated. If the expression of this marker elevated in a tumor, it might be useful
to identify cancer stem cells. That would be a very useful application, not only for
guiding therapy, but also for early cancer detection and perhaps prevention.

Gaseous Mediators as Biomarkers of Disease

Three gaseous mediators — nitric oxide (NO), carbon monoxide (CO) and hydrogen
sulfide (H,S) — are endogenously produced and act as signaling molecules in the
body. They are usually associated with toxicity but several beneficial effects have also
been investigated. H,S and CO regulate a number of physiological processes, includ-
ing the inflammatory response, cell death and proliferation, neural transmission and
smooth muscle tone. CO, poisonous in high level exposure, can also act as a neuropro-
tective agent. NO is most widely studied of these molecules and is mentioned as a
biomarkers in several parts of this report. Use of H,S as a biomarker for asthma, dia-
betes, atherosclerosis and neurodegenerative disorders is under investigation.

Autoantibodies as Biomarkers of Autoimmune Diseases

Many human diseases are the result of autoimmune attack, presumably related to a
loss of tolerance to self. Autoimmune disease can be divided into either organ-
specific illnesses, such as thyroid disease, type 1 diabetes, and mysasthenia gravis, or
systemic illnesses, such as rheumatoid arthritis and systemic lupus erythematosus.
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Table 1.4 Autoimmune disorders under study for autoantibodies as predictors

Disease

Clinical features

Status of autoantibody research

Addison’s disease

Antiphospholipid
syndrome
Celiac disease

Diabetes type 1:
insulin-dependent

Multiple sclerosis

Myasthenia gravis

Rheumatoid arthritis

Systemic lupus
erythematosus

Adrenal gland insufficiency:
hypotension, weakness and
weight loss

Recurrent clots in blood
vessels

Gastrointestinal disorder
triggered by gluten in food

Autoimmune destruction of
insulin-producing pancreatic
islet f cells

Demyelination and multiple
neurological deficits

Muscle weakness: loss of
ACh receptor density at the
neuromuscular junction

Chronic pain and inflammation
of the joints

Affecting several organs: joints
kidneys and skin

Autoantibodies to adrenal tissues
and enzyme 21-hydroxylase are
highly predictive in children.
Autoantibodies signal the risk of
various complications

Predictive autoantibodies that target
the enzyme tissue transglutaminase
have been identified.
Autoantibodies appear years before
the disease manifestations and
elevated glucose in blood
Autoantibodies to proteins in the
myelin sheaths of the nerve fibers
predict the risk of disease.
Autoantibodies are detected in
disease but not in the pre-
symptomatic phase by available
tests

Autoantibodies to citrulline have
been found years before the onset
of symptoms

Antibodies appear in 80% of the
patients before onset of symptoms

© Jain PharmaBiotech

The pathogenesis of autoimmune damage also segregates autoimmune disease in
that some diseases or manifestations are mainly induced by autoantibodies. Patho-
genesis may be mainly mediated by autoimmune T lymphocytes. Notwithstanding
the underlying mechanism of disease, virtually all autoimmune diseases are associ-
ated with circulating autoantibodies, which bind self-protein. Furthermore, for many
diseases these autoantibodies are found in serum samples many years before disease
onset. Autoantibodies might not be directly responsible for many of the manifesta-
tions of autoimmune disease, but they are markers of future disease in presently
healthy individuals. Tests that detect autoantibodies could warn of the need to take
preventive action. Long-term large studies of outcome are needed to assess the use of
assaying autoantibodies for prediction of disease. Autoimmune disorders that are
under study for autoantibodies as predictors of disease are shown in Table 1.4. Some
of these are described in more detail in chapters on various diseases.

Comparison of Various Types of Biomarkers

Comparison of various types of biomarkers is shown in Table 1.5.
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Biomarkers and Systems Biology

Systems biology is defined as the biology of dynamic interacting networks. It is also
referred to as pathway, network, or integrative biology. An analysis of the structure
and dynamics of network of interacting elements provides insights that are not obvi-
ous from analysis of the isolated components of the system. Types of biological
networks include the following:

* Gene regulator networks

e Metabolic networks

e Protein-protein interaction networks

e Protein nucleic acid interaction networks

¢ Enzymes and their interactions with substrates

Systems biology requires the use of a variety of analytic platforms as well as bio-
informatics, data integration, and modeling. The data can be incorporated into a
mathematical framework with some predictive abilities. Ultimately, this requires a
perspective on how complex systems behave and are modulated. Systems biology so
far has emphasized the characterization of large pathway maps. To study the function
of genes, it is necessary not only to see them in the context of gene networks, but also
to reach beyond describing network topology and to embrace the global dynamics of
networks that will reveal higher-order, collective behavior of the interacting genes.
The combination of high-throughput methods of molecular biology with advanced
mathematical and computational techniques has made it possible to screen and ana-
lyze the expression of entire genomes, simultaneously assess large numbers of pro-
teins and their prevalence, and characterize in detail the metabolic state of a cell
population. Complementing large-scale assessments, there are more subtle analyses
that rationalize the design and functioning of biological modules in exquisite detail.
This intricate side of systems biology aims at identifying the specific roles of
processes and signals in smaller, fully regulated systems by computing what would
happen if these signals were lacking or organized in a different fashion. The elucida-
tion of this system requires high-precision, dynamic in vivo metabolite data, com-
bined with methods of nonlinear systems analysis, and may serve as a paradigm for
multidisciplinary approaches to fine-scaled systems biology.

The National Institute of General Medical Sciences (NIGMS), which has created
two National Centers for Systems Biology in the US, has defined systems biology
as “an integrated experimental, informational, and computational science” that has
“benefited from advances in genomics, proteomics, metabolomics, and other high-
throughput technologies and is driven by innovations in computational analysis and
simulation.” These centers will study synthetic biology systems, multi-scale model-
ing approaches, signaling, genetic, and metabolic networks, and genetic variations
in relation to complex phenotypes.

Systems biology is providing new challenges for advancing science and technol-
ogy. Investigations based on system approach show that environmental exposures are
a greater contributor to biomarker variance than are internal biological parameters
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such as individual genetic makeup (Pleil 2009). The ultimate goal of this work is to
develop a framework for eventually assessing the total susceptibility ranges along the
toxicological pathway from exposure to effect.

Systems approaches to biomarker discovery may contribute to the discovery of
more accurate and robust predictors of disease and clinical responses (Azuaje 2010).
Analyses of pathways may provide new insight into the understanding of disease
processes, developing more efficient biomarkers and understanding mechanisms of
action of drugs. It is becoming increasingly apparent that the field of systems biol-
ogy will have a major role in creating a predictive, personalized, preventive, and
participatory (P4) approach to medicine (Galas and Hood 2009). It will also facili-
tate the transfer of technologies relevant to personalized medicine from preclinical
to clinical phase.

Systems Biology Approach to Biomarker Identification

Ideally, a systematic approach to biomarker identification will involve multiple
“-omic” technologies to investigate a disease process at all levels, including whole
genome association studies to identify causative mutations or polymorphisms, as
well as expression profiling, proteomics and metabolomics to identify expression
signatures and protein and small-molecule profiles that are either specific to the
disease process or provide mechanistic insights into disease pathology. Table 1.6
summarizes the use of various “omics” technologies — genomics, epigenomics/
epigenetics, proteomics, glycomics and metabolomics — for discovery of biomark-
ers. Many of these biomarkers are interrelated in some way. Genomics is used to
identify relevant disease genes, aberrant cellular signaling pathways and expression
signatures correlated with disease. Proteomics is used to identify aberrant protein
expression, post-translational modification, protein interactions and protein profiles
that are specific to a particular disorder. Finally, metabolomics is implemented to
identify the presence of abnormal levels of small molecule metabolites that are spe-
cific to and indicative of an underlying disease process.

The qualitative nature of pathology’s immunohistochemical biomarkers, how-
ever, cannot be extrapolated to the realm of “omics” biomarkers, and the latter
should be defined within their own paradigm preferably through a systems biology
approach (Abu-Asab et al. 2011). The authors have proposed that only shared
derived mutations/expressions (also known as clonal aberrations or synapomor-
phies) in relation to normal conditions are the potential omics biomarkers. Within
the evolutionary paradigm, they demonstrated how a parsimony phylogenetic analy-
sis models a disease onto a tree-like diagram — the cladogram that maps heteroge-
neous multigene expression profiles and at the same time shows the major shared
clonal expressions at various levels of the hierarchical classification. Shared clonal
expressions are the potential omics biomarkers that can be translated to a clinical
setting in order to provide specimen characterization for early detection, diagnosis,
prognosis, and posttreatment assessment.
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Table 1.6 Various “omics” technologies for discovery of biomarkers

“Omics” Sample sources Technologies Applications
Genomics Nucleated cells Positional cloning Mapping of disease
loci
Nucleated cells SNP genotyping Identification of
disease gene
Nucleated cells Microsatellites Mapping of disease
loci
Pathologically Expression arrays Identification of
affected cells dysregulated genes
Pathologically Comparative genomic Detection of gene
affected cells hybridization arrays amplification and loss
of heterozygosity
Epigenetics/ Affected tissues Analysis of DNA Biomarkers and
epigenomics methylation molecular diagnostics,
Exome sequencing, e.g. cancer
bioinformatics
Proteomics Affected tissues 2D gel electrophoresis, Identification of
Body fluids: urine, liquid chromatography- protein biomarkers
blood, saliva mass spectrometry
(LC-MS), ICAT-MS
Metabonomics Body fluids: urine, Nuclear magnetic Identification of small
blood, saliva resonance (NMR) molecules
MS
Glycomics Body fluids: urine, NMR Identification of
blood, saliva Oligosaccharide arrays carbohydrates
Identification of
glycoproteins
© Jain PharmaBiotech

Relation of Biomarkers to Other Technologies and Healthcare

Relation of biomarkers to other technologies and healthcare is shown in Fig. 1.1.

Biomarkers and Translational Medicine

Translational medicine deals with transfer of technologies from preclinical research
into clinical application. Biomarkers play an important in translational medicine as
shown in Table 1.7.
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Fig. 1.1 Relation of biomarkers to other technologies and healthcare (© Jain PharmaBiotech)

Table 1.7 Role of biomarkers in translational medicine

Diagnostic biomarkers
Biomarker discovery and development into diagnostics, e.g. imaging or serum
Biomarker scoring systems to grade their predictive potency
Biomarkers for study of pathomechanism of diseases
Translational toxicology using biomarkers

Use of diagnostic biomarkers as basis for drug development

Role of biomarkers in transition from preclinical to clinical studies
Following a consistent set of biomarkers from preclinical studies to phase III trials
Using the same imaging biomarker analysis software for preclinical and clinical studies

© Jain PharmaBiotech

Role of Biomarkers in Monitoring of Diseases

Biomarker are expressed variably in the healthy population, but elevated baseline
levels define increased risk for disease progression. Incorporation of biomarker
analysis assists in early diagnosis, treatment choice, and early intervention, result-
ing in reduced disease load and time to recovery. In contrast, without biomarker
monitoring, individuals at risk of disease experience both an increased disease load
and longer time to recovery (Shoemaker et al. 2012).
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Limitations of use of Biomarkers in Healthcare

Of the thousands of biomarkers that have been discovered and hundreds that are
being reported every month, only a small number is validated and clinically useful.
Several DNA biomarkers that are being reported are discovered by using and statis-
tically flawed methods and their clinical value is negligible. Several biomarker,

ELINNT3

described as “predisposition”, “risk factor” or “susceptibility” indicators, may not
be used as a basis for predictive testing because they are found too frequently in
healthy people and may not develop the suspected disease although they may have
a higher statistical probability that a disease will occur. Such predictive tests derived
from this class of biomarker may lead physicians and patients to make medical,
dietary and quality of life decisions, which may be useless. If they are used by phar-
maceutical companies, the resulting drugs will not be effective in the majority of
eligible patients.
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Chapter 2
Technologies for Discovery of Biomarkers

Introduction

Biomarkers are present in all parts of the body including body fluids and tissues.
Most of the clinical laboratory examinations are done on body fluids such as blood
and urine. Biomarkers can be detected on imaging studies or examination of body
tissues. Even exhaled breath contains biomarkers. A wide range of technologies
is utilized for detection of biomarkers and a number of assays are already
available.

The Ideal Biomarker

From a practical point of view, the biomarker would specifically and sensitively
reflect a disease state that could be used for diagnosis as well as for disease monitor-
ing during and following therapy. Characteristics of an ideal biomarker are:

e According to the FDA, an ideal biomarker must be specifically associated with a
particular disease or disease state and be able to differentiate between similar
physiological conditions.

e It would be desirable if standard biological sources, such as serum and urine,
could be used for identifying biomarkers.

* Arapid, simple, accurate and inexpensive detection of the relevant marker should
be available, together with a measurable and standard baseline as a reference
point.

An ideal biomarker should have a predictable expression level: this would dem-
onstrate a clear association between measurable states and potential conditions.

© Springer Science+Business Media LLC 2017 27
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Genomic Technologies

A major impact of the Human Genome Project (HGP), which identified the three
billion base pairs that comprise the human genome, is on molecular diagnostics.
Many technologies developed during sequencing the human genome are being
applied in molecular diagnostics and have led to discovery of biomarkers. Several
genomic technologies used for biomarker discovery are also listed in molecular
diagnostics. The presence of a gene mutation or specific gene alleles tested at the
level of the patient’s genome is not the same as gene expression and merely indi-
cates that the patient is at risk for a certain disease. It does not tell us if the patient
has the disease or when it may develop. Gene expression is important for this infor-
mation and will be discussed here.

Gene Expression

Gene expression is used for studying gene function. Knowledge of which genes are
expressed in healthy and diseased tissues would allow us to identify both the protein
required for normal function and the abnormalities causing disease. Gene expres-
sion is a biomarker that will help in the development of new diagnostic tests for
various illnesses. Gene expression analysis provides a means for researchers to sur-
vey and measure gene activity in various disease populations, stages of disease
development, and other defined research conditions. It may also be used for safety
assessment of therapeutics and chemical substances in toxicology studies, to vali-
date drug targets, and in preclinical drug development research. Comprehensive,
high information content, gene expression profiles obtained at early stages in drug
discovery will ensure selection of the optimal path from target and lead to commer-
cial product and minimize the risk of failure at later stages in development. A clas-
sification of methods of gene expression analysis is shown in Table 2.1.

Whole Genome Expression Array

The Life Technologies Corp Expression Array System is based on highly sensitive,
chemiluminescent technology for gene expression detection and incorporates DNA
probes that are each approximately 60 base pairs long. Chemiluminescent detection
uses an enzymatic initiated chemical reaction to generate light without the need for
a laser. The combination of chemiluminescence and long oligonucleotides is
expected to provide higher sensitivity than other microarray products that incorpo-
rate shorter oligonucleotide lengths or use fluorescence detection methods. The
long oligonucleotides enable tighter binding to the target, which leads to the detec-
tion of more genes with greater selectivity and specificity.
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Table 2.1 Classification of methods of gene expression analysis

Genome-wide methods
Microarrays: Whole genome expression Array
Serial analysis of gene expression (SAGE)
Expressed sequence tags (ESTs) analysis
Gene expression profiling based on alternative RNA splicing
Tangerine expression profiling

Individual sequences
Real time RT-PCR
Competitive RT-PCR
RNase protection assay
T cell receptor expression analysis

Analysis of single-cell gene expression

RNA amplification

Monitoring in vivo gene expression

Magnetic resonance imaging (MRI)

©Jain PharmaBiotech

The Life Technologies Corp's Expression Array System includes, on a single
microarray, probes to detect an annotated and fully curated set of more than 20,000
human genes. This high-quality genomic information was derived from data from
both public sources and Celera Genomics. Life Technologies Corp employed its
sophisticated bioinformatics pipeline to design oligonucleotide probes (synthetic
DNA) based on these well-defined genes for use on the microarray. In addition to
the new microarray, the system comprises the 1700 Chemiluminescent Microarray
Analyzer, software, and reagents. To facilitate analysis of results, the system will be
combined with an industry standard database that includes gene acronyms, gene
names, cross references for gene identification, gene ontologies, and protein charac-
terization data from the Panther Protein Classification System.

The Life Technologies Corp Expression Array System will be integrated with its
Sequence Detection System (SDS)-based products for gene expression analysis and
the Celera Discovery System online platform. Together, these products are expected
to provide an integrated solution for researchers studying changes in human gene
expression levels. As a critical tool in understanding biological processes, gene
expression analysis allows researchers to monitor the functional differences between
normal and diseased states in order to better understand pathophysiology. This
should provide researchers with a seamless solution for gene expression analysis —
from whole genome analysis to further quantitation and single gene analysis.

The latest product from Life Technologies is TagMan® Array Gene Signature
Plates, which enable scientists to cost-effectively measure the activity of multiple
gene targets known to be expressed in biological pathways, processes, or disease
states. This allows them to discover how changes in expression levels of those genes,
involved in more than 80 key biological pathways contribute to health and disease.
These tools enable researchers to adopt a systems biology approach to investigate the
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role gene networks play in complex biological processes and molecular pathologies
by performing real-time PCR assays to develop biomarkers based on patterns of gene
expression.

Gene Expression Profiling on Whole Blood Samples

Whole blood is one of the most common samples used in clinical research and the
most readily available tissue for biomarker analysis. However, expression profiling
on whole blood samples presents considerable technical challenges. Different whole
blood preparation methods and the high relative concentration of globin RNA found
in red blood cells can lead to changes in expression profiles ex vivo. Globin RNA
can mask the RNA found in the transcriptionally active cells of interest in the white
blood cell fraction, including the lymphocytes and monocytes. The PAXgene Blood
RNA System (PreAnalytiX GmbH) has set a new standard for stabilizing whole
blood cellular RNA profiles at the time of blood collection in an evacuated blood
collection tube. This enables researchers and clinicians to perform more accurate
analysis of gene expression profiles without the variations caused by sample collec-
tion, storage, transport or fractionation while relying on highly standardized and
proven sample collection principles.

Affymetrix and PreAnalytiX have now joined forces to pursue a new standard for
microarray analyses from stabilized whole blood samples to reduce variability in
the preparation processes and decrease the signal contributed by globin RNA. The
original information in the whole blood sample is thus preserved to enable the accu-
rate application of molecular test methods, such as gene expression profiling.

Profiling Gene Expression Patterns of White Blood Cells

White blood cells (WBCs) express tens of thousands of genes, whose expression
levels are modified by genetic and external factors. Blood genomic profiles, created
from distinct gene expression patterns of WBCs obtained by microarray examina-
tion of a minimally invasive blood sample, can provide biomarkers of several differ-
ent disease states. These profiles may be used for diagnostic, prognostic and
therapeutic evaluations and also provide a method for the evaluation of the safety
and efficacy of various therapeutics. Gene expression fingerprints are useful tools
for monitoring exercise and training loads and thereby help to avoid training-
associated health risks (Biittner et al. 2007).

There is marked alteration in WBC gene expression in animal models of injury
and inflammation; the majority of the differentially expressed genes appear to be
uniquely associated with the type of injury and/or the inflammatory stimulus.
Although some pathological states such as hypoxia may have direct impact on white
blood cells that is manifested by specific expression profiles, seemingly unrelated
events affecting various organs can markedly alter white blood cell gene expression
in a predictable, characteristic way that provides a novel approach to diagnosis of
diseases such as those involving the nervous system.
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Tissue Microarrays for Study of Biomarkers

Microarray experiments produce a large volume of data that require validation. The
validation of these experiments can be carried out in many fashions. In the reduction
to clinical utility, the use of tissue microarrays (TMAs) has become a common tool
to both validate and generalize the results of microarray experiments. A TMA is a
collection of tissue specimens presented on a glass slide in a grid layout. TMAs con-
tain between tens and hundreds of samples allowing the generalization of microarray
findings to a large number of samples. TMAs can be used for in situ hybridization
(ISH) and immunohistochemical analysis (IHC), confirming the results of microar-
ray experiments at both the transcriptional and the proteomic level.

The traditional IHC methods for study of biomarkers by TMAs are subjective
approaches using manual analysis of tissues according to observable morphological
patterns. Disparate results by these methods regarding the relationship between
biomarker expression and patient outcome decrease the credibility of TMA studies.
Some of these disparities result from subjective optimization of antibody concentra-
tions. HistoRx Inc’s AQUA™ (Automated Quantitative Analysis) platform dramati-
cally improves the accuracy and speed of tissue biomarker analysis while reducing
error through objective, rigorous measurement of protein expression. TMAs are
discussed further in Chap. 13 (Biomarkers of Cancer).

Technologies for Detection of miRNAs as Biomarkers

Several molecular diagnostic technologies have been used for detection of miRNAs
PCR, LNA, in situ hybridization (ISH) and microarrays. miRNAs are biomarkers
and measurement of miRNA has diagnostic value for diseases as well, particularly
cancer.

Microarrays for Analysis of miRNA Gene Expression

miRNA gene expression profiling can be done on microchips containing oligonu-
cleotides corresponding to miRNAs from human and mouse genomes. Such micro-
arrays have been used to obtain highly reproducible results that reveal tissue-specific
miRNA expression signatures, data that is confirmed by assessment of expression
by Northern blots, real-time RT-PCR, and literature search. The microchip oligoli-
brary can be expanded to include an increasing number of miRNAs discovered in
various species and is useful for the analysis of normal and disease states. Basic
analysis of miRNA genes in different mouse tissues and embryo stages using semi-
quantitative approaches shows tissue-restricted and developmentally restricted
expression patterns of miRNAs. Newer microarray formats in development include
many brain- and ESC-specific genes.
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NCode™ Array (Life Technologies) enables sensitive profiling of miRNAs while
using extremely simple methods that provide both experienced and novice microar-
ray users a rapid path to new discoveries. NCode™ Rapid miRNA Labeling System
(Life Technologies) combines its Alexa Fluor® fluorescent dyes with Genisphere
Inc's 3DNA® dendrimer signal amplification technology, which is based on highly
branched DNA structures serving as scaffolds for multitudes of fluorescent dyes.
Development of this simple process to efficiently couple miRNAs directly to 3DNA®
dendrimers is a significant improvement over past methods and overcomes the prob-
lem of working with small nucleic acids, where sensitivity is often limited. The new
kit will accelerate the discovery of novel miRNA biomarkers. NCode™ enables
researchers to study miRNA function by allowing them to profile the miRNA
expression patterns in a given disease or developmental state. This will be used in
molecular diagnostics and drug discovery. Sensitive microarrays to survey full sets
of miRNAs in neural stem cells during differentiation, both in culture and in vivo,
enabled the detection of novel patterns of regulated miRNAs systematically. An
understanding of these unexpected regulatory mechanisms provides novel targets
for potentially managing or controlling differentiation in stem cells prior to thera-
peutic transplantation.

mirVana™ System (Life Technologies) is used for miRNA microarray profiling.
It involves isolation of total RNA, extraction and labeling of miRNA, and this is
followed by hybridization and analysis. miRNA arrays speed up biomarker discov-
ery and unique markers have been identified for various diseases. High-throughput
detection and differential expression analysis of miRNA by microarray technology,
may contribute to a greater understanding of the many events regulated by these
molecules.

Microarrays vs Quantitative PCR for Measuring miRNAs

Two common methods for measuring miRNAs in a total RNA sample are microar-
rays and quantitative RT-PCR (qPCR). To understand the results of studies that use
these two different techniques to measure miRNAs, it is important to understand
how well the results of these two analysis methods correlate. Since both methods
use total RNA as a starting material, it is also critical to understand how measure-
ment of miRNAs might be affected by the particular method of total RNA prepara-
tion used.

A study involved measurement of the expression of 470 human miRNAs in nine
human tissues using Agilent microarrays, and comparison of these results to gPCR
profiles of 61 miRNAs in the same tissues (Ach et al. 2008). Most expressed miR-
NAs (53/60) correlated well between the two methods. Using spiked-in synthetic
miRNAs, the two miRNAs with the lowest correlations were further examined, and
the differences found could not be attributed to differential sensitivity of the two
methods. Three widely-used total RNA sample prep methods using miRNA micro-
arrays were also tested. Although almost all miRNA levels corresponded between
the three methods, there were a few miRNAs whose levels consistently differed
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between the different prep techniques when measured by microarray analysis.
These differences were corroborated by qPCR measurements.

The correlations between results of Agilent miRNA microarray and qPCR are
generally excellent, as are the correlations between different total RNA prep meth-
ods. However, there are a few miRNAs whose levels do not correlate between the
microarray and qPCR measurements, or between different sample prep methods.
This should be considered when comparing results obtained using different analysis
or sample preparation methods.

Point-of-Care Detection of Circulating miRNAs as Biomarkers

Originally identified as intracellular modulators of protein synthesis via posttran-
scriptional gene silencing, miRNAs were found to travel in extracellular human
fluids (circulating miRNAs) inside specialized vesicles known as exosomes. Their
content inside exosomes changes during pathological events. There are >100 circu-
lating miRNAs that can be used as biomarkers. A portable microarray POC device
combining PCR and microarray platform is useful for the detection of circulating
miRNAs (Vaca 2014). It reduces time for sample preparation and has enough sensi-
tivity to detect a handful of molecules in the plasma. It is not only an auxiliary tool
in diagnosis, but also useful for determining sensitivity of a patient to a particular
drug in personalized medicine.

Epigenomic Technologies

Epigenomics is one of the many ‘omics’ that have developed in the wake of the
Human Genome Project. In 2000, the Wellcome Trust Sanger Institute (Hinxton,
UK) and Epigenomics AG launched of the Human Epigenome Project (HEP), a
five-year undertaking during which DNA methylation sites throughout the human
genome were mapped. The Human Genome Project provides the blueprint for life,
but the epigenome will tell us how this whole thing gets executed, what determines
when and where genes are switched on and off to produce a person. And knowing
more about the human epigenome may provide clues to what goes wrong in cancer
and other diseases. Latest information can be obtained at the HEP web site: http:/
www.epigenome.org/.

As a prelude to the full-scale HEP, a pilot study of the methylation patterns within
the Major Histocompatibility Complex (MHC) has been completed. This region of
chromosome 6 is associated with more diseases than any other region in the human
genome. Methylation variable positions (MVPs) were identified in the vicinity of the
promoter and other relevant regions of approximately 150 loci within the MHC in
tissues from a range of individuals. This will provide an unprecedented insight
into the complex relationship between genetics and epigenetics that underlies both
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normal cellular homeostasis and disease states, in particular autoimmune diseases.
For the pilot project, an integrated genomics-based technology platform was devel-
oped. The pipeline involves the automated bisulphite treatment of DNA from minute
tissue biopsies, gene-specific bisulphite PCR and large-scale sequencing of PCR
amplicons. Analysis and quantification of methylation patterns is achieved by mass
spectrometric and microarray assays.

Discovery of Methylation Biomarkers

Methylation is the only flexible genomic parameter that can change genome func-
tion under exogenous influence. Hence it constitutes the main and so far missing
link between genetics, disease and the environment that is widely thought to play a
decisive role in the etiology of virtually all human diseases. Methylation occurs
naturally on cytosine bases at CpG sequences and is involved in controlling the cor-
rect expression of genes. Differentially methylated cytosines give rise to distinct
patterns specific for tissue type and disease state. Such MVPs are common epigen-
etic markers. SNPs, they promise to significantly advance our ability to understand
and diagnose human disease. DNA methylation is an important cellular mechanism
modulating gene expression associated with aging, inflammation and atheroscle-
rotic processes. Global DNA hypermethylation is associated with inflammation and
increased mortality in cardiovascular disease.

DNA methylation has now become one of the most studied gene regulation
mechanisms in carcinogenesis. Advances in the technologies that enable detection
of DNA methylation in a variety of analytes have opened the possibility of develop-
ing methylation-based tests. A number of studies have provided evidence that spe-
cific methylation changes can alter the response to different therapeutic agents in
cancer and, therefore, be useful biomarkers. Application of technologies for meth-
ylation biomarkers in cancer are described in Chap. 13.

Pyro Q-CpG™ (Biotage AB) is a quantitative, high-resolution analysis solution
for CpG methylation (epigenetic biomarkers), which can harmonize methylation
data with observed biological phenomena. Quantitative methylSNP analysis by
SNaPmeth or PyroMeth is a favorable alternative to existing high-throughput meth-
ylation assays. It combines single CpG analysis with accurate quantitation and is
amenable to high throughput.

Orion Genomics’ proprietary biomarker discovery platform, MethylScope® tech-
nology, is used for the discovery of methylation biomarkers. A single MethylScope®
microarray is capable of quantitatively detecting the methylation status of each and
every human gene. Biomarkers associated with specific diseases are discovered by
comparing methylation profiles of two or more samples. MethylScope® technology
is the only platform capable of detecting inappropriate DNA methylation for all
human genes on a single array, providing a fast, cost-effective, and comprehensive
biomarker discovery tool.
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EpiTect Methyl II PCR Arrays (QIAGEN) enable the simultaneous DNA
methylation profiling of a panel of 22 or 94 genes promoters using restriction
enzyme based MethylScreen™ technology (licensed from Orion Genomics). Genes
are carefully selected based on their reported methylation statusin a variety of
experimental settings. These arrays allow correlation of CpG island methylation
status with biological phenotypes or disease outcomes.

Although previous studies have described methylation of isolated DNA extracted
from cells and tissues using a combination of appropriate restriction endonucleases,
no application to tissue cell level has been reported. A method, called histo
endonuclease-linked detection of methylation sites of DNA (HELMET), was
designed to detect methylation sites of DNA with a specific sequences in a tissue
section (Koji et al. 2008). In this study, the authors examined changes in the meth-
ylation level of CCGG sites during spermatogenesis in paraffin-embedded sections
of mouse testis. They found hypermethylation of CCGG sites in most of the germ
cells although non-methylated CCGG were colocalized in elongated spermatids.
Some TUNEL-positive germ cells, which are frequent in mammalian spermato-
genesis, became markedly Hpa Il-reactive, indicating that the CCGG sites may be
demethylated during apoptosis.

Change is DNA methylation is frequently characterized by an enzymatic modifi-
cation at the 5th position of cytosine (5-mC), which is present abundantly in the
context of CpG dinucleotides. The formation and maintenance of 5-mC is catalyzed
by cellular DNA (cytosine-5) methyltransferases. The EpiMark 5-hmC and 5-mC
Analysis Kit (New England Biolabs) offers a simple, reproducible, and robust
method for examining the methylation status of a DNA population, addresses the
need for detection and quantitation of 5-hmC in genomic DNAs, and opens up
opportunities to determine whether 5-hmC modifications of DNA can be exploited
for the identification of novel biomarkers. Furthermore, qPCR can be replaced by
end-point PCR, providing scientists with a simple “yes or no”” answer to whether a
given locus contains 5-hmC. Finally, multiplexing of this protocol for end-point
PCR may be performed for different amplicons using standard thermocyclers.
EpiMark followed by qPCR is now being applied to study the differences in
hydroxymethylation patterns for a variety of biologically relevant modifications in
mammalian DNAs during the different stages of development. Researchers at New
England Biolabs have shown variations in 5-hmC levels of genomic DNAs extracted
from brain, heart and liver tissue samples from rats and humans.

Proteomic Technologies

Although protein analysis has been an integral part of clinical chemistry for decades,
recent advances in technology and completion of the human genome sequencing
have opened up new opportunities for analysis of proteins for clinical diagnostic
purposes. New analytical methods allow the simultaneous analysis of a large num-
ber of proteins in biological fluids such as serum and plasma, offering partial views
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of the complete set of proteins or proteome. Several proteomics approaches have
been used to identify novel biomarkers. These are described in detail in a special
report on this topic (Jain 2017b).

Not only has the number of proteins that can be detected in plasma expanded
dramatically from hundreds to thousands, there is increased capability to detect
structural variations of proteins. Recent studies also identified the presence of com-
plex sets of small protein fragments in plasma. This set of protein fragments, the
fragmentome or peptidome, is potentially a rich source of information about physi-
ologic and disease processes. Advances in proteomics, therefore, offer great prom-
ise for the discovery of biomarkers that might serve as the basis for new clinical
laboratory tests. There are many challenges, however, in the translation of newly
discovered biomarkers into clinical laboratory tests. Only 10% of the proteins in
human serum can be detected with currently available approaches, indicating the
potential for further discovery of biomarkers. Protein variation is an untapped
resource in the biomarker space, but only a selected few forms of proteomics appli-
cations are suitable for their analysis, and such variation could have a significant
impact in disease diagnostics and therapeutic intervention.

Proteomic approaches for biomarker discovery have been used in many diseases.
Two-dimensional (2D) gel electrophoresis (GE) has been used for tumor biomarker
identification in cancer. Proteomics is a key technology for the discovery of
biomarkers for pharmaceutical and diagnostic research. Although gene expression
provides the level of proteins that is the key to the effect of the gene, it can be due
to other factors in addition to the concentration of mRNA that codes for it. These
factors include protein posttranslational modifications, turnover, transport and
excretion. Therefore quantitative proteomics is essential for monitoring different
pathways in blood samples of patients. Such biomarkers help in differential diagno-
sis as well as provide an understanding of pathomechanism of the disease and
assessment of response to treatment. Non-invasive measurement (e.g. in serum) is
the key feature of a biomarker that can be identified in diseased tissue. Multidi-
mensional protein fractionation schemes are used to enhance sensitivity. Roche con-
ducted a large-scale biomarker study in which the proteomic process was completely
automated to generate reliable data. Using breast cancer tissue samples, several
differentially expressed proteins were identified. Sandwich immunoassays were
developed and serum samples from patients suffering from breast cancer were
screened to discover breast cancer-specific biomarker candidates.

2D GE

2D GE offers the highest resolution separations available for protein components of
cells when gels of sufficient size are used. Proteins are separated in the first dimen-
sion on the basis of their charge and in the second dimension on the basis of their
molecular mass. 2D GE is still the workhorse for obtaining protein expression pat-
terns in cells. In high-format mode, it can produce gels containing up to 10,000
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distinct proteins and peptide spots. The major problem with this technique is that
most of the spots cannot be sequenced as they are beyond the capacity of current
high-sensitivity sequencers. Standard format 2D GE yield up to 2000 spots and are
easy to sequence. During 2D PAGE (polyacrylamide GE), the proteins are separated
in two dimensions (by isoelectric focusing and mass) and a pattern is achieved that
places each of the 2000 proteins of the cell at a grid reference point. By reference to
the databases, individual proteins on the map can be identified as the product of
genes that have been sequenced.

A second generation 2D GE called Differencial In Gel Electrophoresis (DIGE)
has been commercialized by GE Healthcare and involves labeling two distinct pro-
tein mixtures with two different cyanine dyes, each of which fluoresces at a distinct
wavelength. The labeled protein samples are then separated on a single 2D gel. The
size and charge —matched proteins enable co-migration of identical proteins.

While comparing different samples, controlling the position of the protein spots
can be critical and is completely dependent upon the fidelity of the isoelectric focus-
ing first dimension and the molecular weight separating gel slab of the second
dimension. Differences between the test samples are determined by quantifying the
ratios of spot intensities in independent 2D gels and techniques such as MS can then
be used to help identify the proteins through peptide mass fingerprinting or direct
sequencing.

ProteoCarta® Integrated Proteomics Discovery Platform

Caprion Proteomics’ ProteoCarta® (formery CellCarta®) is the leading means for
profiling proteins in solid tissues and plasma. This proprietary, state-of-the-art pro-
teomics technology platform serves as an engine for both unparalleled disease target
identification and predictive medicine. It is scalable and provides unparalleled sen-
sitivity and utility. The platform has been successfully employed in oncology target
identification and clinical biomarker discovery. It has four steps:

1. Sample preparation and purification. Caprion has developed novel methods for
isolating organelles such as the plasma membrane, phagosomes, and golgi, to a
high degree of purity. It enables more comprehensive proteomic comparisons of
normal and diseased cells and provides the biological and functional context for
the identification of high value, disease-relevant protein targets.

2. Mass spectrometry analysis of samples in a given project consists of two phases,
an initial phase of analysis in LC-MS mode for the detection of differentially
expressed peptide ions contained in the samples, and a subsequent re-injection of
the same samples in LC-MS-MS mode in order to obtain sequence information
for those differentially expressed peptides.

3. Quantitative expression profiling of peptides. Caprion’s integrated proteomics
data analysis software is capable of routinely detecting over 25,000 peptides per
sample, reproducibly tracking these peptides across large sample sets and mea-
suring their relative expression levels with high accuracy.
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4. Bioinformatics analysis (protein identification).
ProteoCarta®‘s core competitive advantages are:

 Its ability to comprehensively, reproducibly and quantitatively profile expression
of proteins in tissues and plasma across large sample sets.

e It enables a comprehensive detection of disease-relevant protein targets and of
biomarkers across a wider dynamic range of concentrations.

e It produces a complete audit trail and data analysis/validation toolset.

Applications relevant to discovery of biomarkers are as follows:

e Pharmacodynamic biomarkers for drug efficacy, dose determination, mechanism
of action, and safety.

e Disease biomarkers for diagnostics and surrogate for clinical response to
therapy

* Predictive biomarkers for patient stratification, drug efficacy and safety

Isotope-Coded Affinity Tags

Isotope-coded affinity tag (ICAT) peptide labeling is an approach that combines
accurate quantification and concurrent sequence identification of individual pro-
teins in complex mixtures. This method is based on a newly synthesized class of
chemical reagents used in combination with tandem mass spectrometry. The method
consists of four steps:

e The reduced protein mixtures representing two-cell state are treated with two
different versions of ICAT reagent — one light and one heavy.

e The labeled sampled are combined and proteolytically digested to produce pep-
tide fragments.

e The tagged cysteine-containing fragments are isolated by avidin affinity
chromatography.

e The isolated tagged peptides are separated and analyzed by microcapillary
tandem MS which provides both identification of peptides by fragmentation in
MS-mode and relative quantitation of labeled pairs by comparing signal intensi-
ties in MS mode.

The advantages of ICAT over 2D GE that has the potential for full automation,
and thus for high-throughput proteomic experiments. There is no need to run time-
consuming experiments and because it is based on stable isotope labeling of the
protein, there is no need for metabolic labeling or no radioactivity is involved. ICAT
can be used for the analysis of several classes of proteins such as membrane proteins
and low copy number proteins that are poorly tractable by 2D gels. Most impor-
tantly, it provides accurate relative quantification of each peptide identified. The
limitations of this technique are that the proteins must contain cysteine and the large
size of the tag compared to some small peptides and may interfere with peptide
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ionization. These, however, can be overcome by designing different reagents with
specificities for other peptide chains and using a smaller tag group.

ICAT is a technique for differential expression proteomics, and its full potential
remains to be fully evaluated. Advances in sample fractionation at the protein level,
sample fractionation at the peptide level, and improved data acquisition schemes,
will all be required for the full potential of ICAT to be realized. New separation
systems, such as ultra-high pressure nanoscale capillary LC will improve the peak
capacity for ICAT experiments, leading to improved proteome coverage. New MS
technologies, such as the high sensitivity, high-throughput MALDI-TOF instru-
ment, can be expected to have a very significant impact in ICAT proteomics.

Liquid Chromatography-MS/MS

Classical LC (liquid chromatography) has been combined with MS. However, some
emerging strategies are shown to be more suitable for protein characterization and
identification. Microanalytical protein characterization with Ettan multidimensional
liquid chromatography (GE Healthcare) achieves reproducible separation of proteins
based on more than one physical property. MDLC /mass spectrometry (MDLC/MS)
improves the throughput and reliability of peptide mapping for the following reasons:

» Faster protein digestion with immobilized enzymes

e Automated generation of peptide maps

* Online detection of peptide maps by electrospray interface and MALDI-TOF
(matrix-assisted laser desorption ionization mass spectrometry).

Lucid Proteomics System

The Lucid Proteomics System (Bio-Rad) combines and refines surface-enhanced
laser desorption/ionization (SELDI) and time-of-flight (TOF/TOF) technologies
from Bruker, enabling both top-down and bottom-up proteomics approaches for
biomarker discovery in one system (Jourdain et al. 2010). The system offers new
solutions for protein biomarker discovery, in particular, high-throughput profiling
and high-confidence identification of intact peptides and proteins under 30 kilodal-
ton, which are challenging for current technologies to identify.

Magnetics Beads for Protein Biomarker Discovery

Magnetic beads are providing ways to identify protein biomarkers faster, more effi-
ciently and at lower cost than other methods. ProMag™ (Bangs Laboratories) is a
magnetic polymer 3p sphere, which has a hydrophilic surface to reduce nonspecific
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binding in protein-based systems. The 3p size provides an ample surface for
capturing/purifying targets. For biomarker discovery, investigators can coat beads
with ligand of interest.

MASStermind™

MASStermind™ (MyCartis), a biomarker discovery engine, is based on novel pro-
teomics technologies developed at the Department of Medical Protein Research at
the University of Ghent, Belgium and the Flanders interuniversity Institute of
Biotechnology. These proprietary proteomics technologies allow fast, automated
and highly flexible and sensitive qualitative and quantitative proteomics without
using gels and without the use of an affinity tag. The key difference from currently
available profiling technology is MASStermind’s high information content; it deliv-
ers both a profile and the identity of each of the underlying protein biomarkers.
Analysis of one blood sample allows the quantitative assessment of ~3000 different
proteins and their processed isoforms in a high throughput fashion. The basic strat-
egy comprises the following steps:

* Isolation of proteins from a biological sample

* Cleavage of proteins to peptides

* Chromatographic fractionation of the complex peptide mixture

* Modification of a target subset of peptides

e Specific isolation of the modified peptides by a second automated
chromatography

* Analysis by mass spectrometry of the isolated peptides and

* Protein identification via intelligent interrogation of databases with novel
software.

The procedure, in which fractions of the first chromatographic step are com-
bined, modified and run in a diagonal chromatographic manner, is called COmbined
FRActional DIagonal Chromatography (COFRADIC™).

Combined Analysis of Protein and Nucleic-Acid Biomarkers

Evalution™ is MyCartis’ multiplex analysis platform tailored to the development of
clinical biomarkers. It analyzes a broad range of biomarkers to delivers high quality
data and rapid results from minimal handling steps with unprecedented ease.
Evalution™ integrates into a single instrument all the functions of incubation,
washing, and optical readout for seamless operation of sophisticated assay protocols.
The combination of customizable encoded microparticles with microfluidic assay
plates in Evalution™ enables the combined analysis of protein and nucleic-acid
biomarkers.
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Mass Spectrometry

Mass spectrometry (MS) is the measurement of molecular mass. A mass spectrom-
eter consists of three essential parts: (1) an ionization source with conversion of
molecules into gas-phase ions; (2) a mass analyzer to separate individual mass to
charge rations (m/z); and (3) an ion detector. Several variants of mass spectrometry
are described in the following sections. Proteomics methods based on MS hold
special promise for the discovery of novel biomarkers that might form the founda-
tion for new clinical blood tests, but to date their contribution to the diagnostics has
been disappointing, partly due to the lack of a coherent pipeline connecting marker
discovery with well-established methods for validation. Advances in methods and
technology now enable construction of a comprehensive biomarker pipeline from
components: candidate discovery, qualification, verification, research assay optimi-
zation, biomarker validation and commercialization.

Biomarker discovery using MS techniques requires sensitivity, mass accuracy
and reproducibility. Various MS-based techniques used for biomarker discovery are
described in the following text. The central role of mass spectrometry in proteomics
is shown in Fig. 2.1.

2D PAGE and Mass Spectrometry
The essence of this approach is to separate proteins from a specific cell or tissue

type, record the pattern, and then produce a Western Blot. Proteins in the blot are
digested with a proteolytic enzyme, which has well-defined cleavage specificity.
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Fig. 2.1 The central role of spectrometry in proteomics (© Jain PharmaBiotech. Reproduced from
the same number figure in the 1st edition)
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Peptide fragments can be analyzed by Matrix-Assisted Laser Desorption Mass
Spectrometry (MALDI-MS). The resulting peptide masses are then compared with
theoretical masses calculated from amino-acid sequence databases. This technique
has been used successfully to identify yeast proteins. For completely sequenced
genomes, 90% of the proteins can be identified rapidly and automatically by search-
ing databases with lists of peptide masses obtained by 2-D gel technique and matrix-
assisted laser description ionization. This study established that mass spectrometry
provides the required throughput, the certainty of identification, and the general
applicability to serve as the method of choice to connect genome and proteome.
Nanoelectrospray tandem mass spectrometry is then used to characterize novel
proteins either by searching EST databases with peptide sequence tags, or by gen-
erating sufficient sequence for cloning. This approach can be automated.

Imaging Mass Spectrometry

Imaging MS (IMS) is an emerging technology that allows the direct analysis and
determination of the distribution of molecules in tissue sections. Pinpointing the
location of the cells producing different levels of specific proteins enables the iden-
tification of differences in normal and diseased tissues that could lead to a better
understanding of the onset and treatment of disease. This approach by combining
MALDI MS for protein identification with visual tissue and cellular imaging can be
used to determine the location of specific proteins in different tissue sections of
diseased and normal organs.

IMS is a combination of MS with tissue imaging. Molecular imaging is achieved
through secondary ion mass spectrometry (SIMS), which has unique analytical
capabilities for mapping a variety of biological samples at the tissue level. SIMS
provides information on the spatial distribution of the elements and low molecular
mass compounds as well as molecular structures on these compounds, while
MALDI yields spatial information about higher molecular mass compounds, includ-
ing their distributions in tissues at very low levels, as well as the molecular struc-
tures of these compounds. To take molecular photographs, a chunk of tissue is first
frozen so that it can be cut into super-thin slices. A tissue slice to be analyzed is then
coated with a matrix material and introduced into the mass spectrometer, where a
laser beam blasts successive spots on the tissue to release molecules for analysis.
Each spot becomes a pixel in the final image, with each pixel containing a record of
the molecules located in that tiny spot. Computer processing can then be used to
display the locations of selected proteins, based on their size.

Separation of shotgun-produced peptides by the use of Immobilized pH Gradient-
IsoElectric Focusing (IPG-IEF) has been combined with IMS (Vaezzadeh et al. 2008).
The peptides are then transferred by capillarity to a capture membrane, which is then
scanned by the mass spectrometer to generate MS images. This high-throughput
method enables a preview of the sample to be obtained in a single day and has been
used for differential comparison of the membrane proteome of two different strains of
Staphylococcus aureus bacteria in a proof-of-principle experiment.
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Biological molecules such as proteins, peptides, lipids, xenobiotics, and
metabolites can be analyzed in a high-throughput manner with molecular specificity
not readily achievable through other means. Tissues are analyzed intact and thus
spatial localization of molecules within a tissue is preserved. IMS has the potential
to deliver highly parallel, multiplexed data on the specific localization of molecular
ions in tissue samples directly, and to measure and map the variations of these ions
during development and disease progression or treatment. It is possible to identify
the biomarkers in the same experiment, or by relatively simple extension of the
technique. Unlike many other imaging techniques, no a priori knowledge of the
biomarkers being sought is necessary.

A publication presents several studies that focus on the unique types of informa-
tion obtainable by IMS, such as AP isoform distributions in Alzheimer’s plaques,
protein maps in mouse brain, and spatial protein distributions in human breast car-
cinoma (Seeley and Caprioli 2008). The analysis of a biopsy taken 100 years ago
from a patient with amyloidosis illustrates the use of IMS with formalin-fixed
tissues. The technique can also assist in tracking the location of drugs and their
metabolites in the treatment of various disorders, including cancer, thus providing a
potentially powerful new research tool.

MALDI Mass Spectrometry for Biomarker Discovery

Matrix-Assisted Laser Desorption/Ionization MS (MALDI-MS) has become a
widely used method for determination of biomolecules including peptides, proteins,
carbohydrates, glycolipids and oligonucleotides. MALDI-MS has emerged as an
effective bioanalytical tool having unique capabilities in handling complex mixtures
(such as proteolytic digests) and in high-sensitivity (femtomole or even subfemto-
mole) measurements. Direct analysis of tissue sections by MALDI-MS has a
tremendous potential for biomarker discovery, and routinely enables hundreds of
proteins to be detected over a mass range of ~2000 to 70,000 Da while maintaining
the spatial localization of the proteins detected. MALDI-MS has been applied to a
wide range of tissue samples, including human glioma tissue and human lung tumor
tissue. In many cases, biostatistical analyses of the resulting protein profiles revealed
patterns that correlated with disease state and/or clinical endpoints.

MS platforms using MALDI MS and MS/MS or LTQ ion trap MS are capable of
delivering sensitive and accurate identifications of hundreds of proteins contained in
individual samples including individual forms of processing intermediates such as
phosphopeptides. The Systems Biology approach of integrating protein expression
data with clinical data such as histopathology, clinical functional measurements,
medical imaging scores, patient demographics, and clinical outcome provides a
powerful tool for linking biomarker expression with biological processes that can be
segmented and linked to disease presentation.

MALDI-TOF MS is a particle-counting method that responds to molar abun-
dance, and ranking of plasma proteins by molar abundance increases the rank of
small proteins relative to traditional ranking by mass abundance. Detectors for
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MALDI-TOF MS augment the bias for detecting smaller components by yielding
stronger signals for an equivalent number of small vs large ions. Consequently,
MALDI-TOF MS is a powerful tool for surveying small proteins and peptides com-
prising the peptidome or fragmentome, opening this new realm for analysis. It is
complementary to techniques such as electrophoresis and HPLC, which have a bias
for detecting larger molecules. Virtually all of the potential markers identified by
MALDI-TOF MS to date represent forms of the most abundant plasma proteins.
Analyses of serum or plasma by MALDI-TOF MS thus provide new information
mainly about small proteins and peptides with high molar abundance. The spectrum
of observed proteins and peptides suggests value for applications such as assess-
ment of cardiovascular risk, nutritional status, liver injury, kidney failure, and sys-
temic immune responses rather than early detection of cancer. Extending analysis
by MALDI-TOF MS to lower abundance components, such as biomarkers for early-
stage cancers, probably will require more extensive specimen fractionation before
analysis.

Quantitative Tandem MS

Mass spectrometers are making large inroads into the modern day life science
industry. Their high-throughput capability, resolution and precision have ensured
their place in pharmaceutical industry and life science research institutes as pivotal
tools to screen hundreds and thousands of DNA and protein samples per day. The
advantages are obvious when proteins or nucleotides can be rapidly analyzed in a
few seconds by MALDI.

Modern tandem mass spectrometers have many benefits. Amongst these is the
ability to accurately measure down to femtomolar amounts in complex biological
mixtures without chromatography. This enables samples to be prepared and ana-
lyzed using high-throughput technologies such as robotic liquid handlers and
microtiter solid phase extraction systems. The operator of tandem mass spectrome-
try (MS/MS) experiments can choose metabolite specific fragmentations for defini-
tive analytic identification. Thereby, arrays of metabolites in multiple pathways can
be accurately identified and quantified per sample run akin to DNA and protein
multiplexing technologies.

Single-Molecule Mass Spectrometry Using a Nanopore

Interaction between a nanometer-scale pore and analytes can be used for mass spec-
trometry (MS) in solution. For example, poly(ethylene glycol) molecules that enter
a single a-hemolysin pore cause distinct mass-dependent conductance states with
characteristic mean residence times. The conductance-based mass spectrum clearly
resolves the repeat unit of ethylene glycol, and the mean residence time increases
monotonically with the poly(ethylene glycol) mass. This single-molecule analysis
technique could prove useful for the real-time characterization of biomarkers
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(i.e., nucleic acids, proteins, or other biopolymers). With automated, unsupervised
analytical and statistical methods, this technique should prove viable as a general-
ized analytical technique with nanopore arrays containing nanopores both with
specific affinities for single biomarkers and with nonspecific transducers. In situ
monitoring of cellular metabolism with such arrays should provide the sensitivity to
monitor subtle changes observed through the release of biomarkers.

Requirements for MS-Based Proteomic Biomarker Development

The success of the MS process is critically dependent on the ability to identify as
many putative active or informative molecules as possible and having efficient
methods to weed out weak candidates in subsequent steps. In biomarker develop-
ment this requires definition of performance goals, the ability to test these goals in
relevant populations, and the ability to evaluate the performance of multianalyte
panels and discover covariance in addition to single markers. Some requirements
for successful MS-based proteomic biomarker development are:

Samples. These should be collected, preprocessed and stored in a uniform way, but
should be split into two sets. The validation sample sets are identical to training
samples but used only for validation.

Separation. Discriminatory peaks must be identified to assess relevance for intended
use and to develop immunoassays.

Statistics. Tools used include support vector machines, discriminant analysis, clas-
sification trees, random forest, and neural networks.

Nucleic Acid Programmable Protein Array

Nucleic Acid Programmable Protein Array (NAPPA) technology, originally devel-
oped at the Harvard Proteomics Institute, enables the expression of up to 7500
different human proteins at high concentrations and in a biologically active form.
Studies indicate that NAPPA provides up to 1000 times more protein per spot than
levels attainable with conventional protein microarrays. Moreover, NAPPA proteins
are synthesized in situ on the array surface, avoiding the need for individually
expressing, purifying and printing thousands of individual proteins.

NAPPA has a wide variety of applications including the study of protein-protein
interactions, protein-drug interactions and the identification of biomarkers.
Proteomika has been applying NAPPA technology to the identification of auto-
antibodies present in cancer patients as potential disease biomarkers. By identifying
common cancer antigens that trigger antibody production, it is possible to establish
characteristic autoimmune profiles allowing the identification of auto-antibodies
that can be used as early biomarkers for certain types of cancer.
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Protein Tomography

Light microscopy techniques can also provide images of cellular events. However,
these techniques do not show structure and function on a protein level. NMR, X-ray
and single particle electron microscopy provide higher resolution structural infor-
mation but the proteins are studied in an artificial environment. In addition, the
protein image is compiled of an average of thousands to millions of objects. As a
result, the latter methods are unable to give information about flexibility and shape
of individual proteins or protein complexes as they are not in situ.

Sidec Technologies has developed Protein Tomography™ (formerly called Sidec
Electron Tomography), which is basically the molecular biology of medical imag-
ing. It can be used for imaging of molecular events in situ or in vitro, combining
cryo-EM, electron tomography and advanced data processing algorithms. It can
accomplish the following:

¢ It can take images of individual proteins and protein complexes.

¢ It is the only method that picture membrane proteins in their cellular context.

e The results are directly comparable between in vitro and in situ analysis.

* Itenables visualization of the different states of the same molecule in a mixture:
unbound receptors, receptors attached to ligands, recruitment of signaling pro-
teins, etc.

e It is an ideal method for study of proteins as biomarkers.

Protein Biochips/Microarrays and Biomarkers

Protein microarray technology is a powerful tool for biomarker discovery and vali-
dation. Protein microarrays have this potential and it will, in future, be possible to
use them to determine simultaneously a variety of parameters from a minute sample
volume, as well as in the discovery and validation of biomarkers. However, before
protein microarrays find their way into routine and high-throughput applications,
their robustness, sensitivity and automation must be tested thoroughly and they
must be available at an affordable price. Nevertheless, for focused protein-profiling
approaches searching for only a few parameters in parallel, current technologies are
already mature enough to deliver reliable datasets.

ProteinChip (Vermillion) has been used for discovery of biomarkers. The advan-
tage of ProteinChip over 2D GE is that the chip platform used to identify the bio-
marker can also be used to develop a high-throughput assay. Laser capture
microdissection has been used in conjunction with ProteinChip to study protein
expression profiles in cancer.
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Antibody Array/Affinity Proteomics-Based Biomarker Discovery

Affinity proteomics, based on the use of antibodies, has emerged as a tool capable
of gathering information on the global level in a high-throughput format. An affinity
proteomics approach is being used to explore the human proteome under the
Swedish Human Proteome Atlas project (http://www.proteinatlas.org/). A 2-step
affinity chromatography principle was devised to first deplete the affinity tag-
specific antibodies followed by a second step for affinity capture of the target
protein-specific antibodies. An analytical dot-blot array system was developed to
analyze the cross-reactivity of the affinity-purified antibodies. The results suggest
that the protocol can be used in a high-throughput method known as protein epitope
signature tags (PrESTs). Tissue arrays (comprising healthy and diseased tissue and
a large number of different cell lines) containing characterized monospecific anti-
bodies were used to screen for the expression of corresponding proteins. The speci-
ficity of the staining could be determined using two antibodies that bind to different
epitopes of the same protein. Antibodies derived by Human Protein Atlas can also
be used for high-throughput biomarker analysis via IHC on tissue microarrays.

Multiple versions of affinity reagents are deployed in affinity proteomics, includ-
ing full-length antibodies, aptamers, affibody molecules, and single-chain variable
fragments of antibodies. Various capture formats are also being explored, ranging
from planar arrays (similar to commonly used printed DNA arrays) to beads, to
direct synthesis of antibodies in the array format. Affinity arrays are rapidly emerg-
ing as powerful biomarker discovery tools. Antibody-based proteomics has already
delivered multiple specific biomarker candidates, and many of those are being trans-
lated into clinical practice.

Antibody arrays (also called protein expression microarrays) can be used for
screening of biomarkers. As in the case of gene expression microarrays, it is
expected that protein expression microarrays will help in biomarker discovery, pre-
diction of disease outcomes and response to treatments, and detection of molecular
mechanisms and/or pathways associated with a particular disease state. However,
accurately achieving these aims is dependent upon suitable experimental designs,
normalization procedures that eliminate systematic bias, and appropriate statistical
analyses to assess differential expression or expose expression patterns. A consider-
able amount of research has been devoted to two-color cDNA arrays to improve
experimental design, normalization and statistical analyses to assess differential
expression and classification. These methods are directly applicable to two-color
antibody arrays. Statistical methods that have been developed for cDNA arrays have
been applied to antibody arrays as well.

RayBiotech Quantibody®7000 sandwich-based array offers global profiling of
320 unique proteins related to cytokine signaling. RayBiotech antibody arrays are
used for probing disease processes, particularly when only a few details are known,
e.g. use of a broad screening array confirmed the long-suspected role of inflamma-
tion in autism by detecting high expression of inflammatory cytokines in brains of
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autistic patients. RayBiotech’s C-1000 120-cytokine screening array was used to
profile plasma from patients with the confirmed Alzheimer disease (AD) diagnosis
and from matched controls. Prediction analysis and cross-validation established an
18-biomarker signature, which was able to correctly predict clinical diagnosis of
AD with 89% accuracy.

Using antibody capture with single-molecule detection technique, as few as 600
molecules per spot can be detected and counted. This method has been used to
develop a proof-of-concept diagnosis of tuberculosis based on capture and detection
of lipoarabinomannan, a polysaccharide biomarker of tuberculosis. Current tuber-
culosis diagnosis is not sensitive enough to detect the infection at early stages when
the treatment may be the most effective. With the rapid re-emergence of tuberculo-
sis worldwide, a reliable and sensitive diagnosis is of critical importance for disease
control. Antibody capture combined with fluorescence detection seems to be well
positioned to address this growing need.

The resolution of proteomic analyses by antibody arrays is, however, directly
related to the number of data points, i.e. antibodies, included on the array. Currently,
this is a key bottleneck because of limited availability of numerous highly character-
ized antibodies. A conceptually new method has been presented that denotes global
proteome survey, and opens up the possibility to probe any proteome in a species-
independent manner while still using a limited set of antibodies (Olsson et al. 2011).
Context-independent-motif-specific antibodies directed against short amino acid
motifs are used, where each motif is present in up to a few hundred different
proteins. First, the digested proteome is exposed to these antibodies, whereby motif-
containing peptides are enriched, which are then identified by MS. The authors of
this study have profiled extracts from human colon tissue, yeast cells lysate, and
mouse liver tissue to demonstrate proof-of-concept.

PlasmaScan™ (BioSystems International) and QuantiPlasma™ MAD libraries
(Randox Laboratories) cover the entire human plasma epitome and provide the tools
that enable the discovery of new disease specific biomarkers via robust antibody
microarray profiling of human plasma samples. PlasmaScan 80/PlasmaScan380
antibody arrays contain 80 and 380 (respectively) different MABs each reacting
with different epitopes of the human plasma proteome. MAbs recognize native pro-
tein structures and post-translational modifications (Wang et al. 2010). The charac-
terization of MADs in this work reveals that the global MAb proteomics process can
generate high-quality lung cancer specific MAbs capable of recognizing proteins in
their native state. QuantiPlasma™ antibody library enables precise proteome profil-
ing without sample labeling. The antibodies work in “tracer inhibition assays’ using
stabile labeled tracers for the profiling experiments, which are included in the kits.

Detection of Biomarkers Using Peptide Array Technology
Peptide arrays can be used to diagnose almost every disease providing their

biomarkers are available. Peptides recognizing those biomarkers can be synthesi-
zed on a single array and one test can simultaneously screen for all biomarkers.
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High throughput and high resolution make it possible to distinguish the slightest
difference between two disease biomarkers. In addition, unlike DNA arrays, the
detection of disease biomarkers on a peptide array is technically very straightfor-
ward and easy to operate. Therefore, the peptide array can provide a powerful tool
for clinical diagnosis in the future.

ProtoArray®

ProtoArray® Human Protein Microarray (Life Technologies) is the first high-
density microarray and contains thousands of unique, full length human proteins
including kinases, phophatases, GPCRs, nuclear receptors, and proteases, spotted in
duplicate on a 1 x 3 inch thin nitrocellulose coated glass slide. ProtoArray® human
protein microarray version 5.0 contains over 9000 unique human proteins individu-
ally purified and arrayed under native conditions to maximize functionality. Version
5.0 also includes control ProtoArray® Human Protein Microarray proteins in each
sub-array to facilitate supported applications. Additionally, data analysis software,
ProtoArray® Prospector, is freely available for examining the results. The advan-
tages of this technique are:

e Results in as little: as one day
 Identification of biomarkers with as little as 10 uL of serum
* Simple protocols to profile over 9000 proteins with a variety of samples

Applications of ProtoArray® Human Protein Microarray are:

e Immune response biomarker profiling
* Small molecule profiling

* Enzyme substrate profiling

* Antibody specificity profiling

* Protein-protein interaction profiling

Protein Nanobiochip

Biomarker proteins as early warning signs for diseases such as cancer can be identi-
fied for diagnostic purposes by finding their isoelectric points and their molecular
weights. Isoelectric points are chemical features that refer to the electrical state of a
molecule when it has no net charge. Conventional protein chips use a gel across
which an electric current is applied to find the targeted protein's isoelectric points.
In the nanobiochip, instead of being filtered through a block of gel, the protein mol-
ecules are separated by their isoelectric points by a capillary action as the proteins
flow in a solution along channels in the chip. The protein molecules are then dried
and irradiated by a laser. Their molecular weights are then measured by a mass
spectrometer. The laser helps the proteins leave the chip, and the mass spectrometer
is used to judge the molecular weights of the protein molecules in the samples by
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measuring how early they reach a detector. In the mass spectrometer, light molecules
fly faster than heavy ones in an electric field. The mass spectrometer judges the
weight of the molecules by monitoring the timing of when each molecule reaches a
detector. In addition to being faster than techniques that use gel blocks, the nanobio-
chip method requires blood samples of about 1 pL. compared to about 20 pLL or more
that are needed using gel-based techniques.

Gene Expression Microarray Data as a Source of Protein
Biomarkers

Gene expression microarrays have been in use for more than a decade ago, and
microarray studies have been used to study changes in mRNA transcripts in disease-
related tissues. Considerable microarray data have been deposited into international
repositories including the Gene Expression Omnibus (GEO) and ArrayExpress.
Integration of publicly-available microarray data has been used to detect candidate
gene variants common to various types of cancers and even for to validating gene-
expression-based diagnostics for FDA approval. Although microarrays measure the
relative abundance of mRNA transcripts, their translated proteins are also likely to
be differentially present in diseased tissue and possibly even secreted or detectable
in the blood. A method was described to determine gene expression signatures
across 238 diseases from GEO and revealed that the molecular signature of disease-
specific RNA across tissues is more prominent than the signature of tissue-specific
expression patterns (Dudley et al. 2009). Thus RNA measurements in diseased tis-
sue could be used to identify candidate serum protein biomarkers of disease.

Quantification of Protein Biomarkers
Multiple Reaction Monitoring Assays

Multiple reaction monitoring mass spectrometry (MRM-MS) assays, originally
developed to quantify small molecules, is now being adapted for quantification of
protein biomarkers. Analytical characteristics of the MRM-MS approach make it
ideally suited for the clinical laboratory as an assay for biomarker tests. MRM-MS
techniques have been used clinically for quantification of protein biomarkers,
including biomarker panels (Hunter and Paramithiotis 2010). Among the different
methods to read out quantitative signals by MS to measure specific proteins of inter-
est, MRM has proven to be most suitable, with a wide linear range (Schmidt and
Urlaub 2012). Because of multiple measurements per protein, MRM is one of the
most specific assays for protein measurement. However, targeted analysis by MRM
requires the individual design of suitable assays. A number of companies have
developed commercial MRM-based assays.
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Caprion Proteomics’ MRM assays use triple quadrupole MS coupled to
LC. Protein biomarkers can be selected from genomics, literature, or discovery
efforts. In the first quadrupole, a specific peptide that corresponds to a protein of
interest is selected. The peptide is then fragmented in the second quadrupole and a
filter is applied to allow a specific fragment, also referred to as a transition, to enter
into the third quadrupole where its intensity is measured. Typically, two peptides
per protein are monitored and two transitions per peptide are measured, which
improves signal-to-noise and reduces interference. In addition, current instrumenta-
tion enables measurement of hundreds of proteins in a single sample, making MRM
an ideal assay to verify and validate candidate biomarkers or perform high-
throughput measurements of a panel of biomarkers.

MRM Proteomics’ PeptiQuant™-based MRM assay panels and analytical ser-
vices are optimized to enable the most sensitive, accurate, and specific results while
providing the ability to measure the exact concentration of each protein in complex
matrices such as blood/plasma directly. It enables targeted analysis of proteins of
interest rather than sifting through enormous amounts of data that typically result
from non-targeted studies.

Indi (Integrated Diagnostics Inc) Molecular, a emerging life sciences company,
is developing a synthetic class of diagnostic and therapeutic agents with antibody-
like properties, protein-catalyzed capture agents (PCCs), which were created in
collaboration with the California Institute of Technology that enables scientists to
permanently join together molecular components with unusual precision and stabil-
ity. PCCs offer superior stability, lower cost and faster creation compared to MAbs
for identifying biomarkers for diagnostics and therapeutics.

Real-Time PCR for Quantification of Protein Biomarkers

The TagMan Protein Expression Assays (ThermoFisher Scientific) are a new line of
TagMan® real-time PCR assays that enable researchers to rapidly detect and quan-
tify proteins in human cell samples as well as correlate relative levels of specific
proteins with cell functions in different disease conditions. The new assays detect
and quantify proteins by an innovative technology that combines an antibody-
oligonucleotide-tagged immunoassay with a TagMan Assay to generate real-time
PCR data for specific proteins present in as little as 10-250 cells. These tools offer
researchers a more quantitative, simpler, and standardized approach to protein anal-
ysis of various cell types, especially stem cells, compared to other more complex
methods that also require large amounts of cell sample. When combined with
TagMan Assays for miRNA and mRNA and run on one of Life Technologies’ real-
time PCR systems, they form the only quantitative protein analysis method that
enables researchers to make comparisons of protein and RNA molecular biomarkers
identified on the same platform with the same starting samples.

The new assays for targets in stem cells have already been used by a team of
scientists at Erasmus University Medical Center (Rotterdam, The Netherlands) to
quantify protein biomarkers for pluripotency (OCT 3/4, NANOG, SOX2, and
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LIN28) using small quantities of human stem cell and testicular germ cell samples.
These types of biomarkers can potentially be used to identify and characterize
malignant cells.

CyTOF for Quantification of Biomarkers

CyTOF (DVS Sciences Inc/Fluidigm) is a mass cytometer combining flow cytom-
etry and atomic mass spectrometry that can quantify biomarkers in parallel in num-
bers not achievable with other technologies. Initially developed as an improvement
on current flow cytometry instruments, the technology has been adapted for a mul-
tiplexed bead array instrument. Instead of using fluorescence tags or lasers, it uses a
stable isotope of an element, preferably a stable lanthanide isotope, which is attached
to an antibody. The cells are probed and then flowed one at a time into the mass
spectrometer, which vaporizes, atomizes, and ionizes the cell. The ions are extracted
from the resulting state-of-the-matter plasma and analyzed by mass spectrometry at
about 1000 cells per second. The results are quantitative, because the atomic mass
spectrometer does complete ionization. The signal recorded at the detector is exactly
proportional to the number of atoms that go in the front end, the number of antibod-
ies that were present, and the number of antigens in the cell. The instrument pro-
vides the ability to measure several antigens simultaneously and quantitatively.

CyTOF takes flow cytometry into the next dimension of the multiparameter stage
and it does it without requiring a lot of calculations and corrections, Maxpar
reagents, developed for use on CyTOF, can also be used with conventional ICP-MS
analysis for solution analysis, such as multi-parametric ELISAs or Western blot
format. The advantage of the CyTOF over conventional flow cytometers is that the
mass spectrometer enables exquisite resolution between the mass channels without
overlap, Therefore, one can do as many measurements as there are stable isotopes
and for which there is a non-cross-reactive antibody panel. CyTOF allows one to do
a 35-parameter experiment because there are 35 lanthanide stable isotopes that they
use as tags, making it the first instrument that allows flow cytometry to be done in
>20 parameters. Currently, CyTOF is for use with protein and RNA biomarkers and
is suited for targeted biomarker work. The technology is amenable to any affinity
assay as long as there is an affinity product that recognizes the target — a hybridiza-
tion gene array, an antibody assay, an aptamer, a lectin or a hapten. It has an impact
on drug development lifecycle in deciphering a drug's pharmacokinetics and phar-
macodynamics relationship (Atkuri et al. 2015).

Search for Biomarkers in Body Fluids

The first decision to be made in a search for a biomarker is whether to look in a body
fluid or a tissue. Body fluids have the advantage of being more easily accessible and
are more likely to be of clinical use because serum or urine can be obtained by
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non-invasive methods as a routine (Jain 2007). However, plasma (together with
serum) is the largest and deepest version of the human proteome and presents chal-
lenges for the investigators.

Challenges and Strategies for Discovery of Protein Biomarkers
in Plasma

Plasma is the most difficult sample to work with in proteomics, despite the relatively
good behavior (i.e. solubility) of its protein components. The daunting size of the
plasma proteome is a reflection of the sheer number of different proteins to be tested
— >10° different molecules representing products of all 25,000-30,000 genes.
Approximately half of the total protein mass in plasma is accounted for by only one
protein (albumin, present at ~55,000,000,000 pg ml~!), while roughly 22 proteins,
which also include transferrin, fibrinogen and other, make up 99% of the total. The
remaining 1% contains secreted proteins, some of which are promising biomarkers.
At the other end of the concentration histogram are the cytokines, such as interleu-
kin-6 (IL-6), which is normally present at 1-5 pgml~!. The difference in concentra-
tion between albumin and IL-6 is thus ~10'°. This range covers the proteins that are
known and considered to be useful as biomarkers but ignores those to be discovered
in the future at even lower concentrations. Characterization of the plasma proteome,
therefore, poses many challenges. The aim is to create a reliable human blood
plasma reference base as a basis for future biomarker discoveries. Many of the
established biomarkers were detected by immunoassays and not proteomics, where
currently technology is limited to a dynamic range of 10°~10*. A number of strate-
gies have been used to overcome the problems and some research projects are
underway.

Focus of research during the past decade has been on complete analysis of
plasma samples to see all differences rather than targeted analysis to measure one or
more hypothesis-generated candidates. Complete analysis has the advantage that it
enables the direct selection of optimal biomarker proteins at the outset. The number
of proteins detectable in plasma has risen to >1000 as reported in various recent
studies. Targeted analysis, however, is more meaningful for disease-biomarker asso-
ciation and hybrid approaches have been proposed that combine the multiprotein
view of proteomics and the advantages of targeted specific assays and are termed
targeted proteomics.

Technologies for Removal of Highly Abundant Proteins in Blood
Identification of rare proteins in blood is often hindered by highly abundant pro-

teins, such as albumin and immunoglobulin, which obscure less plentiful molecules.
As study was done to determine appropriate sample preparation of proteomic
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samples in rodent models by examining blood samples (including both serum and
plasma) for high abundant protein removal techniques for subsequent gel-based
proteomic experiments (Haudenschild et al. 2014). Four methods of albumin
removal were assessed: antibody-based affinity chromatography (MARS),
Cibacron® Blue-based affinity depletion (SwellGel® Blue Albumin Removal Kit),
protein-based affinity depletion (ProteaPrep Albumin Depletion Kit) and TCA/
acetone precipitation. Although all four approaches can effectively remove high
abundant proteins, antibody-based affinity chromatography was found to be supe-
rior to the other three methods.

Multiple Affinity Removal System (Agilent Technologies), an immunoaffinity
column, which comprises antibodies to the six most abundant proteins found in
human blood is a solution to this problem. By merely running a sample over the
matrix, one can specifically remove all six proteins at once, unveiling lower-
abundance species that may represent new biomarkers for disease diagnosis and
therapy. The process removes about 85% of the total protein mass. The multiple
affinity removal system works with blood, CSF, and urine, all of which contain the
same major proteins. Blood serum is the favored source for investigators inter-
ested in large-scale proteomics; because it is has the most proteins. However, so
far only ~500 of the 30,000 proteins in serum have been identified. Removal
of albumin and the other 5 major proteins will enable further digging into the
proteome.

VIVAPURE Anti-HSA/IgG Kit (Sartorius AG) provides both a highly specific,
antibody fragment-based system for albumin removal and a protein G coupled sys-
tem for IgG removal. These affinity systems are well established for their excellent
sensitivity and specificity. 2D separation of proteins from depleted serum showed
better resolution of existing spots and revealed an additional 1000 proteins that were
not visible in gels of the untreated sample. A convenient, easy-to-use spin column
format needing only a lab centrifuge allows parallel processing of different samples.
Detailed studies with the new system have shown it to be a highly useful tool for the
detection of new biomarkers in blood, synovial fluid, CSF or other protein samples
that would otherwise be affected by excess albumin and IgG.

In 2009, a consortium of European companies and universities were awarded €3
million ($3.8 million) under the European Commission’s 7th Framework Program
to develop a plasma biomarker discovery platform. The 3-year project, called
Proactive, was conducted by a consortium consisting of Innova Biosciences,
Copenhagen University in Denmark, Fujirebio Diagnostics, Uppsala University in
Sweden, and Integromics. The goal of the initiative was to develop methods and
reagents for multiplexed proximity ligation assays for detecting low-abundance pro-
teins in plasma, along with statistical methods and data management tools. The
participants plan to carry out a series of pilot biomarker projects focused on colorec-
tal cancer detection in blood samples. The participants plan to develop a platform
that can analyze 100 samples per week. The platform will be able to detect 180
putative protein biomarkers using four microliters of plasma.
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3D Structure of CD38 as a Biomarker

Human CD38 is a multifunctional protein involved in diverse functions. As an
enzyme, it is responsible for the synthesis of two Ca* messengers, cCADPR and
NAADP; as an antigen, it is involved in regulating cell adhesion, differentiation,
and proliferation. Besides, CD38 is a biomarker of progression of HIV-1 infection
and a negative prognostic marker of B-CLL. 3D crystal structure CD38 has been
determined, which may lead to important discoveries about how cells release cal-
cium. The findings also may offer insights into mechanisms involved in certain
diseases, ranging from leukemia to diabetes and HIV-AIDS. For example, CD38
interrupts an interaction between the AIDS virus and its point of entry into cells —a
protein receptor called CD4. CD38’s 3-D structure reveals a peptide may play a
role in interrupting the interface between CD4 and HIV-AIDS. Levels of the pro-
tein rise for unknown reasons during illness, making human CD38 a marker for
these diseases.

BD™ Free Flow Electrophoresis System

BD™ Free Flow Electrophoresis (FFE) System (BD Biosciences) is a novel separa-
tion concept that enables greater penetration of the proteome via separation of a
wide variety of charged or chargeable analytes, ranging from small molecules to
cells. Unlike traditional electrophoretic or chromatographic techniques, the method
provides continuous electrophoretic separation, in the absence of solid phase inter-
actions, providing the simultaneous benefits of reproducibility, speed, a high resolu-
tion fractionation gradient, and high recovery. Laboratory results demonstrate an
improvement in the resolution on 2D PAGE by more than a factor of five, when
compared to unfractionated samples. Additionally, digested fractions analyzed by
LC-MS/MS yield hundreds of protein identifications per fraction. A further comple-
mentary benefit of this novel technology is the ability to rapidly and efficiently
deplete albumin from human plasma during the fractionation process. Additionally,
the FFE methods developed are appropriate for processing large numbers of
samples, allowing high sample throughput without sacrificing resolution or protein
concentration dynamic range, which should improve identification of novel protein
biomarkers in plasma.

Isotope Tags for Relative and Absolute Quantification

Life Technologies Corp has developed Isotope tags for relative and absolute quanti-
fication (iTRAQ™), which is potentially more cost-effective because up to four
samples can be screened simultaneously with four isotopically distinguishable
reagents. The iTRAQ method utilizes isobaric tags containing both reporter and
balancer groups. The reporter is quantitatively cleaved during collision-induced
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dissociation (CID) to yield an isotope series representing the quantity of a single
peptide of known mass from each of up to four different samples. This quantifica-
tion group (the reporter) is ‘balanced’ by a second group (the balancer) depleted of
the same stable isotopes, which maintains each isotopic tag at exactly the same
mass. Since the peptide remains attached to the isobaric tags until CID is conducted,
the peptide is simultaneously fragmented for sequence identification.

The current generation of iTRAQ reagents labels lysine residues and the N ter-
mini of peptides, meaning that most peptides are multiply labeled (as with GIST).
Therefore, iTRAQ suffers the same peptide overabundance problem and must be
coupled with one or more dimensions of chromatographic or electrophoretic separa-
tion before MS analysis to limit the number of isobaric tagged peptides in the first
MS dimension. The advantage of iTRAQ over these methods is that the label is
cleaved in the tandem MS before quantification.

Because differences in peptide levels can only be determined after tandem MS,
the first MS dimension cannot be used to pre-screen peptides for differential expres-
sion before tandem MS identity determination. Therefore, each and every peptide
must be subjected to tandem MS analysis, making iTRAQ both time-consuming
and sample-intensive for biomarker discovery applications. Furthermore, any
untagged isobaric chemical noise may confound tandem-MS sequencing of the
iTRAQ labeled peptides.

Another issue with this method is the problem of protein variants. Any variant of
the peptide of interest will not be isobaric with the same tagged peptides from con-
trol samples. Such non-isobaric peptides can be detected by their absence, but may
be falsely interpreted as down-regulation of the parent protein. Furthermore, such
peptides may be isobaric with other peptides, confounding the interpretation of
expression levels or sequences of other peptides. However, in target validation,
patient profiling or toxicological screening applications, where the masses of the
peptides are known, iTRAQ™ is potentially very cost-effective.

Plasma Protein Microparticles as Biomarkers

Although current proteomic technologies enable detection and analysis of extremely
small amounts of proteins (picomole to attomole level), it is difficult to detect and
quantify proteins present at 2- to 3-orders of magnitude lower than the more abun-
dant proteins. Microparticles are subcellular particles varying in size from 50 nm to
1 pm that are released by essentially all cells upon activation. They have a variety of
important physiological and pathophysiological functions including role as the
main carrier of tissue factor in the blood and participating in intercellular communi-
cations. In the plasma of healthy individuals, over 90% originate from platelets.
Other sources of microparticles are cancer cells, endothelial cells including those
form newly formed angiogenic vessels, leukocytes and smooth muscle cells.
Although this subproteome makes up less than 0.01% of the total plasma proteome,
itis rich in proteins altered under a variety of pathological conditions. The proteome
of microparticles isolated from the plasma of healthy individuals is slightly but
significantly different from that of platelet microparticles.
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The total number and the cellular origin of these microparticles is altered in a
wide variety of pathological conditions including cardiovascular diseases. The pro-
tein composition of microparticles differs according to the disease. Normal biologi-
cal fluids used for biomarker discovery, such as plasma or urine, contain a small
number of proteins present at much higher amounts than the remaining proteins. For
example, in the plasma, albumin and immunoglobulins are present at milligrams per
milliliter, while proteins of interest for biomarker discovery may be present at
micrograms to picograms per ml. Microparticle subproteome is being investigated
as a potential source of biomarkers. MicroParticle Proteomics is developing
microparticle-based biomarker screening and diagnostic tests for cardiovascular
diseases.

Proteome Partitioning

Protein depletion has been used for some years to remove most of the albumin and/
or IgG from biofluids such as plasma and serum prior to analysis, but it is clear that
this alone is insufficient to enable progress to be made in biomarker discovery. The
presence of highly abundant proteins significantly complicates the discovery pro-
cess by masking the presence and limiting the detection of low abundance species.
ProteomeLab IgY partitioning (Beckman Coulter) addresses this issue by reversibly
capturing 12 of the more abundant proteins from human biofluids such as plasma
and serum, yielding an enriched pool of low abundance proteins for further study.
The captured proteins can also be easily recovered for investigation if required —
hence the term partitioning rather then depletion. IgY-12 selectively partitions the
12 highly abundant proteins and the partitioned fractions can be taken to the next
stage of the discovery process, such as multidimensional fractionation using the
ProteomeLab PF 2D system or profiling using 2D PAGE.

Stable Isotope Tagging Methods

Stable isotope tagging methods provide a useful means of determining the relative
expression level of individual proteins between samples in a mass spectrometer
with high precision. Because two or more samples tagged with different numbers of
stable isotopes can be mixed before any processing steps, sample-to-sample recov-
ery differences are eliminated. Mass spectrometry also allows post-translational
modifications, splice variations and mutations (often unnoticed in immunoassays)
to be detected and identified, increasing the clinical relevance of the assay and
avoiding the issues of non-specific binding and cross-reactivity observed in immu-
noassays. Several stable isotope tagging methods have evolved over the last decade
and are undergoing development in a number of different areas, such as; mass
spectrometric instrumentation, peptide identification algorithms and bioinformatic
computational data analysis. Improved methods enable quantitative measurement of
relative or absolute protein amounts, which is essential for gaining insights into
their functions and dynamics in biological systems. Several different strategies
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involving stable isotopes labels, label-free statistical assessment approaches and
absolute quantification methods are possible, each with specific strengths and
weaknesses.

Baiting and affinity pre-enrichment strategies, which overcome the dynamic
range and sample complexity issues of global proteomic strategies, are very difficult
to couple to MS. This is due to the fact that it is nearly impossible to sort target
peptides from those of the bait since there will be many cases of isobaric peptides.
Isotope-differentiated binding energy shift tags (IDBEST) has been developed by
Target Discovery Inc as a tagging strategy that enables such pre-enrichment of spe-
cific proteins or protein classes as the resulting tagged peptides are distinguishable
from those of the bait by a mass defect shift of ~0.1 atomic mass units. The special
characteristics of these tags allow: resolution of tagged peptides from untagged pep-
tides through incorporation of a mass defect element; high-precision quantitation of
up- and downregulation by using stable isotope versions of the same tag; and poten-
tial analysis of protein isoforms through more complete peptide coverage from the
proteins of interest.

Inductively coupled plasma MS (ICP-MS), still widely recognized as elemental
detector, has emerged as a complementary technique to previous methods. The new
application of ICP-MS is targeting the fast growing field of proteomics related
research, enabling absolute protein quantification using suitable elemental based
tags (Chahrour et al. 2015).

Technology to Measure Both the Identity and Size of the Biomarker

While SELDI-TOF platforms provided MS approaches that could generate size and
identity information, the inability of surface-based chromatography to provide a
strategy for low-abundance analytes necessitates the development of new approaches
of fragment-based analyte detection. One ideal format would be high-throughput
MS technology coupled with true affinity chromatography whereby larger quanti-
ties of body fluids could be queried over a flow-through high-capacity surface.
Therefore, the future of peptide-based diagnostics will require the invention and
adoption of wholly new technologies that rapidly read both the identity and the
exact size of the molecule. Immuno-MS provides a means to do this. Using this
technology, a microaffinity antibody column, perhaps in a multiplexed microwell
format, is first used to capture all species of molecules that contain the antibody
recognition site, regardless of size. MS analysis of eluted peptides provides an
extremely accurate mass determination of the entire population of captured pep-
tides. Thus, in only two steps, immuno-MS can rapidly tabulate a panel of peptide
fragments derived from a known parent molecule.

Conventional immunoassay and newer multiplexed technologies such as antibody
arrays and suspension bead arrays cannot measure panels of peptide analytes that
carry their diagnostic information based in two dimensions of both size and identity.
PerkinElmer is working with Center for Applied Proteomics and Molecular Medicine
at George Mason University (Fairfax, VA) to develop an immunoassay-based
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application using a mass spectrometer as the detector rather than a fluorescence
detector. The approach could provide a solution to the challenge of multiplexed
fragment-based analyte measurements. Other types of configured formats, such as
plasmon resonance-based affinity mass spectrometry, may also be successful in
translating mass spectrometry into clinic applications.

Selected Reaction Monitoring MS

Selected reaction monitoring (SRM) MS was used to determine the relative quantita-
tion of 31 plasma proteins commonly observed in biomarker studies over various time
courses (Randall et al. 2012). Estimates of between-subject and within-subject bio-
logical variances determined by SRM were calculated for each protein. Replicate
analysis demonstrated the high precision of SRM assays of plasma proteins. Statistical
analysis indicated that none of the measured proteins exhibited significant temporal
fluctuations over either time course. Overall, time-based intra-individual quantitative
variation of plasma protein levels was considerably lower than biological variation
occurring between individual volunteers. This study is the first to show robust tempo-
ral stability of the plasma proteome in healthy individuals using SRM-based peptide
quantitation. This is important as it provides a strong basis for reliable detection of
disease/treatment related changes of these plasma proteins and others using SRM.

Targeted MS for Verification of Biomarkers

High-throughput technologies can now identify hundreds of candidate protein bio-
markers for any disease with relative ease. However, because there are no assays for
the majority of proteins and de novo immunoassay development is prohibitively
expensive, few candidate biomarkers are tested in clinical studies. Targeted MS is
capable of quantifying biomarker candidates at concentration ranges where bio-
markers are expected in plasma (i.e. at the ng/ml level). A published workflow
enables fast and definitive generation of targeted MS-based assays for most bio-
marker candidate proteins (Hiittenhain et al. 2009). These assays are stored in pub-
licly accessible databases and have the potential to greatly impact the throughput of
biomarker verification studies. Analytical performance of a biomarker identification
pipeline based on targeted MS may be sufficient for data-dependent prioritization of
candidate biomarkers, de novo development of assays and multiplexed biomarker
verification (Whiteaker et al. 2011).

Biomarkers in the Urinary Proteome

Plasma membrane proteins are likely present in urine by secretion in exosomes.
Urine is a desirable material for the diagnosis and classification of diseases due to
the convenience of collection in large amounts. However the urinary proteome



60 2 Technologies for Discovery of Biomarkers

catalogs currently being generated have limitations in their depth and confidence of
identification. Methods involving a linear ion trap — Fourier transform (LTQ-FT)
and a linear ion trap — orbitrap (LTQ-Orbitrap) MS have been developed for the
in-depth characterization of body fluids and applied to the analysis of the human
urinary proteome. More than 1500 proteins were identified in the urine obtained
from ten healthy donors, and nearly half of the these were membrane proteins. This
analysis provides a high confidence set of proteins present in human urinary pro-
teome and provides a useful reference for comparing datasets obtained with differ-
ent methods. The urinary proteome is unexpectedly complex and may prove useful
in biomarker discovery in the future.

Peptides as Biomarkers of Disease

Bodily fluids contain a vast array of low-molecular-weight (LMW) peptides gener-
ally produced from larger precursor proteins. Mapping these LMW fragments back
to the parent molecules has revealed evidence of a complex protein processing sys-
tem. Furthermore, changes in the normal protein/peptide repertoire reflect patho-
logical processes that correlate with disease susceptibility, disease state, or both. For
example, the progressive inflammation and destruction of the salivary glands in
patients with oral cancer or Sjogren’s Syndrome (an autoimmune disease) will lead
to specific protein and peptide alterations in saliva. Thus, identification of disease-
associated differences in enzyme composition and activity will lead to a better
understanding of the molecular basis of diseases and will facilitate the identification
of biomarkers in patients that may assist in screening, diagnosing, and monitoring
the disease state.

The low molecular weight region of the serum peptidome contains protein frag-
ments derived from two sources: (1) high-abundance endogenous circulating pro-
teins; and (2) cell and tissue proteins. MS-based profiling has indicated that the
peptidome may reflect biological events and contain diagnostic biomarkers. Recent
studies have established distinctive serum polypeptide patterns through MS that
reportedly correlate with clinically relevant outcomes. Wider acceptance of these
signatures as valid biomarkers for disease may follow sequence characterization of
the components and elucidation of the mechanisms by which they are generated.

Peptidomics technologies provide new opportunities for the detection of low-
molecular-weight proteome biomarkers (peptides) in body fluids. Improvements in
peptidomics research are based on separation of peptides and/or proteins by their
physicochemical properties in combination with mass spectrometric detection,
identification and sophisticated bioinformatics tools for data analysis. These pro-
vide an opportunity to discover novel biomarkers for diagnosis and management of
disease.

An example of the application of Peptidomics® Technologies (BioVision AG) is
the study of plasma samples of diabetic patients for biomarkers before and after oral
glucose challenge and validation by immunoassays. Peptidomics analysis enabled
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display of >1500 circulating peptides from 1 mL EDTA-plasma and excellent
sensitivity ranges reaching ~100 pmol/L (pg/mL). Quantitative changes were
detected in the picomolar range. Known diagnostic biomarkers were found in a
Differential Peptide Display and validated by ELISA-measurement. Unknown,
putative biomarkers could have been discovered and inter-individual differences
were demonstrated.

Analysis of Peptides in Bodily Fluids

Current methods for detecting enzyme abundance and activity are limited because:
(1) they lack the requisite sensitivity to detect the low-level activities that are typi-
cally present in bodily fluids; (2) they rely on prior knowledge of the identity of the
enzymes present in the sample. Thus, new methods are being explored for better
detection of enzymes that would lead to improved diagnostic and/or prognostic
assays for various diseases.

Researchers at University of California (San Francisco, CA) have developed a
novel method to characterize enzyme activity that can be used to diagnose diseases
or monitor stability of biological samples. The method involves MS analysis of
alterations in the endogenous peptide repertoire and/or custom exogenous probes.
Advantages of this method are:

* Inexpensive and rapid proteinase activity assay.

* Direct tool to differentiate between post-translational vs. transcriptional regula-
tion of peptide production.

* Comprehensive, non-biased analyses that do not require prior knowledge of pro-
teinase identity.

* Improved sensitivity with amplified detection of enzymatic activity pointing to
the identity of the enzyme species in situation where the abundance of these
molecules is below the detection limit of other methods.

e These biomarkers can form the basis of diagnostic test for human diseases that
have proteolytic components (e.g., autoimmune diseases, cancer).

* N-terminal peptide isolation from human plasma

e Problems such as dynamic fluctuations in protein concentration of protein bio-
markers in human plasma is a drawback for exploiting this resource. A method
to label and isolate N-terminal peptides from human plasma and serum has been
described, which dramatically reduces the complexity of the sample by eliminat-
ing internal peptides (Wildes and Wells 2010). This approach is highly suited for
studying natural proteolysis in plasma and serum. Internal cleavages were found
in plasma proteins created by endo- and exopeptidases, providing information
about the activities of proteolytic enzymes in blood, which may be correlated
with disease states. Other findings included signatures of signal peptide cleav-
age, coagulation and complement activation, and other known proteolytic
processes. Finally, substrates could be identified from specific proteases by
exogenous addition of the protease combined with N-terminal isolation and
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quantitative mass spectrometry. In this way proteins cleaved in human plasma by
membrane-type serine protease 1, an enzyme linked to cancer progression, were
identified. These studies demonstrate the usefulness of direct N-terminal label-
ing by subtiligase to identify and characterize endogenous and exogenous prote-
olysis in human plasma and serum.

Antibody Biomarker Discovery via Evolution of Peptides

To enable discovery of serum antibodies indicative of disease and simultaneously
develop reagents suitable for diagnosis, in vitro directed evolution has been applied
to identify consensus peptides recognized by patients’ serum antibodies (Ballew
et al. 2013). Bacterial cell-displayed peptide libraries were quantitatively screened
for binders to serum antibodies from patients with celiac disease (CD), using cell-
sorting instrumentation to identify two distinct consensus epitope families specific
to CD patients (PEQ and ®/pxFVY/:Q). Evolution of the ¥/pxFVY/:Q consensus epi-
tope identified a celiac-specific epitope, distinct from the two CD hallmark antigens
tissue transglutaminase-2 and deamidated gliadin, exhibiting 71% sensitivity and
99% specificity. Expansion of the first-generation PEQ consensus epitope via
in vitro evolution yielded octapeptides QPEQAFPE and PFPEQxFP that identified
o- and y-gliadins, and their deamidated forms, as immunodominant B cell epitopes
in wheat and related cereal proteins. The evolved octapeptides, but not first genera-
tion peptides, discriminated one-way blinded CD and non-CD sera with exceptional
accuracy, yielding 100% sensitivity and 98% specificity. Because this method does
not require prior knowledge of pathobiology, it may be broadly useful for de novo
discovery of antibody biomarkers and reagents for their detection. It may enable
development of effective diagnostic tests for other medical conditions where such
tests are lacking and the identification of environmental factors involved in
disease.

Serum Peptidome Patterns

The peptidome information is archived in at least three dimensions: (1) the identity
of the peptide (e.g., the peptide sequence or parent protein from which it was
derived); (2) the quantity of the peptide itself; and (3) the state of the modified form
(fragment size and cleavage ends, posttranslational glycosylation sites, etc). Peptide
fragments are developed by the disease system and embody an integrated record of
the system. Thus, taking a systems biology approach to measure panels of pepti-
dome markers can potentially overcome the failures of previous biomarkers to
achieve adequate clinical sensitivity and specificity.

A study using a highly optimized peptide extraction and MALDI-TOF MS-based
approach has shown that a limited subset of serum peptides (a signature) can pro-
vide accurate class discrimination between patients with three types of solid tumors
and controls without cancer (Villanueva et al. 2006). This small but robust set of
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marker peptides has enabled a highly accurate class prediction for an external
validation set of prostate cancer samples. This study provides a direct link between
peptide marker profiles of disease and differential protease activity, and the patterns
described may have clinical utility as surrogate markers for detection and classifica-
tion of cancer. These findings also have important implications for future peptide
biomarker discovery efforts.

SISCAPA Method for Quantitating Proteins and Peptides in Plasma

Stable Isotope Standards and Capture by Anti-Peptide Antibodies (SISCAPA) is a
proteomics platform aimed at biomarker quantification. It combines immuno-
enrichment with selected reaction monitoring (SRM) MS. Anti-peptide antibodies
immobilized on 100 nL nanoaffinity columns are used to enrich specific peptides
along with spiked stable-isotope-labeled internal standards of the same sequence.
Upon elution from the anti-peptide antibody supports, electrospray MS is used to
quantitate the peptides (natural and labeled). SISCAPA is thus limited to sequence-
defined (predetermined) analytes, but offers the possibility of greatly increased
sensitivity (by removing unwanted peptides from the set delivered to the MS).
This technique is being used to develop a new proteomics assay for diagnosing
Alzheimer’s disease. Using this assay, it was shown that FGF15 circulates in plasma
in a circadian rhythm-dependent manner at concentrations that activate its receptor.
Consistent with the proposed endocrine role for FGF15 in liver, mice lacking hepa-
tocyte expression of the obligate FGF15 co-receptor, 3-Klotho, have increased bile
acid synthesis and reduced glycogen storage despite having supraphysiological
plasma FGF15 concentrations. Collectively, these data demonstrate that FGF15
functions as a hormone and highlight the utility of SISCAPA-SRM as a sensitive
assay for detecting low-abundance proteins in plasma (Katafuchi et al. 2015).

Comparison of Proteomic Profiling Technologies for Discovery
of Biomarkers

A comparison of proteomic profiling technologies for discovery of biomarkers is
shown in Table 2.2.

Verification for Interlaboratory Reproducibility of Protein
Biomarkers

Discovery proteomics often results in a list of tens or even hundreds of potential
biomarkers, but because analyzing each biomarker can take up to several weeks and
the sample numbers are low, the false discovery rates tend to run high. This is not



64 2 Technologies for Discovery of Biomarkers

Table 2.2 Comparison of proteomic profiling technologies for discovery of biomarkers

Ability Precision Ability to detect High speed,
to detect in relative low abundance low cost and
Approaches isoforms quantitation proteins simplicity
Optical methods No Yes Yes Yes
(e.g., ELISA, SPR)
MudPIT Yes No No No
ProteinChip® Yes No No Yes
ICAT Yes Yes No No
ITRAQ™ (Applied Yes Yes No No
Biosystems)
Isonostics™ (Target Yes Yes Yes Yes

Discovery Inc)

Modified from Hall and Schneider (2004)
Abbreviations: SPR surface plasma resonance, MudPIT multidimensional protein identification
technology, ELISA enzyme-linked immunosorbent assay, ICAT isotope-coded affinity tag

necessarily because of technical variability but rather is the consequence of
biological variability in the samples.

Verification of candidate biomarkers relies upon specific, quantitative assays
optimized for selective detection of target proteins, and is increasingly viewed as a
critical step in the discovery pipeline that bridges unbiased biomarker discovery to
preclinical validation. Such technology has been limited by the availability of well-
characterized antibodies, a well-known problem in protein research. Developing
high-quality immunoassays also is costly and time-consuming. Although individual
laboratories have demonstrated that multiple reaction monitoring (MRM) coupled
with isotope dilution mass spectrometry can quantify candidate protein biomarkers
in plasma, reproducibility and transferability of these assays between laboratories
have not been demonstrated.

A multilaboratory study has assess reproducibility, recovery, linear dynamic
range and limits of detection and quantification of multiplexed, MRM-based assays,
conducted by NCI-CPTAC (Addona et al. 2011). Using common materials and
standardized protocols, it was shown that these assays can be highly reproducible
within and across laboratories and instrument platforms, and are sensitive to low
microgram per milliliter protein concentrations in unfractionated plasma. The study
has provided data and benchmarks against which individual laboratories can com-
pare their performance and evaluate new technologies for biomarker verification in
plasma. Such methods, combined with protein- and peptide-enrichment strategies,
are able to hit target values for limits of quantitation that are in the very bottom of
the nanogram per milliliter range for proteins in blood, where many biomarkers of
clinical utility are located.
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Significance of Similar Protein Biomarkers in Different Tissues

The specificity of proteins identified by proteomics as biomarkers for defined condi-
tions or as components of biological processes and pathways is crucial. Usually
2DGE analysis of proteins expressed in two different but related samples, such as
healthy and diseased organs leads to the assumption that those proteins expressed at
different levels in the two organs are linked to the disease in some way and can be
used as biomarkers for it. But this simple idea could well be wrong. Protein bio-
markers discovered by one research group are often not confirmed by other groups.
This may be due to laboratory errors but another explanation is that many of the
differently expressed proteins are not actually specific for the disease or condition
being investigated. Even if the researchers are correctly identifying differently
expressed proteins in the two samples, the difference may have nothing to do with
disease.

A study reported that reading of several 2DGE-based articles featuring lists of
differentially expressed proteins reveals that the same proteins seem to predominate
regardless of the experiment, tissue or species (Petrak et al. 2008). The most
frequently identified protein was a highly abundant glycolytic enzyme enolase 1,
differentially expressed in nearly every third experiment on both human and rodent
tissues. Heat-shock protein 27 (HSP27) and heat-shock protein 60 (HSP60) were
differentially expressed in about 30% of human and rodent samples, respectively.
Considering protein families as units, keratins and peroxiredoxins are the most
frequently identified molecules, with at least one member of the group being dif-
ferentially expressed in about 40% of all experiments. The authors wondered if
these commonly observed changes represent common cellular stress responses or
are a reflection of the technical limitations of 2DGE.

In another study, differentially expressed proteins from comparative proteomic
studies identified by 2DGE followed by MS, especially with MALDI technique,
were critically reviewed (Wang et al. 2009). Based on 66 of those studies, a list of
44 proteins was presented as generally detected proteins regardless of species,
in vivo or in vitro conditions, tissues and organs, and experimental objective.
Similarly, a list of 28 generally detected protein families was presented. The
enriched functions linked to these generally detected proteins reveal that there are
some common biological features beyond the technical limitations. Cellular stress
response can be the universal reason as to why these proteins are generally expressed
differentially. Using those proteins as biomarkers for cellular processes other than
stress response should be done with caution. Such disease biomarkers would be
merely pinpointing stressed out cells with no useful application. In future proteomic
studies more profound approaches should be applied to look beyond these proteins
to find specific biomarkers.
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Glycomic Technologies

Mass spectrometry (MS), in combination with modern separation methodologies, is
one of the most powerful and versatile techniques for the structural analysis of gly-
cans (oligosaccharides). NMR spectroscopy and computer graphic modeling can be
used to display the dynamic structure of protein glycosylation. These methods can
be used for intermolecular and intramolecular protein-oligosaccharide interactions
and complement X-ray crystallography.

Proteome Systems has applied specific protocols and bioinformatics in its pro-
teomics platform, ProteomlQ, to glycomics. These technologies cover all areas of
glycan analysis, from glycoprotein sample preparation to glycan structural analysis
at the level of analyzing glycoprotein isoforms separated by gel electrophoresis.
Glycan fragmentation MS data is interpreted by specific bioinformatic software
integrated with the company's glycan database, GlycoSuite DB, to automatically
generate the corresponding oligosaccharide structures. This technology bridges the
gap between proteomics and glycomics.

Ezose Sciences offers comprehensive glycan analytical services using its propri-
etary GlycanMap® platform technology that combines an automated glycan sample
processor with high-throughput MALDI-TOF-MS or research of glycan-related
biomarkers.

Cellular Glycomics for Discovery of Cellular Biomarkers

Although many of the frequently used pluripotency biomarkers are glycoconju-
gates, a glycoconjugate-based exploration of novel cellular biomarkers has proven
technically difficult. A unique approach has been reported for the systematic
overview of all major classes of oligosaccharides in the cellular glycome (Fujitani
et al. 2013). This method enabled MS-based structurally intensive analyses, both
qualitative and quantitative, of cellular N- and O-linked glycans derived from
glycoproteins, glycosaminoglycans, and glycosphingolipids, as well as free oligo-
saccharides of human embryonic stem cells (hESCs) and induced pluripotent stem
cells (hiPSCs). Cellular total glycomes were found to be highly cell specific. Struc-
tures of glycans of all classes specifically observed in hESCs and hiPSCs tended to
be immature in general, suggesting the presence of stem cell-specific glycosylation
spectra. Analysis revealed the high similarity of the total cellular glycome between
hESCs and hiPSCs, although it was suggested that hESCs are more homogeneous
than hiPSCs from a glycomic standpoint. This study enabled identification of known
pluripotency biomarkers such as SSEA-3, -4, and -5 and Tra-1-60/81, as well as a
panel of glycans specifically expressed by hESCs and hiPSCs.
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Metabolomic Technologies

Within the last few years, metabolomics has developed into a technology that
complements proteomics and transcriptomics. In combination with techniques for
functional analysis of genes, it is hoped that a holistic picture of metabolism can be
formed. In addition to the genome analysis and proteome analyses, the exhaustive
analysis of metabolites is important for a comprehensive understanding of cellular
functions because the dynamic behavior of metabolites cannot be predicted without
information regarding metabolome.

In view of the chemical and physical diversity of small biological molecules, the
challenge remains of developing protocols to gather the whole ‘metabolome'. No
single technique is suitable for the analysis of different types of molecules, which is
why a mixture of techniques has to be used. In the field of metabolomics, the gen-
eral estimations of the size and the dynamic range of a species-specific metabolome
are at a preliminary stage. Metabolic fingerprinting and metabonomics with high
sample throughput but decreased dynamic range and the deconvolution of individual
components achieve a global view of the in vivo dynamics of metabolic networks.
The technologies used include NMR, direct infusion mass spectrometry, and/or
infrared spectroscopy. Gas chromatography (GC)-MS and LC-MS technology
achieve a lower sample throughput but provide unassailable identification and quan-
titation of individual compounds in a complex samples.

However, it is important to note that each type of technology exhibits a bias
towards certain compound classes, mostly due to ionization techniques, chromatog-
raphy and detector capabilities. GC-MS has evolved as an imperative technology
for metabolomics due to its comprehensiveness and sensitivity. The coupling of GC
to time-of-flight (TOF) mass analyzers is an emerging technology. High scan rates
provide accurate peak deconvolution of complex samples. GC-TOF-MS capabili-
ties provide an improvement over conventional GC-MS analysis in the analysis of
ultracomplex samples, which is particularly important for the metabolomics
approach. Ultracomplex samples contain hundreds of co-eluting compounds that
vary in abundance by several orders of magnitude. Thus, accurate mass spectral
deconvolution and a broad linear dynamic range represent indispensable prerequi-
sites for high quality spectra and peak shapes. Modern GC-TOF-MS applications
and incorporated mass spectral deconvolution algorithms fulfill these requirements.
The advantages of metabolomics technologies are:

e Ability to analyze all bodily fluids such as blood, CSF and urine as well as
cultured or isolated cells and biopsy material.

e High throughput capability enabling simultaneous monitoring of biological
samples

e Analysis of multiple pathways and arrays of metabolites simultaneously from
microliter sample quantities.
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In 2015, the Canadian Government gave a grant of C$3 million (US$2.4 million)
towards instruments to help establish the Metabolomics Technology Demonstration
Centre, in partnership with Genome Alberta and the University of Alberta. The
instruments, a 700 MHz NMR machine and a quadrupole TOF MS, will assist com-
panies in the metabolomics sector translate biomarker-based tests from the lab into
the clinic. Companies will test, validate, and assemble prototypes using the
University of Alberta Metabolomics Innovation Centre’s biomarker panels, to cre-
ate more accurate and less invasive medical tests.

Genome-Wide Association Studies for Identification
of Metabolic Biomarkers

Genome-wide association studies (GWAS) reveal genetic variants that confer
increased or decreased susceptibility to such complex diseases such as metabolic
disorders, e.g. type 2 diabetes. To be able to use the GWAS in a clinical setting is a
complex challenge, yet it is hoped that, in the future, this tool will ultimately enable
the development of pharmaceutical options that are capable of targeting the cause of
metabolic disorders, not just the symptoms themselves (Pattin and Moore 2010).

Genetic Influences on Human Blood Metabolites

Genome-wide association scans with high-throughput metabolic profiling provide
unprecedented insights into how genetic variation influences metabolism and com-
plex disease. A study has reported the most comprehensive exploration of genetic
loci influencing human metabolism so far, comprising 7824 adult individuals from
2 European population studies (Shin et al. 2014). Genome-wide significant associa-
tions were found at 145 metabolic loci and their biochemical connectivity was
shown with more than 400 metabolites in human blood. The resulting in vivo blue-
print of metabolism in human blood was extensively characterize by integrating it
with information on gene expression, heritability and overlap with known loci for
complex disorders, inborn errors of metabolism and pharmacological targets. The
authors further developed a database and web-based resources for data mining and
results visualization. These findings provide new insights into the role of inherited
variation in blood metabolic diversity and identify potential new opportunities for
drug development and for understanding disease.

Lipid Profiling

Single biomarkers, such as plasma cholesterol or triglycerides are used in modern
medicine to assess the risk of certain diseases, butsuch assessments overlook the
inherent complexity of metabolic disorders involving hundreds of biochemical
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processes. Assessing the full breadth of lipid metabolism is what drives the field of
lipomic profiling. However, unlike the other “-omic” technologies, in which only a
small portion of the genes or proteins is known, lipid metabolic pathways are well
characterized. Another limitation of “-omics” technologies is that they produce so
many false positive results that it is difficult to be sure that findings are valid.
Metabolomics is not immune to this problem but, when practiced effectively, the
technology can reliably produce knowledge to aid in decision making. Focused
metabolomics platforms, which restrict their target analytes to those measured well
by the technology, can produce data with properties that maximize sensitivity and
minimize the false discovery problem. TrueMass® (Lipomic Technologies) analy-
sis produces lipomic profiles — comprehensive and quantitative lipid metabolite
profiles of biological samples. TrueMass® measures hundreds of lipid metabolites
from a small quantity of tissue or serum sample. Because the resulting data are
quantitative, TrueMass data can be seamlessly integrated with pre-existing or future
databases.

Data-dependent acquisition of MS/MS spectra from lipid precursors enables
emulation of the simultaneous acquisition of an unlimited number of precursor and
neutral loss scans in a single analysis. This approach takes full advantage of rich
fragment patterns in tandem mass spectra of lipids and enables their profiling by
complex scans, in which masses of several fragment ions are considered within a
single logical framework. No separation of lipids is required, and the accuracy of
identification and quantification is not compromised, compared to conventional
precursor and neutral loss scanning.

Mass Spectrometry for Discovery of Metabolic Biomarkers
in Plasma

MS-based kits are being developed for discovery of metabolic biomarkers. The best
known of these is AbsoluteIDQ™ Kit (Biocrates Life Sciences), which works with
Applied Biosystems API 4000 and API 4000 QTRAP ® Mass Spectrometer. It
enables accurate identification and quantification of >160 metabolites in >4 com-
pound classes from clinical and preclinical plasma samples within a few minutes.
This is the first integrated technology platform (metabolomics, genomics and
proteomics), which automates proprietary standardized pre-analytical and analyti-
cal steps for metabolic analysis using bioinformatics. It provides a sample base with
access to clinical data for discovery, validation and evaluation of new biomarkers
and drug targets.

ROA Technologies’ Mass Spectrometry Metabolite Library of Standards
(MSMLS) and its corresponding software, MSMLSDiscovery are marketed by
Sigma-Aldrich to provide retention times and spectra for key metabolic compounds.
It also helps to optimize MS analytical protocols and to qualify and quantify MS
sensitivity and limit of detection.
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Currently, only 1.8% of spectra in an untargeted metabolomics experiment can
be annotated. To link the large volume of known chemical structures to the data
obtained with MS remains a challenge because reference spectra are not available in
MS databases. This means that the vast majority of information collected by metab-
olomics is “dark matter,” chemical signatures that remain uncharacterized. Much of
the chemical dark matter may include known structures, but they remain undiscov-
ered. The only way to overcome this challenge is through the development of com-
putational solutions. A computational tool called CSI (compound structure
identification):FingerID is designed to aid in the annotation of chemistries that can
be observed by MS (Diihrkop et al. 2015). CSI:FingerID uses fragmentation trees to
connect tandem MS (MS/MS) data to chemical structures found in public chemistry
databases. Tools such as this can enable metabolomics with MS to become as com-
monly used and scientifically productive as sequencing technologies are in the field
of genomics.

Role of Metabolomics in Biomarker Identification and Pattern
Recognition

Metabolomics research has increased significantly over recent years due to advances
in analytical measurement technology and the advances in pattern recognition soft-
ware enabling one to visualize changes in levels of hundreds or even thousands of
chemicals simultaneously. Multivariate metabolomic and proteomic data and time-
series measurements can be combined to reveal protein-metabolite correlations.
Different methods of multivariate statistical analysis can be explored for the
interpretation of these data. The discrimination of the samples enables the identi-
fication of novel components. These components are interpretable as inherent
biological characteristics.

Biomarkers that are responsible for these different biological characteristics can
easily be classified because of the optimized separation using independent compo-
nents analysis and an integrated metabolite-protein dataset. Evidently, this kind of
analysis depends strongly on the comprehensiveness and accuracy of the profiling
method, in this case metabolite and protein detection. Assuming that the techniques
will improve, more proteins and metabolites can be identified and accurately quanti-
fied, the integrated analysis will have great promise.

Urinary Profiling by Capillary Electrophoresis

Metabolomic approaches have become particularly important for discovery of bio-
markers in urine. The analytical technology for urinary profiling must be efficient,
sensitive and offer high resolution. Until recently these demands were commonly
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met by HPLC-MS, GC-MS and NMR. The analytical armory for urinary profiling
includes cyclodextrin-modified micellar electrokinetic capillary chromatography
(CD-MECC), which enables highly cost-effective, rapid and efficient profiling with
minimal sample volume and preparation requirements. The CD-MECC profiles
typically show separation for >80 urinary metabolites. These profiles have been
visualized using novel advanced pattern recognition tools. Visualization of pattern
changes has been achieved through development of the novel ACE (Automated
Comparison of Electropherograms) software which not only removes errors due to
baseline shifts but also allows for rapid reporting of semiquantitative profile differ-
ences. The method has been applied in investigation of biomarkers characteristic of
alcoholics or Down’s syndrome persons.

Validation of Biomarkers in Large-Scale Human Metabolomics
Studies

Large scale metabolomics studies require a careful analytical and statistical protocol.
Methods combining several well-established statistical tools have been developed
for processing this large data set in order to detect small differences in metabolic
profiles in combination with a large biological variation. These include data prepro-
cessing, data analysis, and validation of statistical models. After several data pre-
processing steps, partial least-squares discriminate analysis (PLS-DA) was used for
finding biomarkers. To validate the biomarkers statistically, the PLS-DA models are
validated by means of a permutation test, biomarker models, and noninformative
models. Univariate plots of potential biomarkers are used to obtain insight in up- or
down-regulation.

Lipidomics

Lipidomics is the use of high-dimensional lipid analysis technologies that provide
researchers with an opportunity to measure lipids on an unprecedented scale. The
development of lipidomics has been accelerated by the concepts of systems biology
and advances in the following areas:

e Proteomics, particularly ESI/MS. Shotgun lipidomics, based on multi-dimensional
MS array analyses after multiplexed sample preparation and intrasource separa-
tion, has matured as a technique for the rapid and reproducible global analysis of
cellular lipids.

* Recognition of the role of lipids in many common metabolic diseases.

e Recognition that metabolism of lipids is linked to and requires the simultaneous
analysis of multiple lipid classes, molecular species and metabolic networks.
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At its current stage, this technology enables us to analyze more than 20 lipid
classes and thousands of individual lipid molecular species directly from lipid
extracts of biologic samples (Gross and Han 2007). Substantial progress has been
made in the application of lipidomics in biomarker discovery. Notable are the appli-
cations in the following areas:

* Substantial alterations have been found in myocardial cardiolipin content in
early stages of diabetes.

* Obesity has been related to increase in the content of lysophosphatidylcholine
molecular species independently of genetic influences and is related to insulin
resistance.

* Neurolipidomics is important for discovery of biomarkers of diseases of the ner-
vous system as lipids make up half of the human brain in dry weight.

Lipidomics is moving towards more methodical and structured approaches to
biomarker identification. Experimental designs focusing on well-defined outcomes
have a better chance of producing biologically relevant results and strategies for
improving the quality of data analysis.

Disease Biomarkers in Breath

Since ancient times, physicians have known that human breath can provide clues
to diagnosis of various diseases, e.g. the sweet, fruity odor of acetone indicates
uncontrolled diabetes. Researchers have identified over 1000 different com-
pounds contained in human breath. These molecules have both endogenous
and exogenous origins and provide information about physiological processes
occurring in the body as well as environment-related ingestion or absorption of
contaminants.

Among commonly used exhaled biomarkers, nitric oxide (NO) on exhaled air
and some constituents of exhaled breath condensate in volatile or non-volatile form
may represent suitable biomarkers (Maniscalco et al. 2009). Nasal, bronchial and
alveolar NO could be analyzed separately, with implications in the assessment of
systemic disease and endothelial dysfunction. Moreover, the profiles of several
exhaled gases have a place in phenotyping diabetic patients and their risk of compli-
cations. Accordingly, metabolomics of the airway fluid using exhaled breath con-
densate is useful for the evaluation of both volatile and non-volatile biomarkers.
Reference values are, however, lacking, and the influence of preanalytical variables
on the methods requires further studies.

Several methods for trace molecular detection have been applied to the problem
of breath analysis. These include optical detection, mass spectrometry, and elec-
tronic noses.
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Portable Breath Test for Volatile Organic Compounds

Volatile organic compounds (VOCs) are present in normal human breath and can be
detected by gas chromatography (GC). Some of these breath VOCs may be bio-
markers of disease, but there are technical problem in collecting breath, analyzing
low concentrations of VOCs, and distinguishing normal from abnormal findings.
Menssana Research Inc has overcome these technical problems and developed a
portable breath collection apparatus which can collect breath samples virtually
anywhere. It captures breath VOCs onto a small sorbent trap, which is sent to the
laboratory for analysis by GC and MS. Each analysis usually identifies more than
200 different VOCs. This breath test has identified a new and comprehensive set of
biomarkers of oxidative stress known as the breath methylated alkane contour
(BMAC). Changes in the BMAC have revealed distinctive patterns in a number of
different diseases each can be identified. This breath test is now being evaluated in
several clinical studies, including:

e Lung cancer

e Breast cancer

e Heart transplant rejection
¢ Kidney disease

e Ischemic heart disease

e Diabetes mellitus

e Pulmonary tuberculosis

Detection of Breath Biomarkers by Sensation Technology

Analysis of breath for various respiratory biomarkers is an emerging field for
Sensation™ technology (Nanomix Inc), which is a nanoelectronic detection
platform based on carbon nanotube networks. It consists of a tiny detector chip with
one or more individually addressable detection elements, each capable of being
independently functionalized to detect a specific target analyte. Sensation™ tech-
nology is enabling a new noninvasive device for asthma monitoring by measuring
the level of nitric oxide (NO) in exhaled breath.

Detection of Breath Biomarkers by Nanosensors

To develop breath testing for identifying Alzheimer’s disease (AD) and Parkinson’s
disease (PD), alveolar breath was collected from volunteers (AD patients, PD
patients and healthy controls) and analyzed using combinations of nanomaterial-
based sensors (Tisch et al. 2013). Discriminant factor analysis was applied to detect



74 2 Technologies for Discovery of Biomarkers

statistically significant differences between study groups and classification success
was estimated using cross-validation. The pattern identification was supported by
chemical analysis of the breath samples using gas chromatography combined with
MS. The combinations of sensors could clearly distinguish AD from healthy states,
PD from healthy states, and AD from PD states, with a classification accuracy of 85,
78 and 84%, respectively. Gas chromatography combined with MS analysis showed
statistically significant differences in the average abundance of several volatile
organic compounds in the breath of AD, PD and healthy subjects, thus supporting
the breath prints observed with the sensors. Conclusion is that breath prints identi-
fied with combinations of nanomaterial-based sensors have future potential as cost-
effective, fast and reliable biomarkers for AD and PD.

Detection of Breath Biomarkers Optical Frequency Comb
Spectroscopy

Broad-bandwidth, high-spectral-resolution optical detection of human breath has
used to identify multiple important biomarkers correlated with specific diseases and
metabolic processes. This optical-frequency-comb-based breath analysis system
has shown excellent performance in high detection sensitivity, ability to identify and
distinguish a large number of analytes, and simultaneous, real-time information
processing. A series of breath measurements have been done with this method
including stable isotope ratios of CO,, breath concentrations of CO, and the pres-
ence of trace concentrations of NH; in high concentrations of H,O. It will enable
detection of molecules that may be biomarkers for diseases like asthma or cancer by
blasting a person’s breath with laser light. New designs of prism cavities promise to
expand the spectral coverage of optical cavities from 200 nm to several microns,
greatly increasing the number of biomarkers that can be measured by a single sys-
tem. Even the currently available system can be used for clinical trials to gather
statistics for the feasibility and cost effectiveness of breath measurements for non-
invasive health screening tests.

Detection of Breath Biomarkers by Infrared Absorption Spectroscopy

Oxford Medical Diagnostics (OMD) is developing the Acetone Breath Analyzer,
which is based on its infrared absorption spectroscopy technology based on CEAS
(Cavity Enhanced Absorption Spectroscopy) technology. An optical cavity with
ultra-high grade mirrors at both ends, enables repetitive wavelength scanning over
the targeted region of absorption. It will be used to screen and diagnose type 1 and
type 2 diabetes and monitor weight loss in healthy individuals. In persons with dia-
betes mellitus, lack of proper glucose metabolism leads to utilization of fat with
resulting production of acetone, a biomarker of diabetes, which can be detected in
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breath. The firm uses mass spec technology (V&F Analyse- und Messtechnik) as
the gold standard with which to compare clinical results from diabetic patients with
its laser-based breath products.

Detection of Biomarkers by Electronic Nose

An electronic nose (ENose) developed for air quality monitoring at the Jet Propulsion
Laboratory (Pasadena, CA) has been used to distinguish between the odors of brain
and brain tumor tissues (Kateb et al. 2009). The ENose was able to distinguish
between the two types of organ tissue and between the two types of tumor cell lines.
The variation in array response for the organ tissues was 19% and between the two
types of cultured cell lines was 22%. Odor signatures of different cells as well as
cellular proliferation, growth, differentiation and infiltration are being studied. The
evaluation of exhaled breath profiles by ENose) is a promising non-invasive diag-
nostic tool, and the discrimination of breathprints between patients with COPD and
asthma has been reported.

Fluorescent Indicators for Biomarkers

In earlier years scientists tagged samples — whether nucleic acid, protein, cell, or
tissue — with radioactive labels, and captured images on film. Safety concerns, con-
venience, and sensitivity, spurred the development of alternative techniques, and
today, researchers can choose from a range of options, including fluorescence.
Fluorescence occurs when light is absorbed from an external (excitation) source by
a fluorescent molecule (fluorophore) and subsequently emitted. The cycle of exci-
tation and emission will continue until the excitation source is turned off or the
fluorophore is consumed in a chemical reaction. A fluorescent probe is any small
molecule that that undergoes changes in one or more of its fluorescent properties as
aresult of noncovalent interaction with a protein or other macromolecular structure.
There are many different fluorescent molecules, both naturally occurring and syn-
thetic, each molecule having distinctive spectroscopic properties. This variety of
molecules can be exploited to enable highly localized, sensitive detection of chemi-
cal reactions, for tagging and identification of molecular structures, for monitoring
of cellular states, and even for monitoring multiple properties simultaneously. Due
to their higher sensitivity than chromogenic dyes, the fluorescent probes can be used
to effectively signal the presence of minute amounts of a specific protein, DNA or
RNA without the hazards associated with radioactive labels.

Simple water-soluble lanthanum and europium complexes are effective at
detecting neutral sugars as well as glycolipids and phospholipids. In solutions at
physiologically relevant pH the fluorescent lanthanum complex binds neutral
sugars with apparent binding constants comparable to those of arylboronic acids.
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Interference from commonly occurring anions is minimal. The europium complex
detects sialic acid-containing gangliosides at pH 7.0 over an asialoganglioside. This
selectivity is attributed, in large part, to the cooperative complexation of the oligo-
saccharide and sialic acid residues to the metal center, based on analogous prior
studies. Lysophosphatidic acid (LPA), a biomarker for several pathological condi-
tions including ovarian cancer, can be selectively detected by the europium com-
plex. LPA is also detected via a fluorescence increase in human plasma samples.
The 2-sn-OH moiety of LPA plays a key role in promoting binding to the metal
center. Other molecules found in common brain ganglioside and phospholipid
extracts do not interfere in the ganglioside or LPA fluorescence assays.

Molecular Imaging Technologies

Imaging has a long history in medicine. Several technologies are used for imaging
in vivo. X-rays are the oldest form of in vivo imaging and form the basis of com-
puter tomography imaging. The current focus in relation to imaging biomarkers is
on molecular imaging, which is defined as the visualization, characterization, and
measurement of biological processes at the molecular and cellular levels in humans
and other living systems. Molecular imaging typically includes 2D or 3D imaging
as well as quantification over time. The techniques used include radiotracer imag-
ing/nuclear medicine, MRI/MRS, optical imaging, ultrasound and others.

Computer Tomography

In computer tomography (CT) x-rays are emitted from a source and received by a
set of detectors on the opposing side of the object. The source and detectors revolve
around the patient continuously while the patient lies on a robotically controlled
gantry. The resulting spiral CT scan is processed through interpolation and back-
projection algorithms to form a series of cross-sectional images which, taken
together, form a three-dimensional dataset representing the object of interest.

CT offers high resolution and fast acquisition of data, and is suited for studies
that require precise characterizations of bony structures, such as the spine, or for
cases in which image acquisition duration is of crucial importance, such as trauma.
High-resolution CT is also preferred for characterizing lesions and other abnormali-
ties within the chest and vascular structures, as well as many applications within the
gastrointestinal and genitourinary regions. In the context of drug development, CT
is a valuable tool for quantifying lesion size and location, particularly within the
chest and abdominal regions. The image resolution of CT is >0.5 mm. More recently,
by tracking the appearance of contrast-enhancing dyes as they wash into an organ,
CT perfusion has gained greater applicability and utility.
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Magnetic Resonance Imaging

In contrast to the use of ionizing radiation in CT, magnetic resonance imaging
(MRI) uses radio-frequency pulses and magnetic fields to obtain signals from
changes in nuclear magnetic moments. Specifically, as the alignment and relaxation
of protons occur in response to pulsed radio-frequencies, characteristic relaxation
times can be measured, most notably T1 (the longitudinal relaxation time) and T2
(the transverse relaxation time). Whereas CT images are characterized by a single
parameter, namely the x-ray attenuation of the tissue along the propagation path,
MRI is characterized by far more parameters, including proton density, T1, T2,
flow, diffusion and susceptibility, among others. It is this flexibility that makes the
use of MRI a double-edged sword. MRI is useful in numerous applications, but
repeatability and standardization in multicenter clinical trials can be challenging.
Although lower in resolution and requiring more time for data acquisition than that
by CT, MRI offers superior soft tissue contrast, making MRI the modality of choice
in the brain, in addition to specific applications in musculoskeletal and gastrointes-
tinal systems. MRI, with and without contrast agents, is also used for numerous
functional assessments, including tissue perfusion, diffusion, tumor permeability,
and blood oxygenation level-dependent (BOLD) fMRI studies. A technique based
on the same principle as MRI, but providing a greater degree of molecular charac-
terization is magnetic resonance spectroscopy (MRS), where spectroscopic profiles
of the chemical constituents within a sample are obtained. Real-time molecular
imaging with MRI is possible now as demonstrated by imaging of the distribution
of pyruvate and mapping of its major metabolites lactate and alanine within a time
frame of ~10 s.

Positron Emission Tomography

Radionuclide imaging uses bi-functional agents containing a radiolabel that confers
detectability, and a chemical and/or pharmaceutical moiety that determines uptake
and distribution in the body. In the case of positron emission tomography (PET), the
emitted positron passes through tissue and is ultimately annihilated when combined
with an electron, resulting in two 511 keV photons emitted in opposite directions.
Detectors are arranged in a ring around the tissue of interest, and only triggering
events that arrive near-simultaneously at diametrically opposite detectors are
recorded. Tomographic methods are then used to produce the resulting PET images.

Numerous radioisotopes are used for nuclear imaging. These tracer isotopes can
be substituted into drug compounds directly to mimic naturally occurring com-
pounds or can be complexed with other molecules to form new compounds referred
to as radiopharmaceuticals. 2-18F-fluoro-2-deoxy-D-glucose (FDG), for example,
is an analogue of glucose labeled with a positron-emitting form of fluorine and is
used in PET imaging of metabolic activities that involve glucose uptake.
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PET provides a noninvasive view into a person’s living biology as it tracks a
range of biological processes from metabolism to receptors, gene expression and
drug activity. This imaging tool examines the chemistry and biology of a person’s
body by monitoring ingested tracer molecules, and it is used to study the metabo-
lism of the brain, the heart and cancer.

Advantages of Imaging Biomarkers

Several characteristics of imaging biomarkers set them apart from other biomarkers.
The advantages are:

* Imaging has been in routine use for diagnosis and disease management for sev-
eral decades, and the ability to identify a wide spectrum of pathophysiology
using imaging methods is well established.

* Imaging biomarkers tend to be much more closely associated with the expressed
phenotype of diseases, thus enabling direct associations between therapy and
effect.

* Functional imaging provides a dynamic picture of the disease.

* Imaging offers tremendous versatility for providing continuous, structural and
functional assessments of therapy, offering snapshots of the bioactivity of drug
compounds over time.

* Imaging provides therapy assessments in animals and humans alike, and is there-
fore an important tool for promoting translational research.

* Imaging has now entered molecular era with molecular imaging and nanoparti-
cles as contrast media.

Monitoring In Vivo Gene Expression by Molecular Imaging

Molecular imaging is an emerging field of study that deals with imaging of disease
on a cellular and molecular level. It can be considered as an extension of molecular
diagnostics. In contradistinction to "classical" diagnostic imaging, it sets forth to
probe the molecular abnormalities that are the basis of disease rather than to image
the end effects of these molecular alterations. Radionuclide imaging, MRI, and
PET can be used visualize gene expression. Work done at the Beckman Institute/
California Institute of Technology (Pasadena, CA) deals with 3D MRI image of
gene expression based on intracellular messenger concentration.

Several current in vitro assays for protein and gene expression have been trans-
lated into the radiologic sciences. Endeavors are under way to image targets rang-
ing from DNA to entire phenotypes in vivo. The merging fields of molecular
biology, molecular medicine, and imaging modalities may provide the means to
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screen active drugs in vivo, image molecular processes, and diagnose disease at a
presymptomatic stage. Role of imaging in drug discovery and development is
described in Chap. 4.

Challenges and Future of Molecular Imaging
Basic Research in Molecular Imaging

Research leads clinical practice, and one of the challenges to the medical and regula-
tory communities is to facilitate the introduction of new imaging techniques into
patient management. As technology advances, scientists will further their ability
to use different probes with the whole spectrum of molecular imaging modalities to
identify new targets within cells and associated with cell membranes and receptors
and to quantify treatment effects on the expression of these biomarkers. Traditional
tracer-based nuclear medicine research will be expanded within the molecular imag-
ing arena to include optical imaging and magnetic resonance spectroscopy. These new
imaging technologies, particularly associated with new probe development, can pro-
vide new contrast to medical imaging. Optical imaging is currently limited by its
spatial resolution and imaging depth, and thermoacoustic tomography or radio fre-
quency-based photoacoustic tomography is being developed to meet this challenge.

Imaging Intracellular NADH as a Biomarker of Disease

Reduced nicotinamide adenine dinucleotide (NADH) is a major electron donor in
the oxidative phosphorylation and glycolytic pathways in cells. NADH fuels a series
of biochemical reactions that involve various enzymes to produce ATP, the major
energy source in cells. In the event of disease or a metabolic disorder, these enzymes
and their related reactions can become disabled, causing a buildup of unused NADH.

Intrinsic NADH fluorescence has been employed as a natural probe for a range
of cellular processes that include apoptosis, cancer pathology, and enzyme kinetics.
Two-photon fluorescence lifetime and polarization imaging of intrinsic NADH in
breast cancer and normal cells has been reported for quantitative analysis of the
concentration and conformation of this coenzyme (Yu and Heikal 2009). Using a
newly developed noninvasive assay, the authors estimated the average NADH con-
centration in cancer cells to be approximately 1.8-fold higher than in normal breast
cells. Excess amounts of intracellular NADH, a naturally fluorescent molecule
found in all living cells, could serve as a natural biomarker for cancer. These quan-
titative studies demonstrate the potential of dynamics (rather than intensity) imag-
ing for probing mitochondrial anomalies associated with neurodegenerative
diseases, cancer, diabetes, and aging. This approach is also applicable to other meta-
bolic and signaling pathways in living cells, without the need for cell destruction as
in conventional biochemical assays.
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Devices for Molecular Imaging

An evolution in imaging technology is occurring and will continue as imaging capa-
bilities continue to expand from the anatomical to the functional and to the molecu-
lar. The expansion of imaging capabilities will enable the identification of imaging
probes specific for molecular processes, and new multimodality imaging technolo-
gies will be developed to appropriately utilize these new probes, focusing on normal
and abnormal biological processes. The future will bring nanoparticle delivery vehi-
cles to deliver gene therapy to patients, smart contrast agents, target-specific optical
agents and stem cell-based imaging therapy.

Imaging Biomarkers in Clinical Trials

SNM (http://www.snm.org/), an international scientific and medical association dedi-
cated to advancing molecular imaging and therapy, created the Molecular Imaging
Clinical Trials Network in response to the need for streamlined processes to utilize
imaging biomarkers in clinical trials and clinical practice. There is widespread agree-
ment that the use of imaging biomarkers in the drug development process can signifi-
cantly reduce this burden and speed the timelines to clinical use. To specifically
address this opportunity, SNM has designed a first-of-its-kind model for the use of
imaging biomarkers in clinical trials that spans drug development, molecular imaging,
radiolabeled probe development and manufacturing and regulatory issues to integrate
the use of investigational imaging biomarkers into multicenter clinical trials.

Molecular Imaging in Clinical Practice

Work will continue to examine and validate future clinical applications for FDG
PET/CT for oncology (diagnosis and staging, treatment planning and response,
detection of recurrent or residual disease, restaging), for myocardial perfusion (coro-
nary artery disease, myocardial viability), and for neurology and neurosurgery (brain
tumors, medically intractable epilepsy, stroke, movement disorders, Alzheimer's dis-
ease and other dementias). Bioluminescence imaging, which enables visualization of
genetic expression and physiological processes at the molecular level in living tis-
sues, can identify specific gene expression in cancer cells and may be used to identify
metastatic potential.

Nuclear Magnetic Resonance

High-resolution nuclear magnetic resonance (NMR) spectroscopy is a quantitative
technique that can report on hundreds of compounds in a single measurement. The
ubiquitous presence of hydrogen in biomolecules as well as a favorable isotope
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distribution and magnetic sensitivity make 1H NMR the obvious choice for generating
profiles; however, there are NMR-visible isotopes for most chemical elements,
including 13C, 31P, and 15N. Modern cryogenically cooled probes and capillary
probes can push limits of detection by NMR to nanomolar levels or samples vol-
umes as low as 1.5 mL. This enables metabonomics to be applied to a number of
volume or mass limited circumstances, such as the use of microdialysates or regular
blood sampling from small animals without sacrificing them.

Sample preparation for routine biofluid analysis is minimal. The use of magic
angle spinning NMR (MAS-NMR) enables intact tissues and cells to be examined
with little or no preparation and on as little as 20 mg of material. Profiles generated
via MAS-NMR can also reveal the effects of toxin treatment on the metabolite com-
position within different cellular environments either via diffusion and relaxation
measurements in intact tissue or by comparing NMR profiles generated by various
tissue isolates. The ability to localize biochemical changes to a specific tissue, cell
type, or organelle provides valuable information pertaining to the mechanism of
toxicity and can aid the interpretation of biofluid analyses. MAS-NMR may provide
a means to validate in vitro systems in terms of in vivo metabolic responses to
toxicity.

Chemical Derivatization to Enhance Biomarker Detection
by NMR

A simple chemical reaction has been developed Purdue University (Lafayette, IN)
to improve the ability to detect important molecules in complex fluids such as blood,
rendering the biomarkers for some genetically caused metabolic disorders up to 100
times more visible. The chemical derivatization method selects a class of metabo-
lites from a complex mixture and enhances their detection by *C NMR. Acetylation
of amines directly in aqueous medium with 1,1'-(13)C(2) acetic anhydride is a
simple method that creates a high sensitivity and quantitative label in complex
biofluids with minimal sample pretreatment. Detection using either 1D or 2D 13C
NMR experiments produces highly resolved spectra with improved sensitivity.
Experiments to identify and compare amino acids and related metabolites in normal
human urine and serum samples as well as in urine from patients with the inborn
errors of metabolism tyrosinemia type II, argininosuccinic aciduria, homocystin-
uria, and phenylketonuria have demonstrated the usefulness of this method. The use
of metabolite derivatization and *C NMR spectroscopy produces data suitable for
metabolite profiling analysis of biofluids on a time scale that allows routine use.
Extension of this approach to enhance the NMR detection of other classes of metab-
olites has also been accomplished. The improved detection of low-concentration
metabolites creates opportunities to improve the understanding of the biological
processes and develop improved disease detection methods.
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Fluxomics by Using NMR

Fluxomics is measurement of flux rates of biomarkers using NMR with stable iso-
tope precursors. NMR can do non-invasive monitoring of live tissue and repetitive
sampling (longitudinal) without sacrifining animals. The technology can be trans-
lated directly to humans. NMR and 'H spectroscopic imaging (MRSI) can make
in vivo fluxomic measurements whereas LC-MS can be used to identify less abun-
dant metabolites. This approach has been used for human prostate to differentiate
between cancer and benign hypertrophy. Advantages of this method are:

* Fluxomics is more sensitive than concentration alone.
e Fluxomics completes the system biology equation permitting mechanistic mod-
eling and anchoring proteomic and transcriptomic data.

Nanobiotechnology

Nanotechnology (Greek word nano means dwarf) is the creation and utilization of
materials, devices, and systems through the control of matter on the nanometer-
length scale, i.e., at the level of atoms, molecules, and supramolecular structures. It
is the popular term for the construction and utilization of functional structures with
at least one characteristic dimension measured in nanometers — a nanometer is one
billionth of a meter (10~° m). This is roughly four times the diameter of an individual
atom and the bond between two individual atoms is 0.15 nm long. Proteins are
1-20 nm in size. The definition of ‘small’, another term used in relation to nanotech-
nology, depends on the application, but can range from 1 to 1 mm). Nano is not the
smallest scale; further down the power of ten are angstrom (=0.1 nm), pico, femto,
atto and zepto. By weight, the mass of a small virus is about 10 attograms. An atto-
gram is one-thousandth of a femtogram, which is one-thousandth of a picogram,
which is one-thousandth of a nanogram. Nanobiotechnologies are described in a
special report on this topic (Jain 2017c). The Handbook of Nanomedicine describes
applications of nanobiotechnology for healthcare (Jain 2017a).

Dip Pen Nanolithography

Dip pen nanolithography (DPN), originally developed by the Mirkin Lab at
Northwestern University in USA, uses the tip of an AFM to write molecular "inks"
directly on a surface. Biomolecules such as proteins and viruses can be positioned
on surfaces to form nanoarrays that retain their biological activity.
Multiple-allergen testing for high throughput and high sensitivity requires the
development of miniaturized immunoassays that can be performed with minute
amounts of test analyte that are usually available. Construction of such miniaturized
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biochips containing arrays of test allergens needs application of a technique that can
deposit molecules at high resolution and speed while preserving their functionality.
DPN is an ideal technique to create such biologically active surfaces, and it has
already been successfully applied for the direct, nanoscale deposition of functional
proteins, as well as for the fabrication of biochemical templates for selective adsorp-
tion. It has potential applications for detection of allergen-specific immunoglobin E
(IgE) antibodies and for mast cell activation profiling.

High-throughput protein arrays allow the miniaturized and parallel analysis of
large numbers of diagnostic biomarkers in complex samples. This capability can be
enhanced by nanotechnology. DPN technique has been extended to protein arrays
with features as small as 45 nm and immunoproteins as well as enzymes can be
deposited. Selective binding of antibodies to protein nanoarrays can be detected
without the use of labels by monitoring small (5-15 nm) topographical height
increases in AFM images.

Advantages of this system include:

e Ultrasensitive detection attains single femtograms/ml sensitivity.

e Generate more data with less sample: low-abundance biomarker studies on rare
and hard-to-collect samples are possible.

* Enables multiplex, high-throughput protein analysis: an entire slide with up to 96
sub-arrays can be scanned in 3.5 min

* Reduces protein assay costs: femtofluidic sample and reagent volumes deliver
rapid reaction kinetics and minimize expenditure.

Nanomaterials for Biolabeling

Nanomaterials are suitable for biolabeling. Nanoparticles usually form the core in
nanobiomaterials. However, in order to interact with biological target, a biological
or molecular coating or layer acting as an interface needs to be attached to the
nanoparticle. Coatings that make the nanoparticles biocompatible include antibod-
ies, biopolymers or monolayers of small molecules. A nanobiomaterial may be in
the form of nanovesicle surrounded by a membrane or a layer. The shape is more
often spherical but cylindrical, plate-like and other shapes are possible. The size and
size distribution might be important in some cases, for example if penetration
through a pore structure of a cellular membrane is required. The size is critical when
quantum-sized effects are used to control material properties. A tight control of the
average particle size and a narrow distribution of sizes allow creating very efficient
fluorescent probes that emit narrow light in a very wide range of wavelengths. This
helps with creating biomarkers with many and well distinguished colors. The core
itself might have several layers and be multifunctional. For example, combining
magnetic and luminescent layers one can both detect and manipulate the particles.
The core particle is often protected by several monolayers of inert material, for
example silica. Organic molecules that are adsorbed or chemisorbed on the surface
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of the particle are also used for this purpose. The same layer might act as a
biocompatible material. However, more often an additional layer of linker mole-
cules is required that has reactive groups at both ends. One group is aimed at attach-
ing the linker to the nanoparticle surface and the other is used to bind various
biocompatible substances such as antibodies depending on the function required
by the application. Water-soluble, biocompatible, fluorescent, and stable silver/
dendrimer nanocomposites have been synthesized that exhibit a potential for label-
ing cells in vitro as cell biomarkers.

Efforts to improve the performance of immunoassays and immunosensors by
incorporating different kinds of nanostructures have gained considerable momen-
tum over the last decade. Most of the studies focus on artificial, particulate marker
systems, both organic and inorganic. Inorganic nanoparticle labels based on noble
metals, semiconductor quantum dots and nanoshells appear to be the most versatile
systems for these bioanalytical applications of nanophotonics. The underlying
detection procedures are more commonly based on optical techniques. These
include nanoparticle applications generating signals as diverse as static and
time-resolved luminescence, one- and two-photon absorption, Raman and Rayleigh
scattering as well as surface plasmon resonance and others. In general, all efforts are
aimed to achieve one or more of the following goals:

* Lowering of detection limits (if possible, down to single-molecule level)

 Parallel integration of multiple signals (multiplexing)

* Signal amplification by several orders of magnitude

» Prevention of photobleaching effects with concomitant maintenance of antigen
binding specificity and sensitivity.

Quantum dot Molecular Labels

Quantum dots (QDs) are crystalline semiconductors composed of a few hundred or
thousand atoms that emit different colors of light when illuminated by a laser. Stable
QDs are made from cadmium selenide and zinc sulfide. Because these probes are
stable, they have the ability to remain in a cell’s cytoplasm and nucleus without fad-
ing out much longer than conventional fluorescent labels. This could give biologists
a clear view of processes that span several hours or even days, such as DNA replica-
tion, genomic alterations, and cell cycle control. Their longevity has also made QDs
a molecular label, allowing scientists to study the earliest signs of cancer, track the
effectiveness of pharmaceuticals that target the cellular underpinnings of disease,
and understand the events that occur during stem cell differentiation.

One drawback to this approach, however, is that these QDs may release poten-
tially toxic cadmium and zinc ions into cells. To solve this problem, QDs are coated
with a protective layer of polyethylene glycol (PEG), which is a very nonreactive
and stable compound that is used extensively by the pharmaceutical industry in drug
formulation. This layer is designed to prevent the dots from leaking heavy metal
ions into cells once they are inside. The tool used test the safety of QDs is a gene
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chip packed with 18,400 probes of known human genes and it is a comprehensive
method to measure the toxicity of nanoscale particles. This chip is designed to
enable the researchers to expose the human genome QDs, and determine the extent
to which the compound forces the genes to express themselves abnormally.

Specially coated QDs fluorescent nanoprobes affect only a tiny fraction of the
human genome, dispelling the concern that the mere presence of these potentially
toxic sentinels disrupts a cell’s function. Moreover, the affected genes are not related
to heavy metal exposure, which would be the case if the cells had been exposed to
cadmium or zinc ions. Because of their protective coating, QDs have minimal
impact on cells; the only gene changes are in transporter proteins, which is expected
because the dots have to be transported into and within the cell.

PEG-coated QDs are used for in vivo imaging of breast and prostate cancer.
These cancers could be detected at very early stages and the molecular makeup can
be characterized for effective treatment.

Bioconjugated QDs for Multiplexed Profiling of Biomarkers

Bioconjugated QDs, collections of different sized nanoparticles embedded in tiny
polymer beads, provide a new class of biological labels for evaluating biomarkers on
intact cells and tissue specimens. In particular, the use of multicolor QD probes in
immunohistochemistry is considered one of the most important and clinically relevant
applications. Bioconjugated QDs can be used for multiplexed profiling of biomarkers,
and ultimately for correlation with disease progression and response to therapy. This
will increase the clinician's ability to predict the likely outcomes of drug therapy in a
personalized approach to disease management. Bioinformatics and systems biology is
used to link each individual’s molecule profile with disease diagnosis and treatment
decisions. The usefulness of these protocols was demonstrated by simultaneously
identifying multiple biomarkers in prostate cancer tissue. In general, QD bioconjuga-
tion is completed within one day, and multiplexed molecular profiling takes 1-3 days
depending on the number of biomarkers and QD probes used.

Magnetic Nanotags for Multipley Detection of Biomarkers

Magnetic nanotags (MNTs) are a promising alternative to fluorescent labels in bio-
molecular detection assays, because minute quantities of MNTs can be detected
with inexpensive sensors. Probe sensors are functionalized with capture antibodies
specific to the chosen analyte. During analyte incubation, the probe sensors capture
a fraction of the analyte molecules. A biotinylated linker antibody is subsequently
incubated and binds to the captured analyte, providing binding sites for the
streptavidin-coated MNTs, which are incubated further. The nanotag binding sig-
nal, which saturates at an analyte concentration-dependent level, is used to quantify
the analyte concentration. However, translation of this technique into easy-to-use
and multilplexed protein assays, which are highly sought after in molecular
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diagnostics such as cancer diagnosis and personalized medicine, has been
challenging. Multiplex protein detection of potential cancer biomarkers has been
demonstrated at subpicomolar concentration. With the addition of nanotag amplifi-
cation, the analytic sensitivity extends into the low femtomolar concentration range.
The multianalyte ability, sensitivity, scalability, and ease of use of the MNT-based
protein assay technology make it a strong contender for versatile and portable
molecular diagnostics in both research and clinical settings.

Nanoparticles for Molecular Imaging

Although developments in molecular imaging have been dominated by nuclear
medicine agents in the past, the advent of nanotechnology led to MRI molecular
agents that enable detection of sparse biomarkers with a high-resolution imaging.
A wide variety of nanoparticulate MRI contrast agents are available, most of which
are superparamagnetic iron oxide-based constructs. Perfluorocarbon (PFC) nanopar-
ticulate platform is not only effective as a T1-weighted agent, but also supports °F
magnetic resonance spectroscopy and imaging. The unique capability of '°F permits
confirmation and segmentation of MRI images as well as direct quantification of
nanoparticle concentrations within a voxel.

Ultrasmall superparamagnetic iron oxide (USPIO) is a cell-specific contrast
agent for MRI. An open-label phase II study has tested the potential of USPIO-
enhanced MRI for macrophage imaging in human cerebral ischemic lesions.
USPIO-induced signal alterations throughout differed from signatures of conven-
tional gadolinium-enhanced MRI, thus being independent from breakdown of the
blood-brain barrier. Macrophages, as the prevailing inflammatory cell population in
stroke, contribute to brain damage. USPIO-enhanced MRI may provide an in vivo
surrogate marker of cellular inflammation in stroke and other CNS pathologies.
USPIO has favorable properties that result from its intravascular retention and lack
of extravasation, allowing optimal contrast between the vessel and the adjacent
tissue for several minutes postinjection. SH U 555 C (Bayer AG) is an optimized
formulation of carboxydextran-coated ferucarbotran (Resovist) is another USPIO.
When injected intravenously, it can depict first-pass MR angiography and cardiac
perfusion.

Nanoparticles for Discovering Biomarkers

Most of the applications of nanoparticles have focused on imaging systems and
drug delivery vectors. The physicochemical characteristics and high surface areas of
nanoparticles also make them ideal candidates for developing biomarker harvesting
platforms. Given the variety of nanoparticle technologies that are available, it is
feasible to tailor nanoparticle surfaces to selectively bind a subset of biomarkers and
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sequestering them for later study using high sensitivity proteomic tests. Biomarker
harvesting is an underutilized application of nanoparticle technology and is likely
undergo substantial growth.

Functional polymer-coated nanoparticles can be used for quick detection of bio-
markers and DNA separation. Multiarray of hepatocyte spheroids on a microfabri-
cated polymer-brush surface can maintain the hepatocyte viability and liver-specific
functions, offering a new high-throughput screening method of pharmacologically
and toxicologically active compounds for drug discovery.

Nanoparticles are being used for the electrochemical detection of proteins taking
advantage of their versatility and inherent electrochemistry as modifiers of the elec-
trotransducer surfaces. The improved electrochemical response is either due to
enhancement of the electron transference or the increased efficiency of immobiliza-
tion of biomolecules. Although nanoparticle-based electrochemical immunosensors
have shown high sensitivity and selectivity their application in clinical analysis still
needs rigorous testing to evaluate these advantages in comparison to classical assays
in terms of reproducibility, stability and cost while being applied for real sample
analysis (de la Escosura-Muiiiz and Merkogi 2010).

Nanoproteomics and Biomarkers

Nanoproteomics — application of nanobiotechnology to proteomics — improves on
most current protocols including protein purification/display and automated identi-
fication schemes that yield unacceptably low recoveries with reduced sensitivity
and speed while requiring more starting material. Low abundant proteins and
proteins that can only be isolated from limited source material (e.g. biopsies) can
be subjected to nanoscale protein analysis — nano-capture of specific proteins and
complexes, and optimization of all subsequent sample handling steps leading to
mass analysis of peptide fragments. This is a focused approach, also termed targeted
proteomics, and involves examination of subsets of the proteome, e.g., those pro-
teins that are either specifically modified, or bind to a particular DNA sequence, or
exist as members of higher order complexes, or any combination thereof. This
approach is used at Memorial Sloan-Kettering Cancer Center and Cornell University,
New York, to identify how genetic determinants of cancer alter cellular physiology
and response to agonists.

High-Field Asymmetric Waveform ion Mobility Mass Spectrometry

An ion mobility technology — high-field asymmetric waveform ion mobility mass
spectrometry (FAIMS) — has been introduced as online ion selection methods com-
patible with electrospray ionization (ESI). FAIMS uses ion separation to improve
detection limits of peptide ions when used in conjunction with electrospray and
nanoelectrospray MS. This facilitates the identification of low-abundance peptide
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ions often present at ppm levels in complex proteolytic digests and expand the
sensitivity and selectivity of nanoLC-MS analyses in global and targeted pro-
teomics approaches. This functionality likely will play an important role in drug
discovery and biomarker programs for monitoring of disease progression and drug
efficacy.

Nanosensors for Measuring Biomarkers in Blood

To overcome the challenge of detection of biomarkers in whole blood, Yale
University researchers have developed a lable-free nanosensor. A microfluidic puri-
fication chip simultaneously captures multiple biomarkers from blood samples and
releases them, after washing, into purified buffer for sensing by a silicon nanoribbon
detector. This two-stage approach isolates the detector from the complex environ-
ment of whole blood, and reduces its minimum required sensitivity by effectively
pre-concentrating the biomarkers. Deposit of antigens on the chip enables detection
down to extremely small concentrations. Specific and quantitative detection of two
model cancer antigens — antigens specific to prostate and breast cancer — from a 10
pl sample of whole blood was carried out in less than 20 min on the order of pico-
grams per milliliter, with 10% accuracy (Stern et al. 2010). The device may be used
at POC to test for a wide range of disease biomarkers at the same time, from ovarian
cancer to cardiovascular disease. This low-cost technology can be rapidly translated
into clinical application.

Nanobiochip Sensor Technique for Analysis of Oral Cancer
Biomarkers

A pilot study has described a nanobiochip sensor technique for analysis of oral can-
cer biomarkers in exfoliative cytology specimens, targeting both biochemical and
morphologic changes associated with early oral tumorigenesis (Weigum et al.
2010). Oral lesions from dental patients, along with normal epithelium from healthy
volunteers, were sampled using a noninvasive brush biopsy technique. Specimens
were enriched, immunolabeled, and imaged in the nanobiochip sensor according to
previously established assays for the epidermal growth factor receptor (EGFR) bio-
marker and cytomorphometry. Four key parameters were significantly elevated in
both dysplastic and malignant lesions relative to healthy oral epithelium, including
the nuclear area and diameter, the nuclear-to-cytoplasmic ratio, and EGFR biomarker
expression. Further examination using logistic regression and receiver operating
characteristic curve analyses identified morphologic features as the best predictors
of disease individually, whereas a combination of all features further enhanced dis-
crimination of oral cancer and precancerous conditions with high sensitivity and
specificity. Further clinical trials are necessary to validate the regression model and
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evaluate other potential biomarkers. Nanobiochip sensor technique is a promising
tool for early detection of oral cancer, which could enhance patient survival.

Future Prospects of Application of Nanobiotechnology
Jor Biomarkers

Nanobiotechnology is progressing rapidly and the impact will be felt on discovery
of biomarkers. Nanotechnology offers the possibility to create devices which can
screen for disease biomarkers at very fast rates. The tools will be developed by
identifying biomarkers for particular diseases that can then lead to diagnostic tests.
One project in this area draws together the expertise of a team of researchers from
the Australian Institute for Bioengineering and Nanotechnology at The University
of Queensland (UQ), the Fred Hutchinson Cancer Research Centere (Seattle, WA),
and the Seattle Biomedical Research Institute. This project is supported by a contri-
bution of $2 million from the Queensland State Government through the National
and International Research Alliances Program. In addition to Alliances funding, the
project will receive support from the participating institutes and UQ spin-off com-
pany Nanomics Biosystems Pty Ltd.

Scientists at the California Institute of Technology (Pasadena, CA) are pursuing
an approach to early detection of cancer that is based on tiny circuits with nanosize
transistors. Each transistor can be attached to an antibody, a biological molecule
specially designed to attach to a biomarker. When the antibody binds to the bio-
marker, the transistor's ability to conduct electricity changes slightly, signaling the
biomarker's presence. The long-term goal is to build a circuit analogous to a micro-
scopic computer chip that can detect hundreds or thousands of biomarkers in a sin-
gle test that could catch early cancers that would otherwise go undetected.

Bioinformatics

The deluge of genomic and proteomic data in the past two decades has driven the
development of bioinformatics as well as creation of tools that search and analyze
biomolecular sequences and structures. Bioinformatics is highly interdisciplinary,
using knowledge from mathematics, statistics, computer science, biology, medi-
cine, physics, chemistry, and engineering. Scientists at the Medical University of
South Carolina (Charleston, SC) have filed provisional patent application for a
method that utilizes machine learning techniques to select biomarkers that show
discriminating power and applies statistical, mathematical, or computational tools
for the derivation of the patients’ information. The aim is identification of biomark-
ers that can predict progression of a disease and would aid in targeting aggressive
therapy to those patients that could benefit the most from treatment that would slow
or stop progression of a disease. Some of the other approaches are described here.
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Biomarker Workflow Guide

Biomarker Workflow Guide (Ingenuity Systems Inc) is used to identify potentially
useful biomarkers during the preclinical exploratory phase via analysis of gene
expression array data or proteomics data. With the workflow guide, researchers can
more easily prioritize biomarker leads by associating them with biology relevant to
the observed phenotype. IPA can also help researchers select biomarker panels from
the most significant clusters by grouping clusters in the context of pathways, func-
tions or diseases. Computational pathways analytics was used to develop network
signatures from gene expression data and to identify osteopontin as a biomarker
candidate for mesothelioma. It is expected to become a standard protocol for bio-
marker discovery.

Analysis of Microarray Data for Selecting Useful Biomarkers

DNA microarrays are used for studying gene expression. One potential application
of this technology is the discovery of biomarkers for more accurate diagnosis and
prognosis, and potentially for the earlier detection of disease or the monitoring of
treatment effectiveness. Because microarray experiments generate a tremendous
amount of data and because the number of laboratories generating microarray data
is rapidly growing, new bioinformatics strategies that promote the maximum utili-
zation of such data are necessary. Bioinformatic is used in the pattern analysis of
serum biomarkers of breast and ovarian cancers.

Biomarker genes of human skin-derived can be identified by bioinformatic meth-
ods and DermArray DNA microarray analysis utilizing in vitro cultures of normal
human epidermal keratinocytes, melanocytes, and dermal fibroblasts. Signature
biomarker genes (up-regulated in one cell type) and anti-signature biomarker genes
(down-regulated in one cell type) can be determined for the three major skin cell
types. Many of the signature genes are known biomarkers for these cell types.
Quantitative RT-PCR is used to verify signature biomarker genes. Several biomark-
ers of normal human skin cells have been identified, many of which may be valuable
in diagnostic applications and as molecular targets for drug discovery and therapeu-
tic intervention.

Role of Bioinformatics in Discovery of Protein Biomarkers

Developments in proteomic technology offer tremendous potential to yield novel
biomarkers that are translatable to routine clinical use but major hurdles remain for
translation into clinical application. There is a need for rigorous experimental design
and methods to validate some of the unproven methods used currently. There is an
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ongoing debate on where the burden of proof lies: statistically, biologically or
clinically. There is no consensus about what constitutes a meaningful benchmark. It
has been pointed out that statistical and machine learning methods are not a crutch
for poor experimental design nor can they elucidate fundamental insight from
poorly designed experiments. It is now clear that SELDI-TOF MS instrumentation
used in the earlier proteomic pattern studies had insufficient resolution to enable the
unambiguous identification of the putative biomarker molecules, which is needed if
they are to be validated for forming the basis of a simplified, more widely adopted
diagnostic. There is a need for calibration style benchmarking where the linearity of
instrument responsiveness is established, to the ultimate benchmark — real clinical
usage — as well as for many challenges in between, such as data normalization, peak
detection, identification and quantification and, at some point, classification.

For non-hierarchically organized data in proteome databases, it is difficult to
view relationships among biological facts. Scientists at Eli Lilly & co have demon-
strated a platform where such data can be visualized through the application of a
customized hierarchy incorporating medical subject headings (MeSH) classifica-
tions. This platform gives users flexibility in updating and manipulation. It can also
facilitate fresh scientific insight by highlighting biological impacts across different
hierarchical branches. They have integrated biomarker information from the curated
Proteome database using MeSH and the StarTree visualization tool.

A novel framework has been presented for the identification of disease-specific
protein biomarkers through the integration of biofluid proteomes and inter-disease
genomic relationships using a network paradigm (Dudley and Butte 2009). This led
to the creation of a blood plasma biomarker network by linking expression-based
genomic profiles from 136 diseases to 1028 detectable blood plasma proteins. The
authors also created a urine biomarker network by linking genomic profiles from
127 diseases to 577 proteins detectable in urine. Through analysis of these molecu-
lar biomarker networks, they found that the majority (>80%) of putative protein
biomarkers are linked to multiple disease conditions and prospective disease-
specific protein biomarkers are found in only a small subset of the biofluid pro-
teomes. These findings illustrate the importance of considering shared molecular
pathology across diseases when evaluating biomarker specificity. The proposed
framework is amenable to integration with complimentary network models of biol-
ogy, which could further constrain the biomarker candidate space, and establish a
role for the understanding of multiscale, interdisease genomic relationships in
biomarker discovery.

Role of Bioinformatics in Detection of Cancer Biomarkers

Cancer biomarkers are described in Chap. 13. Bioinformatics is applied for the
exploration of cancer-related biomarkers, such as predisposition markers, diagnos-
tics markers, prognostics markers, and therapeutics markers. Because quite large
amounts of data are produced by the whole genome SNP scanning, bioinformatics
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is necessary for the identification of SNPs associated with cancer predisposition.
Individual cancer risks can be estimated accurately by detecting multiple SNPs
affecting critical cancer-associated genes. Because expression profiles are
determined by the signaling networks in cancer, network analyses promote the
exploration of diagnostic biomarkers. Network analysis software using gene set
enrichment program are developed by a variety of companies or groups; however,
network analyses driven by human intelligence of experts is still powerful and more
accurate. In the postgenomic era, bioinformatics is utilized for the identification of
novel prognostic markers, recurrence prediction markers, and metastasis markers
out of large amounts of genomics, transcriptomics, and proteomics data. Bio-
informatics is utilized for the exploration of cancer-related biomarkers to select
therapeutic optional choice among surgical operation, radiation therapy, and che-
motherapy. Biomarkers for localized tumors with low metastatic potential support
the selection of a surgical procedure, while biomarkers for infiltrating tumors with
high metastatic potential support the select ion of radiation therapy and/or
chemotherapy. Therapeutic biomarkers for squamous carcinoma of esophagus,
lung, and cervical uterus have been characterized by using bioinformatics on
transcriptomics data.

Biomarker Databases

References are given to several genomic, proteomic and metabolomic databases in
this report and these are relevant to biomarkers. The value of such databases is rec-
ognized. Building of reliable biomarker databases and integration of information
from the genome programs expands the scientific frontiers on etiology, health risk
prediction and prevention of environmental disease. Biomarker validation may be
performed in a number of ways: bench-side in traditional labs; web-based electronic
resources such as gene ontology; literature databases; and clinical trial. Biomarker
databases have potential value for pharmaceutical research and development.

The biomarker database GOBIOM (https://gobiomdb.com/gobiom/), contains
>115,000 biomarkers (as of April 2017), including genomic, biochemical, imaging,
metabolite, cellular, and other biomarkers, as well as data points from experimental,
analytical, clinical, and statistical data with their qualifications under different
medical interventions. The database includes information from >200,000 sources
including clinical trials, scientific conferences, regulatory approval documents, lit-
erature databases, patents, etc. It covers 18 therapeutic areas and 1700 indications.
It may be used in biomarker design and validation research. Under an agreement,
the FDA uses GOBIOM as part of its Voluntary Exploratory Data Submission
Program and in internal research projects. The Prevention of Organ Failure Center
(PROOF Center) at the University of British Columbia, Canada, has agreed to use
the GOBIOM to assess the commercialization potential of the its studies of
biomarker development for heart, lung, and kidney failure.
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Gene Networks as Biomarkers

Biomarkers are always parts of critical regulatory circuits either as players or as end-
point readouts. These roles as well as biological flexibility are generally accounted for
by looking at groups of biomarkers that are linked to the situation observed but differ-
ent subsets of biomarkers are found, which make it difficult to decide whether these
results indicate the same basic situation. An innovative approach taken by Genomatix
Software (Munich, Germany) elucidates the regulatory networks associated with a
particular situation and then projects all the observed changes onto this network. This
enables determination whether the two overlapping but distinct sets of biomarkers
found are actually part of the same network. The gene network is thus a robust bio-
marker. Individual pathways in cancer are like lines that run through this network,
which represents more stable manifestations than individual pathways. This approach
has been applied to comparison of microarray date from freshly frozen and FFPE
samples of prostate cancer from the same patient. Although these datasets look differ-
ent, both belong to the same network. Another advantage of this approach is that
analysis of pertinent data may enable detection of changes in the precancerous phase.

Role of Bioinformatics in Integrating Various Data
and Biomarker Discovery

There is a need for integration of high-throughput biological data with less structured
clinical data for discovery of biomarkers. A data integration strategy has been described
that implements a clinical and biological database and a wiki interface (Sorani et al.
2010). The authors integrated parameters across clinical trials and associated genetic,
gene expression and protein data to explore disease heterogeneity and develop predic-
tive biomarkers. They undertook extensive clinical data standardization and biological
data summarization to support biomarker discovery in theumatoid arthritis. According
to the authors of this study, a key enabler for future integration efforts will be the pro-
spective adoption of standard clinical trial data nomenclature using a controlled vocab-
ulary and ontology. Such standardization could facilitate future data loading, integration
and cross-trial analysis and, ultimately, biomarker and drug discovery efforts.

Ariana Pharma’s KEM® (knowledge extraction and management) rules-based
data mining analytics software can be applied to identify predictive biomarkers of
clinical adverse events, safety and efficacy. It can also identify biomarkers for
potential applications in prognostic and companion diagnostic assays.

Evaluation of Biomarker Studies

Thousands of putative biomarkers have been discovered and there is a tremendous
increase of publications on biomarkers in recent years. Many biomarkers are pro-
posed in highly cited studies as determinants of disease risk, prognosis, or response
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to treatment, but few are eventually transformed into clinical practice. A study has
examined whether the magnitude of the effect sizes of biomarkers proposed in
highly cited studies is accurate or overestimated (Ioannidis and Panagiotou 2011).
In more than 80% of cases, the biomarker effect sizes were larger in the frequently
cited studies than in the meta-analyses, with several of the associations failing to
reach statistical significance in the largest studies available. The authors concluded
that highly cited biomarker studies often report larger effect estimates for postulated
associations than are reported in subsequent meta-analyses evaluating the same
associations. The pattern was consistent suggesting that this is not an isolated occur-
rence for a single biomarker but a phenomenon that applies to many different
biomarkers and relevant diseases in different settings.

Although the study design has limitations and does not cover all biomarkers, the
findings could help explain why many biomarkers that appear to be promising do
not enter the clinic. The authors of the study did not dispute the fact that some of the
biomarkers covered in the study are important, but rigorous study design and analy-
sis standards, coupled with ongoing analyses of biomarkers, are needed to verify
biomarker associations and to accurately chronicle effect sizes. An editorial
commenting on the study has pointed out that the findings should not discourage
biomarker investigators, but advised caution about over-selling results from indi-
vidual studies (Bossuyt 2011).
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Chapter 3
Biomarkers and Molecular Diagnostics

Introduction

Clinical application of molecular technologies for analysis of biomolecules to
elucidate, diagnose and monitor human diseases is referred to as molecular diag-
nosis. It is a broad term and includes technologies that use DNA, RNA, genes or
proteins as bases for diagnostic tests. Use of monoclonal antibodies (MAbs) and
enzyme-linked immunosorbent assay (ELISA) is included in a broader term “in
vitro diagnostics (IVD)”, which also covers many applications not necessarily
related to healthcare. “In vivo diagnostics” is the application of molecular diag-
nostics in the living subject, human or animal. It includes molecular imaging,
which is the exploitation of specific molecules for image contrast and refers to the
in vivo measurement and characterization of cellular and molecular level pro-
cesses in animal or human subjects. There are over 600 molecular diagnostic sys-
tems of various types and this topic is covered in detail in a special report (Jain
2017). Molecular diagnostics overlaps with biomarkers. Biomarkers can be dis-
covered with molecular diagnostic technologies and may also form the basis of
molecular diagnostic tests.

Molecular Diagnostic Technologies

The most widely used molecular diagnostics technology has been the polymerase
chain reaction (PCR) but several new technologies and non-PCR methods have
been developed that are relevant to biomarkers.
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Polymerase Chain Reaction

The polymerase chain reaction (PCR) is a method of nucleic acid analysis for pro-
ducing large amounts of a specific DNA fragment of a defined sequence and length
from a small amount of a complex template. It can selectively amplify a single
molecule of DNA or RNA several millionfold in a few hours. Use of this technology
enables the detection and analysis of specific gene sequences in a patient’s sample
without cloning. Analyses can be performed on even a few cells from body fluids or
in a drop of blood. Thus, PCR eliminates the need to prepare large amounts of DNA
from tissue samples. PCR has revolutionized molecular diagnostics. Apart from
laboratory diagnosis, it has affected genomics and biotechnology as well. Because
PCR is so well known, only basics of the technology are described here briefly.

Amplification

PCR is based on the enzymatic amplification of a fragment of DNA that is flanked
by two “primers”--short oligonucleotides that hybridize to the opposite strands of
the target sequence and then prime synthesis of the complementary DNA sequence
by DNA polymerase (an enzyme). The chain reaction is a three-step process--de-
naturation, annealing, and extension that is repeated in several cycles. At each
stage of the process, the number of copies is doubled--from two, to four, to eight,
and so on. The reactions are controlled by changing the temperature using a special
heat-stable Taq polymerase. After 20 cycles, roughly 1 million copies exist, or
enough material to detect the desired DNA by conventional means such as color
reaction.

RNA can also be studied by making a DNA copy of the RNA using the enzyme
reverse transcriptase. Such an approach enables the study of mRNA in cells that use
the molecule to synthesize specific proteins or the detection of the genome of RNA
viruses. PCR has been fully automated via use of thermal cycling. It is a fast, sensi-
tive, and specific test with applications in diagnosis of various diseases. Some inno-
vations of PCR are described in the following sections.

Target Selection

Several strategies are available for selecting a genetic target to be amplified so as
to detect an infectious disease organism. For example, genes that contain both
conserved and variable sequence regions may be targeted. In such a case, specific-
ity may be obtained either at the amplification (primer) or detection (probe) stage.
The target may also consist of a virulent gene that is uniquely responsible for
distinguishing pathogenic from closely related nonpathogenic strains, types, or
species.
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Detection of Amplified DNA

The first detection methods used with PCR were radioactively labeled probes that
identified specific amplified sequences. With improvements in specificity, it became
possible to visualize amplified DNA of the predicted size directly by examining its
fluorescence after staining. Probes have now been converted to nonisotopic colori-
metric systems. In another approach, the probe is a “reverse” component (bound to
a membrane) and “captures” a specific allele or a sequence variant if it is present in
the amplified DNA.

An alternative to probe-based detection system relies on labeled primers and
strives for perfect target specificity in the amplification reaction. This process is
straightforward if the target gene differs from the unintended targets by a deletion
or gene rearrangement. Using the Duchenne muscular dystrophy gene deletions as
a model, researchers have now automated this method. It should prove highly useful
in forensic investigations for rapid analysis of amplified targets that differ in length,
such as variable number tandem repeat (VNTR) loci.

In general, nonradioactive detection systems fall into two classes — direct and
indirect — based on the detectability of the label. In most indirect detection meth-
ods, the primary label (e.g., biotin) is identified through its interaction with a sec-
ondary system that contains a detectable reporter group. Various techniques for
direct detection of nucleic acids include the following:

e Direct enzymatic detection, which requires the construction of enzyme DNA
conjugates.

* Fluorescent detection, which depends on the ability to synthesize fluorescent
DNA. This technique may emerge as the detection technology of choice in future
PCR systems.

e Chemiluminescent detection via direct attachment of chemiluminescent labels
(e.g., acridium esters and isoluminol derivatives) to synthetic nucleotides.

Limitations of PCR

The DNA polymerases bind to short double-stranded DNA fragments without
sequence specificity. The presence of endogenous amplicon DNA accumulated in
later PCR cycles completely inhibits the activity of DNA polymerase. PCR has
reached a sort of plateau phase and the main factor contributing to this is binding of
DNA polymerase to its amplification products.

While there have been attempts to use internal amplification standards and
hybridization with sequence-specific oligonucleotides to improve PCR quantifica-
tion, the difficulty of precise quantification with sequence-specific probes (involv-
ing competition with DNA strands that complement the probe target, background
problems with membranes, and nonavailability of sensitive measurements of bound
probes) still remains. The introduction of real-time PCR technology has significantly
improved and simplified the quantification of nucleic acids as described in Chap. 2.
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One of the earliest clinical uses of PCR was in diagnosis of infectious diseases.
Even with refinements, PCR still requires longer time than what is ideal for rapid
diagnosis of infections in the point-of-care setting. Several non-PCR methods are
fulfilling the need for rapid and simple diagnostics. For infectious agents such as
HIV with substantial genetic divergence among strains, PCR (e.g., the TagMan
assay) becomes unfeasible and alternative detection methods such as microarrays
and bead technologies may be required for sensitivity, speed, and cost.

Real-Time PCR Systems

Some of the limitations of end-point PCR have been addressed in real-time PCR
systems, a number of which are now on the market. These systems offer many
general technical advantages, including reduced probabilities of variability and con-
tamination, as well as online monitoring and the lack of need for post reaction
analyses. There are currently five main chemistries used for the detection of PCR
product during real-time PCR: DNA binding fluorophores, 5’ endonuclease, adja-
cent linear and hairpin oligoprobes, and the self-fluorescing amplicons. Some of
real-time PCR systems were developed with contemporary applications such as
quantitative PCR, multiplexing, and high-throughput (HT) analysis in mind. In real-
time PCR the amount of product formed is monitored during the course of the reac-
tion by monitoring the fluorescence of dyes or probes introduced into the reaction
that is proportional to the amount of product formed, and the number of amplifica-
tion cycles required to obtain a particular amount of DNA molecules is registered.
Assuming a certain amplification efficiency, which typically is close to a doubling
of the number of molecules per amplification cycle, it is possible to calculate the
number of DNA molecules of the amplified sequence that were initially present in
the sample. With the highly efficient detection chemistries, sensitive instrumenta-
tion, and optimized assays that are available today the number of DNA molecules of
a particular sequence in a complex sample can be determined with unprecedented
accuracy and sensitivity sufficient to detect a single molecule.

Typical uses of real-time PCR include pathogen detection, gene expression anal-
ysis, single nucleotide polymorphism (SNP) analysis, analysis of chromosome
aberrations, and most recently also protein detection by real-time immuno PCR.
Real-time quantitative PCR is a highly sensitive method that is especially useful for
evaluating RNA fingerprints obtained from siRNA experiments and for scientists
using RNAI for mapping cellular pathways. Applications of PCR in RNAI are dis-
cussed in a special report (Jain 2017a).

Several real-time PCR systems are available commercially. Each of these systems
employs either one of several general types of fluorescent probes for detection —
TagMan probe, molecular beacons and SYBR Green 1 DNA-binding dye. LightCycler
is the best known of real-time PCR systems.
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Limitations of Real-Time PCR

Limitations of real-time PCR include that PCR product increases exponentially and
variation increases with cycle number. There is an increased variation after transfor-
mation to linear values and increased risk of false negative results.

When performing standard-curve gene quantitation, each gene requires a stan-
dard curve, which takes up a lot of space on the standard 96-well plate. However,
with the 384-well format of the AB7900, this is less of a problem. The need for a
plasmid, oligonucleotide, or other source for the standard curve is an extra require-
ment and can lead to variation, making it difficult to compare data from different
plates. When using the standard-curve method, an additional source of error can be
introduced at the RT step as different RNA samples may have variable RT efficien-
cies. In spite of these limitations, the standard-curve method is still a useful method.

Future Applications of Real-Time qPCR

Of the important applications is the combination of real-time PCR with either laser
capture microdissection or nucleic acids from paraffin-fixed archival samples or
whole-transcript amplification from very small numbers of cells. It will be possible
to measure gene expression or DNA copy number in specific cell types that are
available only in a small quantity. Real-time qPCR can be applied to analysis of
clinical samples to help stratification of patients in personalized medicine approach.
The safety of cell-derived biological compounds or quantification of retrovirus-like
particles will be enhanced with real-time qPCR. It will also be useful for identifica-
tion of potential contaminants during the production of recombinant monoclonal
antibodies (MADbs) for therapeutic use. Combining techniques for sorting fetal cells
or DNA from the maternal circulation with qPCR will enable early minimally
invasive prenatal diagnosis of numerous congenital disorders. Confirmation of
expression levels of selected genes from microarray experiments will continue to be
conducted using real-time qPCR methods.

Real-Time qPCR for Quantification of Circulating mtDNA

Circulating mtDNA is a potential biomarker of cellular mitochondrial dysfunction,
which occurs in several human diseases. Changes in mtDNA are usually determined
by quantification of mtDNA relative to nuclear DNA (mt/nDNA) using real-time
gPCR. methodology and A study has identified that current methods for measuring
mt/nDNA need to be improved as they have at least one of the following 3 prob-
lems: (1) as much of the mitochondrial genome is duplicated in the nuclear genome,
many commonly used mtDNA primers co-amplify homologous pseudogenes found
in the nuclear genome; (2) use of regions from genes such as f-actin and 18S rRNA,
which are repetitive and/or highly variable for gPCR of the nuclear genome leads to
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errors; and (3) the size difference of mitochondrial and nuclear genomes cause a
dilution bias when template DNA is diluted (Malik et al. 2011). These authors
described a qPCR-based method using unique regions in the human mitochondrial
genome not duplicated in the nuclear genome; unique single copy region in the
nuclear genome and template treatment to remove dilution bias, and to accurately
quantify mtDNA from human samples.

Combined PCR-ELISA

PCR is limited with respect to gene quantification because of the exponential ampli-
fication of DNA, the tendency to occasionally amplify non-specific DNA, and the
semi-quantitative character of such common DNA measurement techniques as
Southern blotting or densitometry. Combined PCR-ELISA CR has been developed
by scientists for overcoming the limitation of for quantitative gene analysis. This
method combines certain features of PCR and enzyme-linked immunoassay
(ELISA) techniques for accurate, high-precision measurements of hybridization
with sequence-specific probes. Unlike Southern blotting, the combined PCR-ELISA
enables complete removal of competing DNA strands prior to hybridization and
does not have the background problems associated with membranes. The quantifi-
cation of the input DNA using this method is independent of the number of PCR
amplification cycles, and can be calculated automatically with a standard laboratory
ELISA plate reader. With these advances over current technology, the gene quanti-
fication method should find wide application in a variety of diagnostic and research
applications in clinical chemistry, microbiology, and genetics. Possible applications
include:

* Diagnosis and typing of infectious diseases

» HLA typing for organ transplantation and autoimmune disease diagnosis

» Cancer diagnosis by oncogene detection

» Diagnosis of genetic diseased

* Monitoring of inflammatory diseases by assaying cytokine gene expression

Non-PCR Methods

A number of non-PCR technologies for nucleic acid amplifications have emerged
that offer advantages for particular applications. The advantages include added con-
venience and cost-effectiveness as no thermal cycler is needed. They often require
minimal sample preparation as they rely on a series of steps to add reagents. Many
of these are complementary rather than competitive to PCR. Some of these tech-
nologies are described in the following text.
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Linked Linear Amplification

Linked Linear Amplification (LLA) is a new nucleic acid amplification method that
uses multiple cycles of primer extension reactions. The presence of nonreplicable
elements in LLA primers renders primer extension products unusable as templates
for further amplification, leading to linear accumulation of products. Through the
use of nested primers, linear reactions can be “linked”, providing total amplification
yields comparable to those obtained by PCR. The LLA model predicts (a) that
amplification yield will approach that of PCR as the number of primers increases
and (b) that the unique composition of LLA products will give lower carryover
amplification efficiency compared with PCR. LLA is a robust target amplification
method with an advantage over PCR that it is more resistant to false results caused
by carryover amplicon contamination.

Transcription Mediated Amplification

Transcription mediated amplification is an isothermal nucleic-acid-based method
that can amplify RNA or DNA targets a billionfold in less than one hour’s time. This
system is useful for detecting the presence of M. tuberculosis and C. trachomatis.

Developed at Gen-Probe, transcription mediated amplification technology uses
two primers and two enzymes: RNA polymerase and reverse transcriptase. One
primer contains a promoter sequence for RNA polymerase. In the first step of ampli-
fication, this primer hybridizes to the target rRNA at a defined site. Reverse tran-
scriptase creates a DNA copy of the target rRNA by extension from the 3’ end of the
promoter primer. The RNA in the resulting RNA:DNA duplex is degraded by the
RNase activity of the reverse transcriptase. Next, a second primer binds to the DNA
copy. A new strand of DNA is synthesized from the end of this primer by reverse
transcriptase, creating a double-stranded DNA molecule. RNA polymerase recog-
nizes the promoter sequence in the DNA template and initiates transcription. Each
of the newly synthesized RNA amplicons reenters the transcription mediated ampli-
fication process and serves as a template for a new round of replication. The ampli-
cons produced in these reactions are detected by chemiluminescence in a specific
gene probe in hybridization protection assay.

Rapid Analysis of Gene Expression

Current techniques for analysis of gene expression either monitor one gene at a
time, for example northern hybridization or RT-PCR methods, or are designed for
the simultaneous analysis of thousands of genes, for example microarray hybridiza-
tion or serial analysis of gene expression. To provide a flexible, intermediate scale
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alternative, a PCR-based method RAGE (rapid analysis of gene expression) has
been developed which allows expression changes to be determined in either a
directed search of known genes, or an undirected survey of unknown genes. A sin-
gle set of reagents and reaction conditions allows analyses of most genes in any
eukaryote. The method is useful for assaying on the order of tens to hundreds of
genes in multiple samples. Control experiments indicate reliable detection of
changes in gene expression 2-fold and greater, and sensitivity of detection better
than 1 in 10,000. This technology has been applied to investigate the changes in
gene expression in human cells following treatment with a carcinogen and to deter-
mine the changes in large numbers of genes in early stage breast cancer. These
molecular “signatures” of cancer may then be used to determine which tumors are
likely to be responsive to chemotherapy.

WAVE Nucleic Acid Fragment Analysis System

Transgenomics’ proprietary WAVE Nucleic Acid Fragment Analysis System has
been designed and optimized to use the DNASep cartridge for separating (ds or ss)
DNA. WAVE is also commonly known as DHPLC (denaturing high performance
liquid chromatography). The system can easily resolve PCR products that have
small differences in their lengths. The WAVE System is based on the company’s
proprietary micro-bead technology. The patented micro-beads are packed into
proprietary DNASep separation column, which is the key component of WAVE
System. Each micro-bead has specific surface chemistry that interacts with DNA
molecules. The DNA molecules are then selectively separated from the micro-beads
with a mixture of liquid reagents. The system is computer controlled and contains
the proprietary software WAVEMAKER, which predicts analytical parameters with
a high accuracy for optimal fragment separation and mutational analysis. The
WAVE HS System incorporates fluorescence detection to expand the high-sensitivity
in analysis of nucleic acid fragments. Advantages include high sensitive, accuracy
(can detect as little as 1 copy of a mutated allele in 100 wild type copies), speed,
cost-effectiveness and versatility as it allows many fluorescent labels to be utilized.
Because of this versatility, the WAVE System can essentially replace the use of
traditional gel electrophoresis in the molecular biology laboratory. Applications
include the following:

* Mutation screening

* Polymorphic marker mapping

» Linkage analysis

e Cancer epidemiology

* Population studies

» Forensic and paternity analysis (STR)
* Loss of heterozygosity (LOH)
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WAVE analyzes previously identified genes for any variations, changes or
mutations. Mutations discovered by DHPLC may provide researchers with critical
information about the cause, onset and progression of certain diseases. Scanning for
mutations in genes with the WAVE System relies on the specific binding of comple-
mentary strands of the DNA double helix. If a mutation exists, a DNA heteroduplex
(pairing of different strands) is formed and the binding is less “tight.” High tempera-
tures can be used to denature (melt) the DNA double helix. If a mutation exists, the
melting temperature of the heteroduplex will be lower. Partially melted DNA can be
easily separated from unmelted DNA homoduplexes (pairings of similar strands)
containing no mutation. WAVE technology is ideal for the design of new tests for
inherited diseases, particularly those characterized by a variety of potential muta-
tion sites dispersed across large or complex genes. Since the WAVE System detects
any mutation within a particular DNA fragment, there is no need to design and
optimize a specific probe- or primer-based assay for each individual mutation.

DNA Probes with Conjugated Minor Groove Binder

Minor groove binder (MGB)-oligonucleotides (ODN) conjugates technology,
which form of extremely stable duplexes with single-stranded DNA targets, enables
shorter probes to be used for hybridization based assays. In comparison with
unmodified DNA, MGB probes have higher melting temperature and increased
specificity, especially when there is a mismatch in the MGB region of the duplex.
The fluorogenic MGB probes are more specific than standard DNA probes for sin-
gle base mismatches and fluorescence quenching is more efficient, giving increased
sensitivity, especially for single base mismatches at elevated hybridization tempera-
tures. The company scientists are determining the utility of the MGB probe for other
hybridization-based assays such as DNA microarrays.

Rolling Circle Amplification Technology

Rolling circle amplification technology (RCAT), an amplification process commer-
cialized by QIAGEN, has significant advantages in terms of sensitivity, multiplexing,
dynamic range and scalability. RCAT can achieve the following:

e Detect single target molecules or “analytes”.

* Amplify signals from proteins as well as DNA and RNA.

* Pinpoint the location of molecules that have been amplified on a solid surface (in
situ analysis/ biochips) since, unlike PCR, the amplified product remains attached
to the target molecule.

e Measure many different targets simultaneously.

* Improve the ease and accuracy of quantitation.
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» Simplify haplotype identification through phasing.

¢ Increase sensitivity with up to 10'* -fold amplification in one hour.

* Amplify DNA templates that vary in length from 1 base pair to over 100
Kilobases.

* Obviate the need for the time-consuming and expensive steps of thermal cycling
currently.

* Analyze targets in solution or solid phase.

Because of its flexibility, sensitivity and reproducibility, RCAT is poised to play
a significant role in clinical diagnostics and genetic analysis. The advantages of
RCAT apply to a wide variety of analytes with relevance to virtually any disease.

Gene-Based Diagnostics through RCAT

Genetic materials can be measured directly by RCAT. The technology is ultra-
sensitive and has the capability of detecting the presence of rare genetic mutations
within otherwise normal tissues and cell populations. RCAT has been useful for
detecting point mutations in isolated nucleic acids, but its application in cytological
preparations has been problematic. By pretreating cells with a combination of
restriction enzymes and exonucleases, RCAT in situ can detect gene copy number
and single base mutations in fixed cells with efficiencies up to 90%. It can also
detect and quantify transcribed RNA in individual cells, making it a versatile tool
for cell-based assays. RCAT promises to greatly improve the performance of gene-
based diagnostic testing and to facilitate the detection of a wide variety of infectious
agents, cancerous cells, and genetic variances. RCAT offers a simple and rapid
alternative for gene-based diagnostics, which can yield an amplification of signal
from a target nucleic acid of a trillion-fold in about an hour without the need for
thermal cycling.

RCAT is a highly flexible platform that can be performed in solution, in situ, and
in microarrays and can be used for single-base discrimination as well as target
quantitation. Furthermore, as RCAT is continuous, isothermal process, specialized
thermal-cycling equipment is not needed. Finally, in contrast to target amplification
methods such as PCR, which make an enormous amount of target nucleic acid
sequences where once there was little, RCAT is essentially a signal amplification
system so contamination of new reactions with previously amplified target sequences
is not a concern. Therefore, the need to carry out the different parts of the amplifica-
tion process in separate areas of the laboratory, a significant barrier for using PCR
in a clinical setting, is eliminated.

RCAT-Immunodiagnostics
The application of RCAT in immunodiagnostics offers a significant opportunity for

increasing the sensitivity of these tests. Some recent approaches to molecular diag-
nostics use mRNA measurement as a surrogate for direct protein measurement, but
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changes in the concentration of an mRNA and its encoded protein are at times not
proportional. In immuno-RCAT, a unique DNA sequence tag is associated with a
particular antibody using a covalent linkage. Antibodies bound to antigen are then
measured by RCAT-based amplification of the associated DNA tag.

Each antibody-bound DNA tag is amplified and the resulting long DNA product
remains bound to the antibody-antigen complex during the entire reaction. The
amplified product can then be collapsed to a point source; permitting ultrasensitive
localized detection capability (the technology has been demonstrated to detect
single antibody-antigen complexes). Immuno-RCAT is readily adaptable to
high-throughput surface array formats and simultaneous multi-analyte detection
systems.

RCAT-Biochips

RCAT is the ideal amplification method for biochips. No other practical amplifica-
tion method can recognize, amplify and detect target molecules directly on a solid
surface. Currently, gene arrays place spots or “elements” in a high-density matrix on
slides. Each spot contributes a single piece of genetic information to the analysis.
RCAT, from a single element in such an array, can obtain information on multiple
analytes simultaneously, exponentially increasing the level of information available.
Since RCAT can amplify and detect signal from a solid-phase target simultaneously,
it provides the only means for a homogeneous biochip assay.

RCAT-Pharmacogenomics

RCAT adds significant value in the genomics area. It can be used to localize DNA
sequences to particular sites on chromosomes, to amplify and isolate DNA sequences
without cloning in vivo, and to identify single base-pair genetic differences between
individuals. A simple method using RCAT can amplify vector DNA such as plasmid
DNA from single colonies 10,000-fold in a few hours. MSI is developing biochips
based on RCAT that perform ultra-high throughput SNP analysis (both genotyping
and haplotyping) for identification of disease genes and drug response genes.
Designs for RCAT SNP Chips include arraying thousands of distinct patient samples
or tens of thousands of SNPs on a single biochip. RCAT is the only amplification
method that can perform direct molecular haplotype analysis.

Circle-to-Circle Amplification

Circle-to-circle amplification is a tightly controlled process for strand-specific
amplification of circularized DNA molecules. Tandem repeated complements of
DNA circles are generated by rolling-circle replication, and converted to monomer
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circles of opposite polarity to that of the starting material. These circles are then
subjected to one more round of rolling-circle replication and circularization, and the
process can be further repeated. The method can be directed to produce single-
stranded circular or linear monomers, or linear concatemers of the desired polarity.
The reaction is not product inhibited, and can yield 100-fold higher concentrations
of monomer products than PCR. Each generation of the amplification process pro-
ceeds in a linear fashion, ensuring precise quantification. The procedure is suitable
for parallel amplification of large numbers of DNA circles, because the few cycles
and the robust reaction mechanism preserve the proportion of amplified molecules.
This method can be used for multiplexed genotyping of polymorphic loci and for
quantitative DNA analysis.

Biochips and Microarrays

Biochip is a broad term indicating the use of microchip technology in molecular
biology and can be defined as arrays of selected biomolecules immobilized on a
surface. DNA microarray is a rapid method of sequencing and analyzing genes. An
array is an orderly arrangement of samples. The sample spot sizes in microarray are
usually less than 200 microns in diameter. It is comprised of DNA probes formatted
on a microscale plus the instruments needed to handle samples (automated robot-
ics), read the reporter molecules (scanners) and analyze the data (bioinformatic
tools). Hybridization of RNA or DNA-derived samples on chips allows the monitor-
ing of expression of mRNAs or the occurrence of polymorphisms in genomic DNA
In a DNA chip, an array of oligonucleotides or peptide nucleic acid probes is syn-
thesized either in situ (on-chip) or by conventional synthesis followed by on-chip
immobilization. The array is exposed to labeled sample DNA, hybridized, and the
identity/abundance of complementary sequences is determined. For practical pur-
poses, the terms “DNA microarray” and “DNA chip” are used as synonyms although
there are some technical differences as already indicated.

A microarray is a collection of miniaturized test sites arranged on a surface that
permits many tests to be performed simultaneously, or in parallel, in order to achieve
higher throughput. The average size of test sites in a microarray and the spacing
between them defines the array’s density. Higher density increases parallel process-
ing throughput. In addition to increasing the throughput, higher density reduces the
required volume for the sample being tested, and thereby lowers costs. Currently,
the principal commercially available ways to produce microarrays include mechani-
cal deposition, bead immobilization, inkjet printing and photolithography.

Applications of Biochips/Microarrays

Applications of biochip technologies in relation to biomarkers and molecular diag-
nostics are shown in Table 3.1.
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Table 3.1 Applications of biochip/microarray technology in relation to biomarkers

Research applications

Study of gene expression in diseases

Discovery of biomarkers
Rapid DNA sequencing
Design and stratification of clinical trials
Drug safety applications: pharmacogenetics and toxicogenomics
Genetic screening and detection of single nucleotide polymorphisms (SNPs)
Identification of pathogens and resistance in infections
Molecular oncology

Cancer prognosis

Cancer diagnosis

Cancer typing
Detection of biological and chemical warfare agents
Pharmacogenomics

Gene identification

Genetic mapping

Gene expression profiling
Integration of diagnosis and therapeutics

© Jain PharmaBiotech

Role of Biochip/Microarrays in Discovery of Biomarkers

The use of gene-expression microarrays in patient-based research creates new pros-
pects for the discovery of diagnostic biomarkers and the identification of genes or
pathways linked to pathogenesis. Application of this technology has been mostly in
cancer and is described further in Chap. 6. Some noncancer applications are men-
tioned here.

The use of microarrays to analyze patient blood transcriptional profiles offers a
means to investigate the immunological mechanisms relevant to human diseases on
a genome-wide scale. Such studies provide a basis for the discovery of clinically
relevant biomarker signatures. A strategy for microarray analysis was designed that
is based on the identification of transcriptional modules formed by genes coordi-
nately expressed in multiple disease data sets (Chaussabel et al. 2008). Mapping
changes in gene expression at the module level generated disease-specific transcrip-
tional fingerprints that provide a stable framework for the visualization and func-
tional interpretation of microarray data. These transcriptional modules were used as
a basis for the selection of biomarkers and the development of a multivariate
transcriptional indicator of disease progression in patients with systemic lupus
erythematosus.

Protein microarrays have been used for the discovery of novel disease biomark-
ers through antibody-based assays. A disease-specific antibody repertoire may be
defined by immune response profiling. The antigens and antibodies revealed by
suche studies are useful for clinical assay development, with enormous potential in
applications for diagnosis, prognosis, disease staging and treatment selection.
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Protein lysate microarray (LMA) technology is used for verification of presence
and quantification of human tissue samples for protein biomarkers. Sub-picogram
range sensitivity has been achieved on LMA using a non-enzymatic protein detec-
tion methodology. The optimized LMA methodology has been applied for verifica-
tion of the presence and quantification of disease markers for atherosclerosis. LMAs
have been used to measure apolipoprotein B100 in carotid endarterectomy samples.
The data generated by LMA are validated by ELISA using the same protein lysates.
The sensitivity, reproducibility, and high-throughput quality of LMA technology
make it a potentially powerful technology for profiling disease specific protein
markers in clinical samples.

Biomarkers and High Throughput Molecular Screening

High-throughput molecular screening tools have created a need for equally rapid
means to verify potential biomarkers. ELISA microarray technology as a high-
throughput system for cancer biomarker validation.

NIH’s Molecular Libraries and Imaging program, which transitioned from
the common fund in 2013 (https://commonfund.nih.gov/molecularlibraries/index),
offers biomedical researchers access to the large-scale screening capacity necessary
to identify small molecules that could be optimized as chemical probes to study the
functions of genes, cells, and biochemical pathways in health and disease. They are
also used by researchers in the public and private sectors to validate new drug tar-
gets, which could then move into the drug-development pipeline. The goal of the
program is to initiate a continuously evolving stream of scientifically and techno-
logically outstanding assays that can be miniaturized, automated and further used
for screening small molecules within the Molecular Libraries Screening Centers
Network. Appropriate assays may include, but are not limited to: biochemical or
cell-based assays of activity measuring target interactions involving small mole-
cules, peptides, or other biological molecules; cell-based assays measuring cell sig-
naling or the activity of biosynthetic pathways; assays of cellular or molecular
phenotypes; modulation of gene expression, including effects on transcription,
translation or RNA splicing; assays measuring protein-protein interactions; assays
involving mutant proteins associated with disease; and assays using model organ-
isms such as yeast, C. elegans, and zebrafish.

Detection and Expression Profiling of miRNA

A key step toward understanding the function of the hundreds of microRNAs (miR-
NAs) identified in animals is to determine their expression during development. miR-
NAs regulate translation, but not the stability of mRNAs, and this partially explains
why gene expression profiles based on mRNA analysis do not always correlate with
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protein expression data. Several molecular diagnostic technologies have been used for
expression profiling of miRNA including PCR, LNA and biochips.

The discovery of stable miRNA species circulating in blood has led to increased
research focus on disease-related variations in serum and plasma miRNA expres-
sion and the possibility that such variations could serve as noninvasive biomarkers
for disease. However, working with serum and plasma miRNA presents various
challenges in purification and characterization. Purification of circulating miRNA
from serum or plasma can be performed using the miRNeasy Serum/Plasma Kit
(QIAGEN) followed by real-time RT-PCR, which is a reliable technique for miRNA
quantification.

Real-Time PCR for Expression Profiling of miRNAs

Northern blotting is currently the gold standard for miRNA detection but it is inher-
ently insensitive. The precursor expression profile of miRNAs determined by the
real-time PCR assay is identical to the mature miRNA expression profile deter-
mined by northern blotting. PCR assays can quantify miRNA precursors using
SYBR green detection and may be scaled up to include all of the known human
miRNA genes and can easily be adaptable to other organisms such as plants,
Caenorhabditis elegans and Drosophila. A further study provides. PCR assays can
be used to amplify and quantify mature miRNAs and studying the relationship
between the levels of precursor and mature miRNAs in normal development and in
human diseases such as cancer.

It is possible to analyze miRNA in single cells by using a real-time PCR-based
220-plex miRNA expression profiling method. Development of this technique will
greatly facilitate miRNA-related research on cells, such as the founder population of
primordial germ cells where rapid and dynamic changes occur in a few cells, and for
analyzing heterogeneous population of cells. In these and similar cases, the method
of single cell analysis is critical for elucidating the diverse roles of miRNAs.

Use of LNA to Explore miRNA

Several human miRNA genes are located near cancer-associated genomic regions.
Disturbances of miRNA expression are observed in human cancers and many miR-
NAs may be useful as biomarkers for disease. Detection of these by LNA (Locked
Nucleic Acids) probes and LNA-based assays is being carried out by Exiqon.
Because LNA is a bicyclic high affinity RNA mimic with the sugar ring locked in
the 3’-endo conformation, single mismatches give greater perturbation of Tm com-
pared to standard nucleic acids. Up to 10-fold improvement of miRNA detection
can be achieved on Northern blots by LNA probes. LNA probes also show excellent
specificity for miRNA targets. This is the basis of Exiqon’s mercury miRNA
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analysis product. In situ detection of miRNAs in the animal models has been per-
formed using LNA-modified DNA probes.

Microarrays for Analysis of miRNA Gene Expression

The size and low expression levels of miRNAs make their analysis difficult by the
methods described above. Microarrays can be used to obtain highly reproducible
results that reveal tissue-specific miRNA expression signatures, which can be con-
firmed by assessment of expression by Northern blots, real-time RT-PCR, and litera-
ture search. This approach is useful for the analysis of normal and disease states. Basic
analysis of miRNA genes in tissues of mice, both adult and embryos at various stages,
using semiquantitative approaches reveals that miRNAs show tissue-restricted and
developmentally restricted expression patterns. Newer microarray formats in develop-
ment include many brain- and embryonic stem cell-specific genes. Affymetrix offers
Genisphere’s miRNA reagents for use with its GeneChip miRNA 2.0 Arrays to iden-
tify miRNA biomarkers and develop new diagnostics.

NCode™ Array (Life Technologies Corp) enables sensitive profiling of miRNAs
while using extremely simple methods that provide both experienced and novice
microarray users a rapid path to new discoveries. NCode enables study miRNA
function by profiling the miRNA expression patterns in a given disease or develop-
mental state. This can be used in molecular diagnostics and drug discovery. Sensitive
microarrays to survey full sets of miRNAs in neural stem cells during differentia-
tion, both in culture and in vivo, enable detection of novel patterns of regulated
miRNAs systematically. An understanding of these unexpected regulatory mecha-
nisms provides novel targets for potentially managing or controlling differentiation
in stem cells prior to therapeutic transplantation.

mirVana™ System (ThermoFisher Scientific) is used for miRNA microarray profil-
ing. It involves isolation of total RNA, extraction and labeling of miRNA, and this is
followed by hybridization and analysis. miRNA arrays to speed up biomarker discov-
ery and unique biomarkers have been identified for various diseases. Role of aberrant
miRNA gene expression is described in Chap. 13 along with biomarkers of cancer.
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Chapter 4
Biomarkers for Drug Discovery
and Development

Introduction

Among the current applications of biomarkers those for drug discovery and
development are one of the most important. Biomarkers are used in new approaches
to remedy the shortage of new drugs and to the current lengthy and expensive process
of drug development. Biomarkers can be used to predict and confirm target binding,
to determine mechanism of action of a drug, pharmacokinetics, toxicity, and to moni-
tor disease status, stratify patients, and determine treatment efficacy in clinical trials.
The parallel role of biomarkers in the drug discovery process is shown in Fig. 4.1.

For biomarkers to assume their rightful role, greater understanding of the mecha-
nism of disease progression and therapeutic intervention is required. Biomarkers
should be considered while the therapeutic target is still being identified and the
concept is being formulated. Exploratory biomarkers lay the groundwork for prob-
able or known valid biomarkers and are useful for hypothesis generation. They fill
in the gaps created by uncertainty of disease targets and variability in drug response.
Institution of biomarker strategies early in drug development will facilitate the
processes for bridging from preclinical to clinical development. These include
identifying the biomarkers that will enable compound profiling, the clinical deci-
sion tree algorithms, and developing and validating the assays that will measure
them. Biomarker-based drug development also integrates pharmacogenetics, phar-
macogenomics, pharmacoproteomics, and metabolomics which are relevant to the
development of personalized medicine (see Chap. 18).

Biomarker Technologies for Drug Discovery

Several biomarker technologies are used for drug discovery. Those based on pro-
teomics, and metabolomics will be discussed briefly in this section. The trend is to
integrate various “-omics” technologies for drug discovery.

© Springer Science+Business Media LLC 2017 113
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Target Target Pre- Clinical
discovery validation clinical trials

Discovery of biomarkers | Probably valid biomarkers | Valid biomarkers

Fig. 4.1 Role of biomarkers in drug discovery and development process (© Jain PharmaBiotech)
Proteomics-Based Biomarkers for Drug Discovery

Use of proteomic technologies for discovery of biomarkers was described in
Chap. 2. Here it will be extended to applications for drug discovery. Although bio-
marker discovery and drug discovery are considered separately, the two applications
merge in case of proteomics. Biomarkers identified through proteomics can be used
directly for drug discovery because proteins represent the majority of drug targets.
Proteomic studies can focus on previously unrecognized pathways that may be tar-
getable by drugs. As the drug development process proceeds further from discovery
to clinical trials, the parallel process of biomarker validation and translation is
important.

Some of the challenges of biomarker discovery and validation are due to com-
plexity of the human proteome as numerous proteins may derive from a single gene
sequence by over 300 posttranslational events. For the drug discovery phase com-
mon to biomarker and drug target identification, robust technologies are available
for protein separation and identification. 2D-GE and LC-MS/MS are complemen-
tary technologies. The translation of biomarkers from discovery to the clinic also
requires the development of immunochemical methods for performing validation
studies followed by multiplexed assays that can be applied in a high throughput
routine.

Chemoproteomics

Chemoproteomics or chemical proteomics is complementary to chemical genomics
and involves the use of proteomic approaches to study how small molecules interact
with cells. It also deals with “chemome” which is the non-enzymatic, chemical
modifications of biomolecules in the body. Chemical proteomics has been applied
to target identification and drug discovery.

Activity-Based Chemical Proteomics
Activity-based chemical proteomics is an important approach for chemical pro-

teomics and was established in an attempt to focus proteomic efforts on subsets of
physiologically important protein targets. Traditional proteomics methods enable
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global analysis of protein abundance but do not provide information on the regulation
of protein activity. Proteases, in particular, are known for their multilayered post-
translational activity regulation that can lead to a significant difference between
protease abundance levels and their enzyme activity. Activity-based proteomics can
characterize protein activity and monitor the functional regulation of enzymes in
complex proteomes.

Activity-based approach to proteomics is centered around the use of small mol-
ecules termed activity-based probes (ABPs) as a means to tag, enrich, and isolate,
distinct sets of proteins based on their enzymatic activity. ABPs contain three key
features; (1) a ‘warhead’, which binds irreversibly but selectively to the active site;
(2) a ‘tag’ that allows enzyme ‘handling’ with a combination of fluorescent, affinity
and/or radio labels; and (3) a linker region between warhead and tag (Heal et al.
2008). ABPs function as highly specific, mechanism-based reagents that provide a
direct readout of enzymatic activity within complex proteomes. Modification of
protein targets by an ABP facilitates their purification and isolation, thereby elimi-
nating many of the confounding issues of dynamic range in protein abundance. This
technology can be applied to advance the fields of biomarker discovery, in vivo
imaging, and small molecule screening and drug target discovery. Measuring enzy-
matic activities in biological fluids is a form of activity-based proteomics and may
be utilized as a means of developing disease biomarkers (Villanueva et al. 2009).
Activity-based assays allow amplification of output signals, thus potentially
visualizing low-abundant enzymes on a virtually transparent whole-proteome
background. Activity-based protein profiling (ABPP) has emerged as a powerful
chemical proteomic strategy to characterize enzyme function directly in native bio-
logical systems on a global scale. Detection, visualization, and identification of
active proteases can be facilitated by activity-based probes, which covalently bind
to a catalytic residue of the target protease. Synthesis of activity-based probes can
be challenging. A simple protocol has been described for probe synthesis based on
standard solid phase peptide synthesis followed by capping of the N-terminus with
a reactive electrophile as a warhead (Van Kersavond et al. 2017).

Transcriptomics for Drug Discovery

Transciptome analysis, a part of functional proteomics, can provide a large-scale
survey of gene expression associated with the etiology of a human disease. The
quantitative and qualitative readouts can provide increased power to identify novel
drug targets or biomarkers indicative of drug safety or efficacy.

Microarray analyses have already become standard tools to study transcription
levels and patterns in cells. Furthermore, advances in 2D GE and MS are providing
new insights into the function of specific gene products. Full understanding of the
proteome, however, requires more than gene expression levels as many proteins
undergo post-translational modifications that dictate intracellular location, stability,
activity and ultimately function. Relying exclusively on mRNA levels to measure
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protein function can therefore be misleading, and thus requires additional information
about protein levels and modifications as well as signaling pathways and metabolite
concentrations and distribution. These large-scale approaches, aided by using bioin-
formatics to analyze the data, now generate more biological information than previ-
ously possible. Since the efficacy and safety of many drugs is related to multiple
changes in gene expression, these findings are driving drug discovery and diagnos-
tics into an age of multiple target programs and multiplexed measurements.

Multiplex biomarker tests are becoming an essential part of the drug develop-
ment process. Biomarker-based tests as effective tools in improving preclinical
research and clinical development, and the challenges that this presents. Incorporation
of biomarkers in the clinical pipeline can improve decision making, accelerate drug
development, improve translation, and reduce drug development costs (Rahmoune
and Guest 2017).

Metabolomics for Drug Discovery

Application of metabolomics in the exploratory stages of drug discovery, particu-
larly in combination with high throughput screening, improves compound/target
selection and reduces costs. Lipomic profiling (see Chap. 2) is a particularly power-
ful tool for drug discovery and target validation because many common disorders
such cardiovascular disease, obesity, and diabetes produce changes in lipid metabo-
lism. Throughout the development process, lipomic profiling can be used to evalu-
ate a drug’s effect on metabolic pathways and to quickly identify good drug
candidates. A lipomic profile can also eliminate seemingly effective drugs that dis-
turb metabolic pathways to cause adverse effects. Lipomic profiling has the poten-
tial to identify toxic effects of drug compounds. Because toxins can alter lipid levels
in serum or tissues, assaying for these changes could point out potential pitfalls
early in the discovery process.

Biomarkers and Drug Safety

Biomarkers of Adverse Drug Reactions

Susceptibility to ADRs varies with genetic make up, age, sex, physiology, exoge-
nous factors, and disease state. The clinical consequences of ADRs range from
patient discomfort through serious clinical illness to the occasional fatality. Some
facts about ADRS are:

e There are 2.2 million hospitalizations due to ADRs per year in the US.
e Fatal ADRs are the fourth leading cause of death in the US.
e ADRs are a serious problem in infants and children.
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* ADRs are more frequent in the elderly — the fastest growing segment of the
population in the US.

» Ethnic group may act as a marker for underlying genetic or environmental differ-
ences in the susceptibility to ADRs, e.g., during treatment with angiotensin con-
verting enzymes and thrombolytic drugs.

The problems of ADRs in children is being increasingly recognized, and they
differ from adult reactions in frequency, nature, and severity. Infants and young
children, when exposed to some drugs such as anticholinergic agents, are more
likely than adults to develop ADRs, but may also be less susceptible to toxic reac-
tions to other drugs. ADRs in children caused by drugs of abuse are a major problem
in the US. Children may be exposed to these drugs through in utero exposure during
pregnancy, through breast feeding, and through exposure during adolescence. These
ADRs can include effects on the nervous system, cognitive problems, cardiovascu-
lar anomalies, and, in the case of second-hand tobacco smoke, an increased risk for
sudden infant death syndrome, acute respiratory infections, asthma, middle-ear
disease, and multiple sclerosis in children.

In 2008, the US NIH announced funding to support research that includes use of
genomics, proteomics, and transcriptomics technologies in the discovery and iden-
tification of toxicity biomarkers; use of metabolomics alone or in combination with
other technology to identify and characterize novel toxicity-associated drug metab-
olites and unraveling of novel ADR mechanisms; genomic studies that may identify
animals that develop idiosyncratic reactions similar to humans; using genomics to
define patterns of genes association with pediatric ADRs; placental genomics, pro-
teomics, and biomarker identification to understand ADRs; the role of epigenetic
factors to explain or predict developmental differences in the expression of ADRs;
and other studies.

Applications of Biomarkers in Drug Safety Studies

Examples of conventional biomarkers of drug toxicity are measurement of serum
transaminases for liver toxicity, serum levels of urea nitrogen and creatinine for
kidney toxicity, serum creatinine phosphokinase for muscle damage. These have
generally been useful for detecting liver and kidney damage after it has occurred but
cannot be used to identify patients at risk of developing side effects. Companies
have hesitation in developing toxicity biomarkers as they are afraid that FDA will
insist on their use, which might eliminate some drugs in development even though
the value of the test may not be certain.

In the preclinical testing where toxicity is largely based on histopathology, non-
invasive biomarkers appearing in body fluids can be used to develop interspecies
bridging biomarkers that correlate well with minimal or mild histopathology based
toxicity end points. Biomarkers of drug-specific mechanisms of toxicity can be
incorporated to increase confidence in evaluating drug safety in clinical settings.
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With better biomarkers to monitor early safety and toxicity in clinical trials, the
traditional use of safety margins in clinical drug development can be improved.
Several technologies described earlier in this report are used for drug safety studies
at preclinical stage as well as during drug development. Various “omics” technolo-
gies are used in generating these biomarkers, particularly genomics, proteomics and
metabonomics.

The Predictive Safety Testing Consortium (PSTC), one of nine consortia com-
prising the Critical Path Institute (C-Path), is a unique, public-private partnership
that brings pharmaceutical companies together to share and validate safety test-
ing methods with the advice of worldwide regulatory agencies, including the
FDA, the European Medicines Agency, and the Japanese Pharmaceuticals and
Medical Devices Agency. The corporate members of PSTC share a common
goal: to find improved safety testing methods and approaches utilizing fluid-
based safety biomarkers which accurately predict drug-induced tissue injury.
Specifically, the primary goal of PSTC is the qualification of novel translational
safety biomarkers for use in early clinical trials in order to enable safer investiga-
tions and development of new drug candidates. A publication has described the
critical importance of improved safety biomarkers for the drug development pro-
cess and the present state of the biomarker qualification process with regulatory
agencies (Sauer et al. 2015). In addition, it highlights the work that the PSTC and
its collaborative partners have done and continue to do to identify and qualify
more selective and specific safety biomarkers. Finally, it describes ongoing
efforts to better define the regulatory qualification process and an integrated
translational safety strategy.

Genomic Technologies for Toxicology Biomarkers

Genomics can be applied in biomarker identification as a source of candidate markers
or marker panels. In toxicology, the mechanism cannot yet be deduced from expres-
sion data alone; therefore, genomic data are best utilized to provide direction into
areas of research that should be pursued in the laboratory. These “functional” or
“localization” studies are critical in providing validated toxicology biomarkers.
Despite an abundance of candidates identified with genomic and other technologies,
there is a scarcity of biomarkers that are readily applicable and interpretable alongside
routine clinical chemistry in optimizing lead molecules. To validate candidate bio-
markers after functional or localization studies, they must be tested in internal lead
optimization studies routinely run in pharmaceutical preclinical development. Future
technologies should integrate all assay types into one format that measures different
analytes simultaneously regardless of whether the biomarkers are nucleic acids, pro-
teins or metabolites. Testing in lead optimization studies provides the positive and
negative control data necessary to build experience and give toxicology biomarkers
meaning, so that decisions can be made from their application.
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Proteomic Technologies for Toxicology Biomarkers

Proteomics can be applied for the identification and confirmation of peripheral bio-
markers for altered liver function after toxicant exposure. Serum troponins are
described as biomarkers of myocardial infarction in Chap. 15. Troponins can also be
used as biomarkers of drug-induced cardiac toxicity. Proteins such as Kim 1 and
clusterins can be used as biomarkers of nephrotoxicity.

Metabonomic Technologies for Toxicology Biomarkers

Metabonomics studies demonstrate its potential impact in the drug discovery pro-
cess by enabling the incorporation of safety endpoints much earlier in the drug
discovery process, reducing the likelihood (and cost) of later stage attrition.

Global metabolic profiling (metabonomics/metabolomics) has shown particular
promise in the area of toxicology and drug development. A metabolic profile need
not be a comprehensive survey of composition, nor need it be completely resolved
and assigned, although these are all desirable attributes. For the profile to be useful
across a range of problems, however, it must be amenable to quantitative interpre-
tation and it should be relatively unbiased in its scope. In addition to explicit quan-
tification of individual metabolites, analytical profiles such as NMR spectra are
effectively functions of the concentrations of the constituents of the sample and
hence can be handled directly as metabolic profiles. A further requirement for the
platform used to generate profiles is that the analytical variation introduced postcol-
lection be less than the typical variation in the normal population of interest, so as
not to reduce significantly the opportunity to detect treatment/group-related differ-
ences. Fulfilling this condition is very dependent on the actual system and question
in hand and is probably best tested in each new application.

In both preclinical screening and mechanistic exploration, metabolic profiling
can offer rapid, noninvasive toxicological information that is robust and repro-
ducible, with little or no added technical resources to existing studies in drug meta-
bolism and toxicity. Extended into the assessment of efficacy and toxicity in the
clinic, metabonomics may prove crucial in making personalized therapy and phar-
macogenomics a reality.

Integration of Genomic and Metabonomic Data to Develop
Toxicity Biomarkers

Global profiling of changes in gene expression or metabolites is used to identify
biomarkers for drug development. There is a need to ‘validate’ the biomarker by
linking it to a phenotypic change. However, it is difficult to connect an alteration in
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mRNA levels, or of a metabolite that represents an endogenous product of intermediary
metabolism, to a drug-induced toxicity. Therefore, if one can demonstrate that
changes in gene expression correlate biochemically to a metabolic shift, the reli-
ability using these endpoints as biomarkers is increased. Recent advances in annota-
tion of metabonomic data and comprehensive metabolite pathway mapping tools
increase the likelihood for successful “-omic” data integration.

Toxicology Studies Based on Biomarkers

Although substantial progress has been made on the identification of biomarkers
and the establishment of screens derived from such toxicogenomics studies, there is
still a shortage of biomarkers for important toxicity endpoints and for toxicology in
general. The ultimate goal, of course, is predictive toxicogenomics, which is an
attempt to infer the likelihood of occurrence of a toxic event with exposure to a new
agent based upon comparative responses with large databases of gene, protein or
metabolite expression data. Gene expression databases are currently limited by the
fact that measurable toxic phenotypes generally precede or at best coincide with the
earliest observable changes in transcriptional profiles.

It is important to detect toxicity of drugs by peripheral biomarkers before dam-
age to various organs develops. Some pharmaceutical companies are beginning to
use biomarkers for safety studies. An important goal involves using biomarkers to
discover ways to identify toxicity as early as possible in animal studies. For exam-
ple, Novartis has conducted animal studies for a number of compounds targeting
inflammation and found that particular gene expression signatures in animal gastric
tissue could predict gastrointestinal toxicity as early as day 1. Once they had identi-
fied the signature, they found that it also occurred in white blood cells, indicating
that blood testing could be used as surrogate for gastrointestinal tract toxicity for
this class of compounds. In a broader application, Novartis is also showing that
organ-specific gene expression signatures can be used to detect the effects of com-
pounds on various organs. Novartis routinely develops safety biomarkers for new
compounds early in research. By knowing the target and looking at which organs
are affected, researchers can more easily identify a compound’s impact on the
wrong organs. There are several examples where a drug that failed in early safety
testing was identified to hit another target that could be useful for another disease.
A CNS drug was dropped at Novartis because it induced apoptosis of gastric secret-
ing cells in the stomach. It is now being explored as a potential treatment in some
stomach diseases.

Toxicoproteomics seeks to identify critical proteins and pathways in biological
systems that are affected by and respond to adverse chemical and environmental
exposures using global protein expression technologies. Toxicoproteomics inte-
grates three disciplinary areas: traditional toxicology and pathology, differential
protein and gene expression analysis, and systems biology. Proteomics also facili-
tates discovery of new biomarkers and toxicity signatures.
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Preclinical safety testing is an important part of drug development. The concern
for safety continues into the marketed phase of the drug and adverse effects are
recorded even though a pathomechanism is not always known. Benefits of using
preclinical biomarkers of drug safety are:

e Reduction of the time and resources needed to screen new therapeutic
candidates

* Improvement of the process of lead candidate selection in drug discovery

* Insights into mechanisms of toxicity

* Prediction of toxicity at an early stage

One approach for cost/time reduction is through development of early in vivo
markers of toxic response. The integration of predictive biomarkers with traditional
methods for drug safety testing may provide a stronger rationale for selecting com-
pounds to advance into the clinic. Advances in overall protein and metabolic rofiling
now make it possible to perform simultaneous toxicodynamic (TD) biomarker dis-
covery, toxicokinetic analysis and drug metabolic profiling. Biomarkers are used to
demonstrate a quantitative relationship between drug exposure and related patho-
logical events. The toxicity biomarkers help to predict safety margins and guide
dose selection. The broader potential of biomarker analysis however lies in clinical
development and patient care. Biomarkers may be used to identify patient response
and establish effective and safe dosage regimens. Biomarkers may also reveal
on-target versus off-target response and toxicological outcomes during drug
treatment.

Major organs affected by toxic effects of drugs are the liver, kidneys, brain and
the heart. Examples of biomarkers of toxicity of these organs will be given in the
following sections.

Biomarkers of Hepatotoxicity

The study of hepatotoxicity in vitro is complicated by the difficulty of maintaining
hepatocytes in culture due to a lack of understanding of the humoral and matrix
requirements of these cells. A variety of in vitro models of the liver have been devel-
oped, such as perfused livers, liver slices and three-dimensional perfused bioreac-
tors, but the static cell culture is the most commonly used system. Technological
advances in genomics, proteomics and metabonomics are playing a very important
role in uncovering novel biochemical pathways and biomarkers of toxicity. Several
of these studies have focused on hepatotoxicity, particularly on the effects of
acetaminophen, carbon tetrachloride and aflatoxin B1.

Aviva Systems Biology is producing antibodies that the Institute for Systems
Biology (ISB) uses to identify liver toxicity biomarkers. Aviva develops the anti-
bodies from a list of proteins provided by the ISB. ISB will then assess the efficacy
of these antibodies and will use them to find biomarker proteins that work as early
liver toxicity biomarkers.
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High throughput toxicological estimation is required for safety evaluation in the
early stage of drug discovery. In this context, establishment of an in vitro screening
system reflecting in vivo toxicity is demanded for earlier safety assessment.
Scientists at Pfizer have investigated LDH release and mitochondrial respiration
(WST-1 reduction assay) to detect cytotoxicity, morphological evaluation, and pro-
teomics for estimating the reliable and sensitive biomarkers by using rat primary
hepatocytes exposed to the compounds (acetaminophen, amiodarone, tetracycline
and carbon tetrachloride) that are known to induce hepatotoxicity. They concluded
that the cytotoxicity was detected earlier by measuring WST-1 than by measuring
LDH release because the reduction of mitochondrial respiration is an expressions of
earlier toxicity for cellular function, while the measured increase in the LDH release
occurs after the failure of the cell membrane. Mitochondrial respiration ability was
a useful parameter of cytotoxicity for in vitro hepatotoxicity screening, as cytotox-
icity can be detected during the early stage of exposure. In addition to the conven-
tional biomarkers, several protein biomarkers which relate to oxidative stress and
metabolism-regulation were detected. Further comprehensive analysis of defined
proteins would be necessary to estimate the more sensitive toxicology biomarker.

Valproic acid, which is a widely used antiepileptic drug, is associated with oxida-
tive stress in rats, as demonstrated by elevated levels of 15-F(2t)-isoprostane, which
precedes the onset of liver necrosis, steatosis, and elevated levels of serum alpha-
GST. At Eli Lilly & Co, biomarkers are being used to predict hepatotoxicity from
preclinical information. The company is working with FDA to develop biomarker
standards that will enable the company to evaluate hepatotoxicity in the clinic.

Using acetaminophen overdose-induced liver injury in the mouse as a model
system, highly significant differences have been observed in the spectrum and levels
of miRNAs in both liver tissues and in plasma between control and overdosed ani-
mals (Wang et al. 2009). Specific miRNA species, such as mir-122 and mir-192, are
enriched in the liver tissue and exhibit dose- and exposure duration-dependent
changes in the plasma that parallel serum aminotransferase levels and the histo-
pathology of liver degeneration, but their changes can be detected significantly ear-
lier. These findings suggest the potential of using specific circulating miRNAs as
sensitive biomarkers for drug-induced liver injury.

In 2011, Critical Path Institute (Tucson, Arizona) and The Hamner Institutes for
Health Sciences, both non-profit research organizations, started collaboration to
find biomarkers for monitoring drug-induced liver injury. They will focus on regula-
tory science research for predicting, detecting, and monitoring liver safety issues
during the development of new medicines. The goal is to generate data and reach
scientific consensus for biomarkers and other methods that would be submitted to
the FDA to be qualified for specific uses in product development.

A systematic strategy has been used for drug-induced hepatotoxicity to establish
specific screening biomarkers and these were applied to evaluate whether the drugs
have potential hepatotoxicity in rat models (Li et al. 2016). Fifteen common bio-
markers were screened by multivariate statistical analysis and integration analysis-
based metabolomics data. The receiver operating characteristic (ROC) curve was
used to evaluate the sensitivity and specificity of the biomarkers. The researchers
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obtained 10 specific biomarker candidates with an area under the curve >0.7. Then,
a support vector machine (SVM) model was established by extracting specific
biomarker candidate data from the hepatotoxic drugs and nonhepatotoxic drugs; the
accuracy of the model was 94.9% and the results demonstrated that those 10 bio-
markers are specific. Six drugs were used to predict the hepatotoxicity by the SVM
model; the prediction results were consistent with the biochemical and histopatho-
logical results, demonstrating that the model was reliable. Thus, this SVM model
can be applied to discriminate the between the hepatic or nonhepatic toxicity
of drugs. This approach not only presents a new strategy for screening-specific
biomarkers with greater diagnostic significance but also provides a new evaluation
pattern for hepatotoxicity, and it will be a highly useful tool in toxicity estimation
and diagnosis of diseases.

Biomarkers of Nephrotoxicity

Most of pharmacological compounds and their metabolites are excreted via the urine,
and within the complex structure of the kidney, the proximal tubules are a main target
site of nephrotoxic compounds. Scientists at Amgen have used the model for neph-
rotoxicants mercuric chloride, 2-bromoethylamine hydrobromide, hexachlorobuta-
diene, mitomycin, amphotericin, and puromycin to elucidate time- and dose-dependent
global gene expression changes associated with proximal tubular toxicity. Their data
indicate that valid predictions could be made based on gene expression changes from
a small set of expression profiles. A set of potential biomarkers showing a time- and
dose-response with respect to the progression of proximal tubular toxicity were iden-
tified. These include several transporters (Slc21a2, Sicl5, Slc34a2), Kim 1, IGFbp-1,
osteopontin, alpha-fibrinogen, and Gstalpha.

Renal gene expression profiling coupled with analysis of classical end points
affords promising opportunities to reveal potential new mechanistic biomarkers of
renal toxicity including KIM-1, osteopontin and vimentin. An example of use of
proteomic is investigation of dose-related nephrotoxicity caused by cyclosporine A,
which has proven beneficial effects in organ transplantation. Proteomic analysis
using 2D GE has demonstrated an association between calbinden-D 28 and cyclo-
sporine A (CsA)-induced nephrotoxicity and is considered to be a biomarker for this
adverse effect. This shows that proteomics can provide essential information in
mechanistic toxicology. 2D GE and NMR spectroscopy has been used to study
nephrotoxicity in the rat following exposure to puramycin aminonucleoside.
Monitoring of proteins in the urine enabled a more detailed understanding of the
nature and progression of the proteinuria associated with glomerular nephrotoxicity
than was previously possible.

In studies on experimental animals treated with nephrotoxic or non-nephrotoxic
compounds, biomarkers consisting of gene signatures based on gene expression can
predict the future development of renal tubular degeneration weeks before it occurs.
By comparison, histopathology or clinical chemistry fails to predict the future
development of tubular degeneration, thus demonstrating the enhanced sensitivity of
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gene expression relative to traditional methods for prediction of compound-induced
pathology in the kidney.

Metabolomic experiments have been performed on Sprague-Dawley rats treated
with the nephrotoxins gentamicin, cisplatin, or tobramycin to discover biochemical
biomarkers useful for early identification of nephrotoxicity (Boudonck et al. 2009).
Using a combination of gas chromatography/mass spectrometry and liquid chroma-
tography/mass spectrometry, a global, nontargeted metabolomics analysis was
performed on urine and kidney samples collected after 1, 5, and 28 dosing days.
Increases in polyamines and amino acids were observed in urine from drug-treated
rats after a single dose, and prior to observable histological kidney damage and
conventional clinical chemistry indicators of nephrotoxicity. Thus, these metabo-
lites are potential biomarkers for the early detection of drug-induced nephrotoxicity.
Upon prolonged dosing, nephrotoxin-induced changes included a progressive loss
of amino acids in urine, concomitant with a decrease in amino acids and nucleosides
in kidney tissue. A nephrotoxicity prediction model, based on the levels of branched-
chain amino acids in urine, distinguished nephrotoxin-treated samples from vehicle-
control samples, with 100%, 93%, and 70% accuracy at day 28, day 5, and day 1,
respectively. Thus, this panel of biomarkers may provide a noninvasive method to
detect kidney injury long before the onset of histopathological kidney damage.

KIM-1 measurements may facilitate sensitive, specific and accurate prediction of
human nephrotoxicity in preclinical drug screens. Use of urinary trefoil factor 3
(TFF3) and albumin enables more sensitive and robust diagnosis of acute renal
tubular injury than traditional biomarkers. To address the need for biomarkers that
monitor recovery from agent-induced renal damage, changes were scored in the
levels of urinary biomarkers in rats during recovery from renal injury induced by
exposure to carbapenem A or gentamicin (Ozer et al. 2010). All biomarkers
responded to histologic tubular toxicities to varied degrees and with different kinet-
ics. After a recovery period, all biomarkers returned to levels approaching those
observed in uninjured animals. In this study, an assay for serum cystatin C was
found to be more sensitive and specific than serum creatinine or blood urea nitrogen
in monitoring generalized renal function after exposure of rats to eight nephrotoxi-
cants and two hepatotoxicants. This sensitive serum biomarker will enable testing of
renal function in animal studies that do not involve urine collection.

Diagnostic potential of monocyte chemoattractant protein-1 (MCP-1), a protein
that plays a role in recruiting immune cells to injured or infected sites in the body,
has been assessed in acute kidney injury (AKI). Investigators found elevated levels
of MCP-1 as well as its mRNA in urine samples from mice and humans with AKI,
indicating that it can be used as a biomarker (Munshi et al. 2011).

Cardiotoxicity
Cardiotoxicity is a particular problem with some anticancer drugs. Biomarkers for

cardiac safety that are employed in an increasing number of clinical programs
designed for investigational oncology therapeutics: (1) assessment of left



Biomarkers and Drug Safety 125

ventricular ejection fraction by either echocardiography or multigated acquisition
scan; and (2) electrophysiological measurement of QT/QTc duration, assessed by
electrocardiogram, for predicting risk of a potentially fatal arrhythmia called tors-
ades de pointes.

Anthracycline-induced cardiotoxicity can cause serious health problems for an
increasing number of children surviving childhood malignancies. Early detection
of cardiac failure is critically important for the prevention and management of
anthracycline-induced cardiotoxicity. A review of studies of the use of the biomark-
ers B-type natriuretic peptide (BNP), N-terminal pro-BNP (NT-pro-BNP), cardiac
troponin T (¢TnT), and cardiac troponin I (cTnl) in relation with anthracycline-
induced cardiotoxicity in children showed a significant relation between elevated
biomarkers BNP, NT-pro-BNP, and c¢TnT and cardiac dysfunction (Mavinkurve-
Groothuis et al. 2008). These might be useful biomarkers for the early detection of
anthracycline-induced cardiotoxicity.

Patterns of proteomic signatures obtained from high dimensional mass spec-
trometry data have been used for analysis of serum from rat models for detection of
anthracycline and anthracenedione induced cardiotoxicity. Diagnostic proteomic
patterns have a potential for clinical utility because low molecular weight peptides
and protein fragments may have higher accuracy than traditional biomarkers of
cardiotoxicity such as troponins. These fragments may 1 day be harvested by cir-
culating nanoparticles designed to absorb, enrich and amplify the diagnostic bio-
marker repertoire generated even at the critical initial stages of toxicity.

Neurotoxicity

Neurotoxicant-induced changes in protein level, function or regulation could have a
detrimental effect on neuronal viability. Direct oxidative or covalent modifications
of individual proteins by various chemicals or drugs are likely to lead to disturbance
of tertiary structure and a loss of function of neurons. The proteome and the func-
tional determinants of its individual protein components are, therefore, likely targets
of neurotoxicant action and resulting characteristic disruptions could be critically
involved in corresponding mechanisms of neurotoxicity. A variety of classic pro-
teomic techniques (e.g. LC)/tandem mass spectroscopy, 2DG image analysis) as
well as more recently developed approaches (e.g. two-hybrid systems, antibody
arrays, protein chips, isotope-coded affinity tags, ICAT) are available to determine
protein levels, identify components of multiprotein complexes and to detect post-
translational changes. Proteomics, therefore, offers a comprehensive overview of
cell proteins, and in the case of neurotoxicant exposure, can provide quantitative
data regarding changes in corresponding expression levels and/or post-translational
modifications that might be associated with neuron injury.

hESC-based in vitro screening models have been used for assessing embryonic
neurotoxicity. These in vitro test systems are based on neuronal differentiated
murine ESCs and quantitative differential proteomic display techniques to identify
biomarkers for neurotoxicity. Results are superior to those of conventional array
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technologies (nucleic acids), because the proteomic analysis covers posttranslational
modifications. It is possible to identify toxicity biomarkers without using animal-
based in vitro or in vivo systems.

To circumvent serious neurotoxicity, while taking advantage of the antitumor
activities of the platinum agents, efforts to identify mechanism-based biomarkers
are under way. These data from study of genetic biomarkers associated with neuro-
toxicity induced by single-agent and combination platinum chemotherapy have the
potential for broad clinical implications if mechanistic associations lead to the
development of toxicity modulators to minimize the noxious sequelae of platinum
chemotherapy (McWhinney et al. 2009).

Applications of Biomarkers for Drug Development

Biomarkers and assays based on biomarkers are being used increasingly in the drug
development process. The following applications of biomarkers are relevant to drug
development (Salter and Holland 2014):

e Predictive biomarkers can be used to matching the most appropriate therapy to
the mechanism of action for optimal benefit and to identify patients at risk of
particular adverse events.

» Disease activity biomarkers allow an assessment of the current severity of dis-
ease and therefore, response to treatment.

* Drug effect biomarkers indicate target engagement and the generation of phar-
macological effect of a drug. These biomarkers are useful for determining the
required dose and regimen for a new medicine where effects in humans can be
compared with effects in the preclinical experiments on disease models.

* Drug kinetics biomarkers are genetic variants in drug metabolizing enzymes and
drug transporters to indicate causes of adverse drug effects and/or lack of drug
efficacy.

Use of surrogate biomarkers was described in Chap. 1. The focus of here will be
on the use of biomarkers in clinical trials.

Application of Metabonomics/Metabolomics for Drug
Development

Metabolic profiling of body fluids and tissues by spectroscopic detection of endog-
enous and drug related metabolites enables the extraction of comprehensive bio-
chemical information, which is of diagnostic and prognostic value. The power of the
method relies on three basic properties: (1) there is almost no sample preparation
involved; (2) spectroscopic methods, especially NMR, are extremely reproducible;
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and (3) the nature of the data reflects actual biological events (physiological
phenotype). Metabonomic analyses of body-fluids can be used in early drug devel-
opment not only for predicting general organ toxicity as described in a preceding
section but also for monitoring more specific effects such as phospholipidosis, per-
oxisome proliferation, changes of the steroidal biosyntheses, and changes of the gut
microflora. Apart from monitoring changes of single biomarkers, simultaneous
regulations of several metabolites within pathways are investigated. Comparing
these changes with a database of metabonomic studies allows identifying studies
with similar mechanistic toxicity. It is also demonstrated how metabonomics can be
used for identifying new biomarkers, which allow drawing conclusions about mech-
anistic effects.

Novel and highly relevant biomarkers generated by innovative metabolomics
application platform enables pharmaceutical and biotech companies to develop
more efficacious and safer compounds as well as reduce time to market. Furthermore,
this technology empowers diagnostic companies and hospitals to define and validate
novel biomarkers for diagnosis of latent diseases before first symptoms surface. The
ultimate objective is to improve the patient’s quality of life through earlier disease
detection, therefore, avoiding the need for costly and risky interventions.

Metabolon has used metabolomics to analyze human plasma yielding biomark-
ers that enables sorting of patients into clinically recognized subsets. These bio-
markers are not only diagnostic, but will also provide insights into the underlying
pathology and new targets and approaches for drug development.

Role of Pharmacokinetic/Pharmacodynamic Biomarkers
in Drug Development

Appropriate pharmacokinetic (PK)/pharmacodynamic (PD) biomarkers facilitate
proof-of-concept demonstrations for target modulation; enhance the rational selection
of an optimal drug dose and schedule; and decision making such as whether to con-
tinue or discontinue a drug development project. In addition measurement of PK/PD
biomarkers can minimize the uncertainty associated with prediction of drug safety
and efficacy as well as reduce the high rate of drug attrition during development.

Pharmacodynamic (mechanism of action) biomarkers can be used to measure
acute target inhibition in vivo and potentially for interpreting dose response rela-
tionships. Some examples are as follows:

1. Candidate RNA transcripts, identified and qualified by using quantitative PCR,
can be used as potential pharmacodynamic markers for a selective inhibitor of
T cell receptor signaling.

2. A computational approach is used at Merrimack Pharmaceuticals to rationally
identify pharmacodynamic biomarkers that are the most sensitive indicators of
insulin-like growth factor-1 receptor (IGF1-R) antagonism at the molecular
level. A detailed mathematical model of the IGF signaling pathway is trained
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with experimental data, and validated by comparing the predicted activity of a
novel IGF1-R antagonist on downstream ERK and AKT phosphorylation to
in vitro experimental results. Using the validated model, a portfolio of sensitivity
analyses and simulations is generated that highlights the key proteins regulating
the IGF pathway and identifies the biomarkers that characterize the efficacy of
the antagonist.

3. Scientists at Bristol-Myers Squibb have predicted active drug plasma concentra-
tions achieved in cancer patients by pharmacodynamic biomarkers. Using human
tumor xenografts grown in nude mice, they have determined the in vivo pharma-
codynamic response at efficacious doses of cetuximab — an anti-EGFR chimeric
mouse/human MAD that has been approved for the treatment of advanced colon
cancer (Luo et al. 2005). Three pharmacodynamic end points were evaluated:
tumoral phospho-EGFR, tumoral mitogen-activated protein kinase (MAPK)
phosphorylation, and Ki67 expression. A pharmacokinetic/pharmacodynamic
model was established and predicted that the plasma concentration of cetuximab
required to inhibit 90% of phospho-EGFR was 67.5 mug/mL. CONCLUSIONS:
Phospho-EGFR/phospho-MAPK could be useful clinical biomarkers to assess
EGFR inhibition by cetuximab.

4. Pharmacokinetic-pharmacodynamic correlations and biomarkers have been used
for the development of COX-2 inhibitors. This solves a major problem in the
development of COX inhibitors, where it is difficult to predict the appropriate
dosing regimen for the treatment of chronic inflammatory pain, based upon
information from preclinical studies and early clinical trials. Endogenous media-
tors of inflammation might be used as biomarkers for the analgesic effect and
safety assessment. Such a biomarker can be an intermediate step between drug
exposure and response. COX-2 inhibition, as determined by modelling of pros-
taglandin E2 (PGE2) levels in the whole blood assay in vitro can be used as a
biomarker to predict drug effects (analgesia) in humans.

5. Pharmacodynamic biomarkers are used to measure receptor occupancy as a
guide to the determination of optimal dose. Most direct estimate, however, is
provided by ligand-displacement imaging using PET.

Molecular Imaging as a Biomarker in Drug Development

Imaging is now a recognized tool in drug discovery and development and is referred
to as pharmaco-imaging. There is increasing evidence that human medical imaging
can help answer key questions that arise during the drug development process.

Molecular Imaging in Preclinical Studies
Molecular imaging, using a variety of targeted probes and spanning optical mag-

netic resonance and PET methods, provides insights into target validation and
disease mechanism issues that are crucial in preclinical studies. More traditional
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imaging modalities, such as MRI, are used widely in animal studies. These preclinical
studies take place in the context of high attrition rates for candidate pharmaceuticals
when translating to human subjects, perhaps as a result of inadequate animal models
of human pathophysiology. Ultimately, it is anticipated that greater use of imaging
during pre-clinical stages will facilitate better translation from animal models to
human subjects, by minimizing changes in experimental paradigms while the model
organism is changed.

In preclinical studies, the greatest value of imaging analytics lies in early assess-
ment of method of action. Whereas histology provides limited insight into the
effects of a compound, image analysis demonstrates whether or not the drug behaves
in the way that researchers predicted it would, e.g. does a compound bind to a par-
ticular receptor? Understanding of a disease or therapy may involve understanding
the localization of biomarkers and not simply their measurement, for example, dis-
covering where specific receptors are occupied or not. Ligand-displacement PET
also provides a direct estimate of the receptor occupancy as a guide to determination
of optimal dose. Having such questions answered at the preclinical stage enables
optimization of clinical research from phase I through phase III.

To incorporate medical imaging into a study, two major decisions first must be
made: (1) how to acquire the images; and (2) how to analyze the images once they
have been acquired. As the use of medical imaging in preclinical research still is
emerging, there is no established practice ready to handle image acquisition.
Companies either outsource to facilities that offer imaging equipment and techni-
cians to acquire the images for them, or pay for the use of a private facility and
handle image acquisition themselves. For image analysis, companies can go one of
two ways: they can hire the expertise internally, or outsource it to specialists who
have the resources already in place. Automated analysis requires software experts to
develop analysis algorithms and graphical user interface engineers, as well as pro-
vide staff to handle the database reporting tabulation and to conduct the analysis.
Because of the breadth of expertise required, even large companies such as Pfizer,
which have in-house imaging centers, have opted to outsource to companies that
specialize in medical image analysis.

Researchers can take advantage of innovations in the development of image-
based biomarkers from various US universities. The introduction of new biomarkers
provides greater opportunity to study the mechanisms of action in a preclinical set-
ting. One advantage here is that researchers’ predictions can be verified through
histology at the end of the study. However, imaging biomarkers are not easy to
acquire or to extract and analyze. Full exploitation of such information requires
access to a multidisciplinary team, including radiologists, physicists and software
developers.

At Novartis investigation a PET tracer has been used to assess drug activity and
mechanism of action for a CNS target in a psychiatric disease that is not well
defined. A high concordance was found between tracer distribution and location of
specific receptors. This outcome confirmed the drug activity and mechanism and
supported assessment of receptor distribution in humans to support clinical develop-
ment of the drug candidate.
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Molecular Imaging in Clinical Trials

Imaging modalities such as MRI, CT and PET can offer significant insights into the
bioactivity, pharmacokinetics and dosing of drugs, in addition to supporting regis-
tration applications. The best examples of the use of imaging are in clinical trials of
anticancer drugs. Earlier indications might reduce a patient’s exposure to ineffec-
tive, poorly tolerated, toxic or expensive treatments. Conversely, lack of bioactivity
could represent sufficient cause for suspension or termination of further develop-
ment of unpromising compounds.

Imatinib mesylate (Gleevec, Novartis) is a tyrosine kinase inhibitor that has
gained FDA approval for chronic myelogenous leukemia and gastrointestinal stro-
mal tumors (GIST). When using more-traditional methods, such as CT imaging for
determining tumor size, to evaluate the effectiveness of imatinib on GIST, the first
objective evaluation of tumor response is generally performed no earlier than
2-3 months after the start of treatment because earlier changes in tumor size are
seldom significant. Using FDG—PET as an indicator of tumor metabolism, however,
it was found that reduction in glucose metabolism preceded CT response by a
median of 7 weeks, and all GIST patients with a complete or major metabolic
response subsequently reached partial or durable stable disease on CT. In another
cancer example, the overexpression of vascular endothelial growth factor (VEGF) is
frequently implicated in tumor angiogenesis. In one trial of the VEGF-specific
monoclonal antibody bevacizumab (Avastin, Genentech) on rectal cancer patients,
CT measurements of tumor blood flow and blood volume decreased significantly
12 days after a single infusion of the drug. This observed decrease in tumor perfu-
sion demonstrated a positive correlation with other tumor indicators, including
microvessel density, interstitial fluid pressure, and circulating endothelial and
progenitor cell levels.

Numerous past studies have shown that it is possible to derive the pharmacoki-
netic (PK) distribution of radiolabeled pharmaceuticals using PET imaging. In
broad terms, imaging of PK properties falls into two categories. The first category
involves the radiolabeling of compounds that interact with, or neutralize, agents
from the environment, such as toxins, bacteria and viruses. In this case, generally
only tissue concentrations of drugs are necessary. In the second category, if the drug
is expected to alter or otherwise modulate some aspect of the pathophysiologic
process, then imaging studies are generally used to characterize the number of
receptors, binding efficiency and receptor occupancy. As an example of the first
category, the development of 18F-labeled antifungal agent fluconazole (Diflucan,
Pfizer) was monitored by PET to establish the concentration of the drug in different
organs, particularly at the site of infection. The imaging study found that the
observed concentrations compared favorably to the concentrations required to
inhibit in vitro pathogen growth and provided valuable dosing information.

Quantitative MRI is playing an important role in an increasing proportion of
clinical trials. This is particularly true in areas where both the disease and the effects
of treatment manifest as structural or functional changes that can be directly imaged.
MRI is, of course, less useful in areas such as pain management or psychological
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illness, where the method offers little insight into biological processes, and in areas
where convenient chemical biomarkers are available. One important example of an
area where quantitative MRI can provide vital insight is the use of antiangiogenic or
vascular disruptive agents in the treatment of solid tumors. Osteoarthritis is another
area where quantitative MRI can have a major impact on study timelines, cost, and
success. Differences among MRI scanner manufacturers and models in pulse
sequence implementation, hardware capabilities, and even terminology make it incre-
asingly difficult to ensure that results obtained at one center are comparable to those at
another. A detailed MR protocol should be deployed a that is both effective and imple-
mentable across many different MRI systems and software versions (Ashton 2010).

Prospects of Molecular Imaging in Drug Discovery and Development

Imaging methods potentially provide highly cost-effective, general approaches for
the noninvasive characterization of disease and pharmacokinetics, pharmacody-
namics and drug effects directly in humans. PET allows the distribution of radiola-
beled molecules to be mapped, enabling studies of molecule distribution and tissue
metabolism. MRI was initially used primarily to define tissue structure, but a more
recent range of functional MRI techniques promise the potential to define pharma-
cokinetic data over biologically meaningful timescales. With an understanding of
the relationship between imaging biomarker changes and clinical outcomes, imag-
ing can be used as a surrogate marker of response even for the later stages of drug
development. Two common pitfalls in the application of these methods, which need
to be avoided, are:

e Getting distracted by the technology rather than focusing on the questions that
need to be asked.

* Failure to interpret the imaging data in an appropriate disease- and drug-specific
manner.

However, with attention to such issues, imaging should prove a powerful
facilitating platform for experimental medicine in the future. Molecular imaging
techniques are already being used in receptor occupancy studies and with transgenic
animal models to validate drug development. In clinical trials, molecular imaging
probes will also play an increasingly important role in developing new, smarter, and
safer drugs for patients. The appropriate use of molecular imaging in drug discovery
and development could significantly speed up the development process and save
millions of health care dollars.

Biomarkers in Clinical Trials

Interest is increasing rapidly in the use of surrogate biomarkers as primary measures
of the effectiveness of investigational drugs in definitive drug trials. Many such sur-
rogate markers have been proposed as potential candidates for use in definitive
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effectiveness trials of agents to treat neurologic or psychiatric disease, but as of now,
there are no such markers that have been adequately “validated,” that is, shown to
predict the effect of the treatment on the clinical outcome of interest. There is need
for discovery of novel pharmacodynamic biomarkers for use in optimal dose selec-
tion in phase II clinical studies. Novartis is using biomarkers in phase IV trials,
especially in oncology, CNS, and cardiovascular. The opportunity in these trials is
to study the disease, gain samples for additional testing, and define subsets of
patients (for patient stratification based on risk or efficacy). The regulatory aspects
of biomarkers and validation are discussed in Chap. 19.

Many diseases with long onset and long time to progression require clinical trials
that take years and large numbers of patients to determine the benefit of biomarkers
or new treatments. For such indications, establishing the value of biomarkers will be
longer term. However, biomarkers might have a positive impact on metabolic dis-
eases, such as diabetes much sooner. Diabetes clinical trials using biomarkers can
show effects in patients on a timeline that is shorter than using traditional clinical
measurements. On the other hand, immunology and asthma are considered two
therapeutic areas in which biomarkers are not expected to have an impact in the near
future.

NIH Recommendations on the Use of Biomarkers in Clinical Trials

NIH’s strategies for improving clinical trials and the recommendations relevant to
biomarkers are:

Validate biomarkers and surrogate end points before basing policy guidelines
for public health on them The shift in patterns of disease from acute infections to
the chronic degenerative diseases affecting older populations has expanded the mar-
ket for drugs. It has also created a growth industry in biomarkers, since the latter
have the potential to allow for smaller trials of shortened duration.

An example is the prostate-specific antigen (PSA) as a biomarker. Tests showing
high serum PSA values in men with prostate cancer drove clinical decisions for
biopsy and subsequent medical or surgical treatment. The Prostate Cancer Prevention
Trial was a randomized placebo-controlled clinical trial enrolled men with PSA
levels of 3 ng/ml or under. The men in the trial were treated with the 5-alpha reduc-
tase inhibitor finasteride, which lowers testosterone levels, or a placebo, and treat-
ment was followed with periodic PSA tests and digital rectal exams for 7 years. All
were offered biopsy at the trial’s end. The prevalence of prostate cancer in the finas-
teride group was 18.4%, compared with 24.4% in the placebo group. However,
more than half of the men found with cancer in the placebo group had had a normal
PSA and digital rectal examination throughout the trial. In a follow-up study of men
in the placebo group, investigators concluded that there is no cutpoint of PSA such
that higher scores are strongly associated with higher risk for clinically important
prostate cancer and lower scores with lower risk; there are too many false positives
and false negatives at every score. The PSA test can detect a broad spectrum of
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prostate cancer but it is a heterogeneous group, which ranges from rapidly progressing
and aggressive to slowly progressive or nonprogressive forms. Treating the last
group may lead to the erroneous conclusion that these patients were “cured” by
screening and treatment. If unscreened and untreated, these same men might simply
have gone on to die from other causes at the same point in time. Early diagnosis
based on screening may also lead to the erroneous assumption that screening
increases true survival time, since survival is measured from the time of diagnosis
— longer in the case of the screening diagnosis compared with the time when the
patient becomes symptomatic (the “lead time” bias).

Caution on the use of surrogate (intermediate) end points Biomarkers can also
serve as “surrogate” or “intermediate” end points, instead of true health or clinical.
The virtue of a surrogate end point is that it provides a window at an intermediate
point in the trial, short of the true health or clinical outcome, and can serve as a
bellwether that indicates whether treatment x is working or not, thus saving both
time and money. But that depends on the validity of the surrogate. And validity is
not easy to establish, as shown by the Diabetes Control and Complications Trial, a
randomized trial of patients with diabetes to determine if intense monitoring of
glucose and the use of an insulin pump would reduce the risk of retinopathy. The
development of microaneurysms was chosen as a surrogate marker, since they are
associated with vision loss. Early trends indicated an increase in microaneurysms
and could have led to premature termination of the trial. But longer-term follow-up
showed definite reduction in visual impairment, and the trial was appropriately
ended at that point since it demonstrated a health benefit.

Recognizing their potential value, several methods for the validation of biomark-
ers and surrogates were proposed at the meeting. One entails the use of hazard rates.
The hazard rate is the risk of an event (such as death) at a given point in time in a
clinical trial and can be computed for the experimental and control groups in the
trial. The hazard rate for the experimental group divided by the hazard rate for the
controls defines the “hazard ratio.” If this fraction is greater than one, the chances of
succumbing to the health risk (such as death) increase with the treatment; if the ratio
is less than one, the chances of the health risk decrease with treatment. The hazard
rate framework could be used to establish, at the strongest, a causal link between a
surrogate and the true clinical or health end point (essentially establishing that the
surrogate captures or mediates the relationship between the treatment and the true
end point), or less stringently, a strong association. Also strengthening the case for
validity would be corroborative findings from meta-analyses of smaller trials of a
surrogate in relation to a given therapy. Other tests of validity for biomarkers invoke
statistical measurements indicating that the marker demonstrates high sensitivity
and specificity or has high predictive value, in an independent test sample. To vali-
date surrogate end points, a “validity” trial in which both surrogate and true end
points are observed should be conducted, one in which it can be concluded that the
inferences about the intervention were the same, whether based only on the surro-
gate or only on the true end point.
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Table 4.1 Causes of failures in clinical trials and their reduction by use of biomarkers

Causes of failure Use of biomarkers to reduce failure

Drug given to non-responders in a mixed Use of biomarkers to select optimal responders to
population of responders and the drug for inclusion in clinical trials
non-responders

Inappropriate dose as blood levels of the Use of pharmacodynamic biomarkers to determine
drug do not correlate with adequate optimal dose based on receptor occupancy
occupancy of drug receptors determined by ligand displacement PET

Clinical efficacy measures may not be Use of efficacy biomarkers that enable early and
objectively measurable or may occur too quick assessment of the ability of the drug to alter
late during a chronic disease the pathophysiology of the disease

Toxicity Use of toxicity biomarkers to determine

presymptomatic toxicity

© Jain PharmaBiotech

Advantages of Biomarkers for Drug Development

The major expense of drug development is on clinical trials, which account for
approximately 60% of the total drug development costs. Failed clinical trials raise
the average cost of drug development. Using biomarker-based tests for drug safety
and efficacy as well as for stratifying the patients could significantly reduce the
duration and cost of clinical trials.

More than 50% of failures in drug development occur in phase II clinical trials.
Therefore, reduction of risk of failure prior to phase II would reduce the cost of drug
development. Table 4.1 shows some causes of failures in clinical trials and their
reduction by use of biomarkers.

Limitations and Problems with Use of Biomarkers in Clinical Trials

High expectations of value of biomarkers to study the pharmacodynamics and
pharmacokinetics of drug candidates sometimes lead to disappointments. An
assay developed to identify a biomarker may fail due to several reasons. There
may be poor communication between the laboratory and the clinical team and the
assay vendor may have calibrated them differently from the pharmaceutical com-
pany’s protocol. Another problem may be poor collection of the blood sample for
assay. Those who use the CRP biomarker to track disease progress or drug effi-
cacy may not take into account the fact that CRP levels in some individuals fluctu-
ate throughout the day and during seasonal changes. An assay that works in a
phase I study may not be applicable in a phase II trial. The earlier trial is done on
a smaller number of healthy people not on medication, whereas patients in the
larger phase II trials are likely to be taking medication that can interfere with the
assay results.
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A biomarker may not correlate well with traditional clinical endpoints if it more
sensitive than the traditional endpoints. In pathway-based therapeutic approaches,
biomarkers need to be correlated with the characteristics of the pathways. A bio-
marker may fail if:

e Itis not in the disease pathophysiological pathway.
e Itis not in the pathway affected by the therapeutic intervention
* The therapy acts through different and unknown pathways.

Application of Biomarkers by the Pharmaceutical Companies

Almost all major pharmaceutical companies are using biomarkers, at least in
preclinical drug development. Many of these have in house biomarker programs,
whereas others use services of many biotechnology companies involved in supporting
biomarker drug discovery and development. These companies generally pursue bio-
markers in relation to pathway analysis and in conjunction with hypothesis-driven,
deductive, knowledge-based target discovery. However, work on biomarkers presents
a scientific opportunity to rediscover biology by better understanding individual dis-
eases and their associated pathways. Currently biochemical assays and imaging are
used by most of the companies but the use of metabolomic markers is expected to
increase in the future as a part of the increasing use of “omic” technologies. Expression
profiling is also increasing in importance. Although technologies for biomarkers have
been adopted widely, the maximum utility of these has not been achieved as yet.
Biomarker-based drug development some of the major pharmaceutical companies is
shown in Table 4.2.

Role of Biomarkers in Vaccine Development

Most traditional vaccines are based on inactivated or attenuated pathogens or on
purified pathogen subunits, such as toxins or polysaccharides. These vaccines are
quite efficient in preventing infections of pathogens with a low degree of antigen
variability because they work by eliciting functional antibodies that can (i) counter-
act viral invasion, (ii) neutralize bacterial toxins and (iii) induce complement-
mediated killing of bacteria (Germain 2010). Vaccines containing multiple antigens
(multivalent) have also been produced to cope with the viruses and bacteria that are
capable of more moderate degrees of antigen variability (Pomfret et al. 2011).
Strategies that have been employed to manage bacterial and viral diversity are based
on new technologies that can be applied to the vaccines to prevent infection by
highly variable pathogens. These include the use of reverse vaccinology, and ana-
lytical and structural vaccinology to cope with either bacterial or viral diversity.
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Novel adjuvants, delivery systems, new viral vectors and prime-boost strategies can
be used to elicit multifunctional adaptive responses during the vaccination protocol.
Systems vaccinology approach is used to better understand correlates of vaccine
efficacy and evaluate quality of humoral and cellular responses to vaccination
(Michan et al. 2012). Biomarkers of immune response will play an important role in
vaccines of future.

A major challenge for vaccinology is that there is no way to measure germinal
center activity, particularly in human clinical trials of candidate vaccines (and most
nonhuman primate studies of candidate vaccines), because germinal centers (GCs)
are the engines of antibody (AB) affinity maturation, which is the goal of all
AB-eliciting vaccines. For example, significantly higher levels of plasma CXCL13
(chemokine C-X-C motif ligand 13) are associated with the generation of broadly
neutralizing ABs (bnABs) against HIV in HIV-infected individuals. GCs optimize
B cell AB responses and are required for almost all B cell receptor affinity matura-
tion; thus providing a critical parameter to monitor if HIV bnABs are to be induced
by vaccination. However, lymphoid tissue is rarely available from immunized
humans, making the monitoring of GC activity by direct assessment of GC B
cells and germinal center CD4+ T follicular helper (GC Tth) cells problematic. The
CXCLI13-CXCRS5 (chemokine C-X-C motif receptor 5) chemokine axis plays a
central role in organizing both B cell follicles and GCs and is a biomarker of germi-
nal center activity (Havenar-Daughton et al. 2016). The authors show explicit rela-
tionships between plasma CXCL13 concentrations and germinal center frequencies
in lymph nodes in a series of different conditions, including licensed and experi-
mental vaccines, and in humans, nonhuman primates, and mice. These findings sup-
port the potential use of CXCL13 as a plasma biomarker of GC activity in human
vaccine trials and other clinical settings.

Role of Biomarkers in Relation to Stage of Drug Discovery
and Development

The stage for biomarker discovery varies across the pharmaceutical industry, but the
trend is definitely toward conducting it early in the drug development phases. The
time a compound is identified as a serious candidate for advancement into the clinic
is when biomarker discovery begins. Once a candidate biomarker is identified, an
assay is developed and the biomarker is extensively tested and validated both at the
preclinical stage using animal models and in patients during clinical trials.
Validation in patients is certainly most crucial because it helps establish the associa-
tion of the biomarker with a certain disease and its severity. It is also the most difficult
part because validation involves linking together a number of different studies. Bio-
marker validation is easier when working with are biologicals such as proteins or anti-
bodies because cycle times are much shorter and there is continuous feedback between
discovery and development. Role of biomarkers in drug development in therapeutic
areas of cardiovascular and neurological disorders will be discussed briefly in the fol-
lowing sections and drug development in oncology will be discussed in Chap. 13.
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Role of Biomarkers for Drug Development in Cardiovascular
Disorders

The cardiovascular therapeutic area is complex and includes a number of overlap-
ping diseases. In the past, low-cost biomarkers, such as blood pressure and choles-
terol measurements were used. However, they do not address issues such as plaque
stability and size. Many new biomarkers have been discovered in recent years (see
Chap. 15). Many of these are bases for diagnostic tests and there have potential uses
in drug discovery and development. There is need for better diagnostic tests includ-
ing those encompassing metabolic syndrome — a constellation of disorders inclu-
ding cardiovascular diseases, diabetes, and obesity. Other clinical biomarkers for
cardiovascular diseases will include intravascular ultrasound, and in vivo tests
for plaque composition and stability using imaging. Biomarkers will be important
for development of personalized therapies for cardiovascular disorders.

Role of Biomarkers for Drug Development in Neurological
Disorders

The ideal biomarker for CNS drug development should recognize the mechanism of
action of a potential new therapy (mechanism-based biomarker) and the relation
between biomarker endpoint and intervention should have a biologically plausible
explanation. Biomarker endpoints need to be investigated in both animals and
humans, as the extrapolation of animal models of disease to human pathology is
often uncertain. Validation process is required for a better definition of the bio-
marker sensitivity, specificity, positive and negative predictive value, accuracy, like-
lihood ratio of positive and negative tests, discriminant validity, sensitivity to change
and to treatment difference.

Improvements in biomarker-based drug discovery in neurological disorders will
take place first in diseases without satisfactory treatment, e.g. neurodegenerative dis-
orders, schizophrenia, and pain. The biology of these diseases is not well understood,
and the phenotype is complex. This hampers the biomarker discovery and develop-
ment process, but there is promise in case of Alzheimer’s disease to assess the benefit
of treatment using imaging and other biomarker techniques (see Chap. 14). Complex
diseases, such as schizophrenia and depression, to be most difficult, with biomarker
applications developing at a later date.

Neuroimaging is a key biomarker that provides a unique bridge from the labora-
tory to the clinic in CNS drug development as quantitative biomarkers as surrogate
efficacy measures are often lacking and clinical trial endpoints can be confounded
by high placebo response. It can be used preclinically to select candidate drug mol-
ecules during drug discovery and clinically to facilitate proof of concept testing and
optimization of resources through prioritization of decision making during the
development of new therapeutics.
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Significance of Biomarkers in Drug Development

Understanding the molecular basis of disease will limit failure in drug development
due to wrong biological hypotheses. Most of the emphasis on biomarkers in drug
development is on early identification of potentially successful molecules to predict
potential efficacy and safety. However, it is important that biomarkers be chosen,
developed and evaluated in a way that enables them to provide confidence to termi-
nate a molecule when it has no effect on the biomarker. This is clearly a challenge for
novel molecules that are the first in their class, but it can be achieved through building
a sound theoretical rationale for the biomarker supported by evidence of linkage to the
effect of the drug in appropriate animal models. It is worthwhile to develop biomark-
ers for exploring the pharmacology of new molecules as well as to develop potential
biomarkers of efficacy. A molecule that does not have the intended pharmacological
effect is unlikely to have the desired efficacy and its development should be termi-
nated. Discovery efforts would then be directed at understanding the reasons for the
lack of pharmacological effect and finding improved molecules. For those molecules
that have the intended pharmacological effect but then fail to show efficacy, it is pos-
sible to say with confidence that the molecular target is ineffective and that discovery
effort should be directed to other targets. Such an approach will increase the overall
success rates of the candidate molecules delivered into clinical development.

Pharmacogenomic Biomarker Information in Drug Labels

A review of 1200 drug labels of FDA-approved drugs in the US from 1945 to 2005
revealed that 121 contained pharmacogenomic information: 69 referred to human
genomic biomarkers, and 52 referred to microbial genomic biomarkers. Of the labels
referring to human biomarkers, 43 (62%) pertained to polymorphisms in cytochrome
P450 enzyme metabolism, with CYP2D6 being most common. Of 36.1 million patients
whose prescriptions were processed by a large pharmacy benefits manager in 2006,
about 8.8 million, i.e. approximately one fourth, received one or more drugs with
human genomic biomarker information in the drug label (Frueh et al. 2008). The study
concluded that incorporation and appropriate use of pharmacogenomic information in
drug labels should be tested for its ability to improve drug use and safety in the US. The
number of drugs with pharmacogenomic information in labels is increasing.

Organizations and Resources for Biomarker-Based Drug
Development

For larger projects, participation in multipartner consortia remains attractive because
it brings together participants whose combined expertise is essential for achieving
the objectives. Partners in such consortia include pharma, biotech, and diagnostics
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companies, as well as universities, governmental agencies, device manufacturers
and regulators. Project objectives could include the discovery of disease-related
biomarkers using various technological approaches or qualification of candidate
biomarkers in larger patient cohorts to enable clinical disease management or pro-
gression to surrogate regulatory endpoints in clinical trials. Some funding programs
such as those by the European Commission encourage research grant applications
from such consortia. The synergistic collaboration between pharmaceutical and
diagnostic industry would provide a mutually attractive model whereby pharma’s
investment in biomarker discovery could be returned through the licensing of diag-
nostic intellectual property.

Biomarker Alliance

MDS Pharma Services, a provider of innovative drug discovery and development
solutions, has formed The Biomarker Alliance (http://www.biomarkeralliance.com/)
serving the pharmaceutical and biotechnology industries. The Biomarker Alliance
will design and execute a wide range of biomarker discovery and development
programs. It is made up of biomarker service providers:

1. Caprion Pharmaceuticals: for protein biomarker discovery.

2. Gentris Corporation: provider of applied clinical pharmacogenomic services.

3. Massachusetts General Hospital Department of Radiology: imaging biomarkers
and the use of imaging technology in clinical trials.

4. MDS Pharma Services: provider of biomarker discovery, development and
implementation.

The Biomarker Alliance is the only organization providing single-point access to
proteomics, pharmacogenomics, imaging, assay development and clinical testing
together in one, easy-to-access package designed to maximize the probability of
success of any drug candidate. The members of the Alliance have an idea of what it
will take to identify and apply biomarkers in a scientific manner that expresses the
safety and efficacy of new compounds that could potentially change the way medi-
cine is practiced today.

More research is emerging that shows biomarkers are the wave of the future with
the potential to change medicine. The Biomarker Alliance is on the crest of that
wave with its collective insight, expertise and seamless program management.
These capabilities enable the Biomarker Alliance to significantly reduce drug dis-
covery and development timelines while eliminating the need to invest in multiple
technology platforms and infrastructure.
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Biomarkers Consortium

The Biomarkers Consortium (http://www.biomarkersconsortium.org/) is a public-
private endeavor aimed at developing, discovering, and qualifying new biomarkers
for drug development, preventive medicine, and medical diagnostics. It was founded
by the NIH, the FDA, the Centers for Medicare and Medicaid Services, and the
Pharmaceutical Research and Manufacturers of America in 2006. It now has
approximately 30 partners, including companies, patient advocacy organizations,
government groups, and non-profit organizations.

The policies and procedures developed by the Biomarkers Consortium are
intended to outline general principles to facilitate the use of data and technologies
in expanded biomarker research and development efforts conducted by the
Consortium while ensuring compliance with relevant requirements of antitrust and
other federal laws.

In 2008, the Consortium announced its strategic focus on addressing High-
Impact Biomarker Opportunities. These High-Impact Biomarker Opportunities
represent pragmatic, high-priority areas of opportunity for biomarker identification,
development, and qualification that promise to expedite therapeutic development
and improve patient diagnosis, care, and treatment. Key criteria for defining High-
Impact Biomarker Opportunities are:

e Important: addresses a significant unmet medical or scientific need in biomarkers
with a potentially considerable impact on public health.

e Translational: will result in significant improvement in the development, approval,
or delivery of care to patients (i.e. diagnostics, therapeutics, clinical practice).

e Transformational: addresses critical gaps in the biomarkers qualification/validation
process and/or may otherwise transform the process of how biomarkers are devel-
oped, approved, and applied in the future.

e Feasible: an idea or program whose end goals can likely be achieved in a specific
timeframe, and that has a reasonable prospect of producing the expected
outcomes. Ideal programs are those which could result in regulatory qualification
of a biomarker in 3 years.

e Practical: leverages preexisting resources (e.g., intellectual capital, personnel,
facilities, specimens, reagents, data) wherever possible.

» Fundable: is capable of generating the required funding and stakeholder support
needed for implementation.

e Collaborative: would uniquely benefit from the multi-stakeholder composition
and approach of The Biomarkers Consortium, and could be feasibly executed
under its policies.

The consortium provides the best possible mechanism for biomarker develop-
ment and standardization because it provides common ground on which both the
public and private sectors can integrate and leverage their scientific, intellectual, and
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financial resources and insights. Project concepts approved by the Consortium are
developed into detailed, comprehensive project plans which are approved by its
leadership before the Foundation for NIH undertakes formal fundraising and proj-
ects are implemented. Projects launched by the Consortium to date include:

e FDG-PET as a biomarker for clinical trials of non-Hodgkin’s lymphoma and
NSCLC.

* Adiponectin as a biomarker of glycemic control in patients with type 2
diabetes.

e Carotid MRI as a biomarker in AIM-HIGH (Atherothrombosis Intervention in
Metabolic Syndrome with Low HDL-cholesterol/High Triglyceride and Impact
on Global Health Outcomes) Substudy, to improve patient management by vali-
dating a tool that can help identify therapeutic response and facilitate drug
development.

Molecular Libraries and Imaging Roadmap of NIH

The Molecular Libraries and Imaging Roadmap initiative of NIH is relevant to
biomarker-based drug development. The Roadmap offers public sector biomedical
researchers access to the large-scale screening capacity necessary to identify small
molecules that can be optimized as chemical probes to study the functions of genes,
cells, and biochemical pathways. This will lead to new ways to explore the func-
tions of genes and signaling pathways in health and disease. NIH anticipates that
these projects will also facilitate the development of new drugs, by providing early
stage chemical compounds that will enable researchers in the public and private
sectors to validate new drug targets, which could then move into the drug-
development pipeline. This is particularly true for rare diseases, which may not be
attractive for development by the private sector.

The initiative will also enhance the discovery and availability of small molecules
for molecular imaging. This includes imaging of molecules or molecular events
in biological systems that span the scale from single cells to whole organisms.
Ultimately, it is hoped that this effort will enable personalized profiles of cell and
tissue function, which may lead to more individualized approaches to diagnosing
and treating disease. By significantly enhancing the support of this emerging field,
NIH will ensure that molecular imaging will become a powerful tool for biomedical
research and will be a synergistic component of research in molecular medicine that
promises landmark improvements in clinical care.

This initiative will be important for the discovery of biomarkers and their use in
drug development. Further details of the NIH Roadmap can be seen at the web site:
nihroadmap.nih.gov.
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Rare Diseases Clinical Research Consortia

Rare diseases are defined as conditions that afflict <200,000 persons, but there are
an estimated 7000 of these disorders and they affect ~25 million persons in the
US. In August 2013, NIH announced that its plan to provide ~$17.5 million in fund-
ing in 2014 to support a network of as many as 14 Rare Diseases Clinical Research
Consortia (RDCRC) that will pursue clinical research projects focused on rare dis-
eases. Each consortium will focus on at least three rare diseases, which should be
related, and may be defined on the basis of genetic, genomic, or acquired differ-
ences, pathogenesis, or molecular, biochemical, cellular, and other features. For
example, these consortia may seek to investigate disease-causing variants in the
same gene that lead to different phenotypes or variants in diverse genes that lead to
overlapping phenotypes. Clinical data management, including data collection, min-
ing, and sharing, will be addressed through the Data Management and Coordinating
Center component of the RDCRN. The consortia will engage in collaborative
research projects, train new investigators, conduct pilot and proof-of-concept clini-
cal projects, and share information about these diseases. Each of these consortia
will involve multiple institutions and partnering organizations, such as patient advo-
cacy groups. A major aim for these centers will be to investigate potential biomark-
ers for disease risk and severity and to measure clinical outcomes that could be
applicable to clinical trials.

Future of Biomarker-Based Drug Development

Currently <50% of pharmaceutical R&D is improved by postgenomic biomarkers
but this is expected to increase to >80% by 2020. The percentage varies consider-
ably according to individual diseases. The number of clinical trials using biomark-
ers is increasing and most of clinical trials at major pharmaceutical companies will
have biomarkers included in the protocol by 2020. In some cases biomarkers will
used mainly to identify responders to treatment prior to enrollment. In other cases,
a biomarker strategy will be needed to gain the management’s approval for com-
pounds to advance. The use of biomarkers would become widespread for clinical
use in oncology including use as companion diagnostics for therapeutics. There will
be an increase in the use of panels consisting of multiple biomarkers, e.g., DNA plus
protein, RNA plus protein, and it will be facilitated by new instrumentation that
allows two types of molecules to be detected simultaneously.

An independent development by the biotechnology companies of biomarker-based
diagnostic tests to predict response to drugs is to be expected. Such a development
may be sponsored by organizations other than the pharmaceutical industry, e.g., pay-
ers who wish to control/rationalize expenditures.
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All these developments will facilitate the implementation of personalized
medicine that would require collaboration of patients, physicians, diagnostic and
pharmaceutical companies, academic institutions, payers, and regulatory authorities
(see Chap. 18). The Biomarker Alliance will play an important role in this
development.

The following recommendations have been made for future (van Gool et al.
2010):

* A more stringent application of biomarker read-outs in early clinical trials to
prove target engagement and mechanistic drug effects to better assess therapeu-
tic potential and safety of new compounds.

* Development of clinically relevant models for different diseases, which are based
on biomarker-based pathomechanism, and can more reliably predict the efficacy
of a new drug in the indication of interest.

* Increasing interactions between preclinical pharmaceutical scientists involved at
the early drug discovery phase and their clinical and translational medicine
counterparts.

* Validation and development of translational models and clinically applicable
biomarkers through substantial concerted effort of multidisciplinary consortia.
This will benefit greatly from the availability of well-annotated clinical samples,
through shared comprehensive clinical biorepositories.

* Further development of patient stratification biomarkers. This will be further
facilitated by the anticipated availability of individual genome sequencing in
clinical trials.
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Chapter 5
Role of Biomarkers in Healthcare

Introduction

Study of biomarkers of various diseases will help to improve the management in the
following ways:

1.
2.

AW

=~

10.

Providing a better understanding of the disease pathomechanisms.

Screening to detect early-stage disease in the asymptomatic population and
consider pre-emptive treatment.

Establishing definite diagnosis and precise description of the disease
Classification of patients by disease subset

Improving the determination of prognosis.

Providing a basis for development of therapeutics and monitoring the effect of
therapeutics on the disease.

Identification of patients with a high probability of adverse effects of a treatment
Posttreatment monitoring for early detection of recurrence and advancing dis-
ease or complications.

Predict response to particular therapies and choose the drug that is mostly likely
to yield a favorable response in a given patient, i.e. personalized medicine.
Combination of diagnostics with therapeutics based on the same biomarker in
some cases.

Biomarkers that will be useful for either disease prediction or treatment should

have one or more of several properties, including:

Specific and selective association with illness in a population

Heritability

Independently indicate the presence of the disease regardless of the presence or
absence of the clinical phenotype

Co-segregation with disease within families

Presence in relatives of affected individuals at a higher rate than in the general
population.

© Springer Science+Business Media LLC 2017 147
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A biomarker should fulfill three criteria to be useful clinically:

1. Accurate, repeated measurements must be available to the clinician at a reason-
able cost and with short turnaround times.

2. The biomarker must provide information that is not already available from a
careful clinical assessment.

3. The measured level should aid in medical decision making.

Although one single biomarker fulfils all these conditions, multiple relevant dis-
ease biomarkers that can be examined concurrently increase diagnostic specificity.
Important therapeutic areas that are currently the focus of biomarker discovery are
cancer, metabolic disorders, inflammatory disorders and diseases of nervous system
and cardiovascular system. Some diseases overlap within these categories. Many
diseases have multiple biomarkers due to involvement of different pathways. Some
biomarkers, e.g. those of inflammation occur in several diseases characterized by
inflammation.

Biomarkers of Inflammation

Inflammation is an important part of normal responses to infection and injury.
However, chronic activation of the immune system, due to aberrant responses to
normal stimuli, can lead to the establishment of a persistent inflammatory state,
which is a component of many disorders that are discussed according to the system
involved. Major disorders with inflammation involve cardiovascular and nervous
systems. Diseases such as diabetes and rheumatoid arthritis have are characterized
by inflammation. The complement system is activated in virtually all inflammatory
diseases and should therefore serve as a fertile source of biomarkers of inflamma-
tion. Traditionally, complement activation has been monitored by measurement of
serum C3 and C4, the parent molecules and substrates for enzymatic activation.
However, these assays are known to have limited utility for monitoring the inflam-
matory process.

ESR and CRP as Biomarkers of Inflammation

Erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP) are two bio-
markers of inflammation that have been commonly used in medical practice. There
is strong (but incomplete) correlation between ESR and CRP values. CRP is a direct
and quantitative measure of the acute phase reaction, an indicator of inflammatory
activity and tissue damage, which correlates closely with the changes in
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inflammatory activity due to its fast kinetics. The ESR is an indirect measure of the
acute phase reaction and reacts much more slowly than CRP to changes of inflam-
matory activity. Both ESR and CRP are valuable in discriminating pathology from
harmless, often self-limiting diseases. ESR may be useful in the following:

» Establishing a “sickness index” in elderly persons who have nonspecific changes
in health status and moderate probability of underlying disease.

* Screening for infection and monitoring treatment response for infections in
specific settings.

* Diagnosing and monitoring temporal arteritis, polymyalgia rheumatica, and
possibly other rheumatic diseases.

* Monitoring patients with treated Hodgkin disease or prostate cancer.

* Assessing iron deficiency in anemia of chronic disease (when correlated with
serum ferritin level).

CRP may be useful in the following situations:

¢ Differentiation between a bacterial and a viral infection.

¢ Differentiation between a bacterial infection and an exacerbation of diseases like
systemic lupus erythematosus.

* Monitoring of the effect of treatment (with serial measurements)

» Early detection of postoperative complications or intercurrent infections.

Metabolic Biomarkers of Inflammation

Resting nonproliferative tissues have distinctive metabolic activities and require-
ments, which differ considerably from those in infiltrating immune cells, which are
undergoing proliferation and differentiation. Immune responses in tissues may
therefore be modulated by the relative abundance of substrates in the inflamed site.
In turn immune cell activity can feed back and affect metabolic behavior of the tis-
sues, as most clearly demonstrated in cachexia - the loss of cellular mass driven by
TNF-a a key mediator of the inflammatory response. Metabolomic analysis has the
potential for to clarify the interactions between inflammation and metabolic changes
underlying many diseases. An increased understanding of the interaction between
inflammation and cellular metabolism, energy substrate use, tissue breakdown bio-
markers, the microbiome and drug metabolites, may provide novel insight into the
regulation of inflammatory diseases. Metabolic processes do not occur in isolation,
and the interaction of the multiple systems involved in an inflammatory response
provides a characteristic fingerprint of disease. (Fitzpatrick and Young 2013).
Examples of some metabolic biomarkers of inflammatory diseases that can be
detected in body fluids are shown in Table 5.1.
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Table 5.1 Metabolic biomarkers of inflammatory diseases

Metabolite/association Body fluids Diseases
Lactate/hypoxia Synovial fluid, urine, Rheumatoid arthritis
CSF Osteoarthritis
Multiple sclerosis
Malate/citric acid cycle Urine Osteoarthritis
Ketone bodies/amino acid metabolite Synovial fluid, CSF Rheumatoid arthritis
Multiple sclerosis
Lipoprotein-associated fatty acids/resting Synovial fluid, blood Inflammatory arthritis
energy source Osteoarthritis
Essential amino acids/protein breakdown Serum Osteoarthritis
Creatinine CSF Multiple sclerosis
Formate Urine Crohn’s disease

© Jain PharmaBiotech

YKL-40 as a Biomarker Inflammation and Predictor
of Mortality

YKL-40 is an inflammatory biomarker associated with disease activity and mortality
in patients with diseases characterized by inflammation and tissue remodeling. In a
study of the prognostic value of YKL-40 in an unselected patient population,
increased blood level of YKL-40 on admission to hospital compared to healthy con-
trols, was a strong predictor of overall mortality, independent of diagnosis (Mygind
et al. 2013). YKL-40 could be useful as a biomarker in the acute evaluation of all
patients. YKL-40 biomarker of disease severity, prognosis and survival in patients
with ischemic heart disease (see Chap. 15). YKL-40 is also a biomarker of poor
prognosis in cancer (see Chap. 13).

Biomarkers of Allergic Disorders

There is little activity so far in developing biomarkers in allergic diseases and for
vaccination. In 2012, Canada’s Centre of Excellence for the Prevention of Organ
Failure (PROOF) and Adiga Life Sciences started collaboration to identify pro-
teomic and genomic biomarkers for monitoring the effectiveness of allergy vac-
cines. Knowledge gained from the projectis expected to lead to a better understanding
of how such vaccines work, which will then be used to guide development of molec-
ular tests for diagnosing and managing allergic rhinitis. PROOF and Adiga will use
patient samples from the trial for a biomarker discovery and validation program that
has been established and refined by PROOF. The partners aim to identify protein
and genetic biomarkers that respond to vaccine treatment.
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Biomarkers of Oxidative Stress

Free radical reactions involving reactive oxygen species (ROS) and reactive nitro-
gen species (RNS) contribute to the pathogenesis and progression of several human
diseases. Some of the stress biomarkers are described with other diseases in this
report. There is a real need to develop biomarkers that reflect free radical reactions
in vivo.

1,4-dihydroxynonane-mercapturic Acid

4-Hydroxy-2-nonenal (HNE) is a major product of the lipid peroxidation process
that is a consequence of free radical reactions. An enzyme immunoassay (EIA) of
the major urinary metabolite of HNE, i.e. 1,4-dihydroxynonane-mercapturic acid
(DHN-MA) enables direct measurement of DHN-MA in urine with good sensitivity
and specificity. Cross-reactivity is very low with 1,4-dihydroxynonene and with
different mercapturic acids except with one other HNE urinary metabolite. Good
correlation is obtained between EIA and liquid LC/MS quantitation when analyzing
urine samples with different oxidative status.

Oxidized Phospholipids

Phospholipids (PLs) are a major class of polar lipids that are abundantly present
within cell membranes and the outer shell of lipoprotein particles. Oxidized phospho-
lipids (OxPLs) are generated from (poly)unsaturated diacyl- and alk(en)ylacyl glyc-
erophospholipids under conditions of oxidative stress. OxPLs exert a wide variety of
biological effects on diverse cell types in vitro as well as in vivo and are responsible
for the pathophysiological actions of oxidized low-density lipoproteins. OxPLs play a
role in the development of several chronic diseases and there is growing interest in
their potential use as biomarkers of human diseases listed in Table 5.2.

The most sensitive and powerful method for OxPL analysis is mass spectrometry
(MS). Development of electrospray ionization MS (ESI-MS) or atmospheric pressure
chemical ionization MS (APCI-MS) has enabled sensitive and efficient metabolic
profiling of lipids present in a variety of biological samples (tissues and fluids) includ-
ing atherosclerotic plaque, brain, plasma and cerebrospinal fluid (Philippova et al.
2014). However, large-scale MS analysis of clinical samples remains a challenge due
to the complexity and high costs of the technique. The bulk of existing clinical data on
OxPL levels in human disease has been obtained using immunological methods. Use
of MAbs for detection of various types of OxPLs as well as better characterization of
their target oxidation-specific epitopes by mass spectrometry analysis of the spectrum
would help to overcome the limitations of current OxPL detection methods.
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Table 5.2 Oxidized phospholipids as biomarkers of various diseases

Cardiovascular diseases
Atherosclerosis
Hypercholesterolemia treated with statins
Coronary artery disease
Myocardial infarction
Diabetes and metabolic syndrome
Diabetes with cardiovascular disease
Diabetic nephropathy
Chronic renal disease
Renal insufficiency patients on dialysis
Neurological disorders
Schizophrenia
Bipolar disorder
Neurodegenerative diseases
Chemotherapy-induced neurological disorders
Pulmonary disorders
Lung injury
Cancer
Bilary strictures due to cholangiocarcinoma
and pancreatic cancer

Leprosy: disseminated form
© Jain PharmaBiotech

Oxidative DNA Damage

Oxidative injury to macromolecules is implicated in a wide range of pathological
conditions. Damage is mediated via free radicals that can be created by a range of
agents, e.g. xenobiotics, radiation, ischemia-reperfusion injury and normal meta-
bolic activity. These free radicals damage DNA leading to mutation, carcinogenesis
or cell death. 8-oxoguanine is formed by free radical damage to DNA and is a sensi-
tive and specific indicator of oxidative DNA damage. Previously, 8-oxoguanine was
difficult to detect, requiring the purification of DNA. However, by utilizing a bind-
ing protein with high avidity and specificity for 8-oxoguanine, the OxyDNA Test
(Biotrin) provides a simple, convenient and sensitive fluorescence method for the
detection of oxidized DNA.

Proteins as Biomarkers of Oxidative Stress in Diseases

Proteins are important molecular indicators of oxidative/nitrosative damage. It is
not certain whether the presence of oxidatively/nitrosatively modified proteins has
a causal role or simply reflects a secondary effect. Only direct identification and



Biomarkers of Hypoxia 153

characterization of the modified proteins in a given disease can decipher the poten-
tial roles played by ROS/RNS-induced protein modifications. MS-based
technologies have contributed significantly towards a better understanding of dis-
ease processes. The study of oxidative/nitrosative modifications, investigated by
redox proteomics, is contributing to establish a relationship between pathological
hallmarks of disease and protein structural and functional abnormalities. MS-based
technologies can be used for discovery of diagnostic biomarkers of oxidative/
nitrosative stress, enabling early detection of diseases. Identification and character-
ization of oxidatively/nitrosatively modified proteins in human diseases has now
started.

Testing for Oxidative Stress

Bioxytech® assay kits (Precipio Biosciences Inc) simplify the testing of oxidative,
antioxidant, nitrosative and inflammatory biomarkers that are considered to play a
central role in many human diseases including cancer, diabetes, atherosclerosis,
stroke, Alzheimer’s, MS and ALS. Oxidative biomarker test kits includes assays for
lipid, protein and DNA determinants of oxidative mediated damage.

Reduced glutathione (GSH), a tripeptide (g-glutamylcysteinylglycine) with a
free thiol group, is a major antioxidant in human tissues that provides reducing
equivalents for the glutathione peroxidase catalyzed reduction of hydrogen perox-
ide and lipid hydroperoxides to water and the respective alcohol. During this pro-
cess GSH becomes oxidized glutathione (GSSG). The GSSG is then recycled to
GSH by reduction by the reduced form of beta-nicotinamide adenine dinucleotide
phosphate (NADPH), catalyzed by glutathione reductase. When mammalian cells
are exposed to increased oxidative stress, the ratio of GSH/GSSG will decrease as a
consequence of GSSG accumulation. The measure of the GSSG level, or determin-
ing the GSH/GSSG ratio, is a useful measure of oxidative stress and to monitor the
effectiveness of antioxidant intervention strategies. BIOXYTECH® GSH/GSSG-412
is a commercially available test for this purpose.

Biomarkers of Hypoxia

The term “hypoxia” generally means a reduced supply of oxygen in the living
organism. Hypoxia may be either generalized, affecting the whole body, or local,
affecting a region of the body. It is difficult to define hypoxia precisely, but it may
be described as a state in which aerobic metabolism is reduced by a fall of pO2
within the mitochondria. In this situation, the partial pressure of oxygen, which in
dry air is 160 mmHg, drops to about 1 mmHg, by the time it reaches the mitochon-
dria of the cell. Below this value aerobic metabolism is not possible. Hypoxia is not
always a pathological condition as variations in arterial oxygen concentrations
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can be physiological, e.g., during strenuous physical exercise. In contrast, “anoxia”
implies a total lack of oxygen, although the word is sometimes used as a synonym
for hypoxia.

Hypoxia occurs in several disorders such as cardiac arrest, respiratory insuffi-
ciency, decompression sickness, and carbon monoxide poisoning (see later in this
chapter). The most sensitive organ to the effect of hypoxia is the brain. Hypoxic brain
damage after cardiac arrest can be estimated by measurements of concentrations of
serum S protein, which is an established biomarker of central nervous system injury.
It is a reliable biomarker of prediction of survival as well as of outcome.

Tumor hypoxia is associated with resistance to radiotherapy and poor prognosis.
It can be visualized using 18F-MISO-PET imaging. Hyperbaric oxygen (HBO)
therapy has been used to counteract tumor hypoxia to make tumors more responsive
to radiotherapy (Jain 2017). Another example is anti-PD-1 drug sorafenib, the main-
stay of treatment of hepatocellular carcinoma (HCC), which leads to tumor hypoxia
by upregulation of CXCR4 and thereby abrogates the efficacy of sorafenib. This has
provided a rationale for CXCR4 inhibition as adjunct to sorafenib treatment in
murine HCC models (Semaan et al. 2017).

Pathophysiology of Hypoxia

Within the cell, 80% of the total oxygen consumption is by mitochondria, and 20%
by a variety of other subcellular organs. The biochemical reactions in these locations
serve a variety of biosynthetic, biodegradative, and detoxificatory oxidations. Some
of the enzymes involved in the synthesis of neurotransmitters have low affinities for
oxygen and are impaired by moderate depletions of oxygen. Some of the manifesta-
tions of oxygen depletion are related to “transmitter failure” (decreased availability
of transmitter), rather than bioenergetic failure. Hypoxia can potentiate injury due
to oxidative stress.

Hypoxia Inducible Factor as Biomarker of Hypoxia
and Response to Oxygenation

Hypoxia inducible factor (HIF) senses and coordinates cellular responses to
hypoxia. HIFs mediate the ability of the cell to cope with decreased oxygen tension.
These transcription factors regulate cellular adaptation to hypoxia and protect cells
by responding acutely and inducing production of endogenous metabolites and pro-
teins to promptly regulate metabolic pathways. HIF pathway plays an important
role in physiological adaptation, cell survival, pH regulation, and adaptation during
exercise. HIF-1a, the most well-established member of the HIF family, is a master
regulator for the expression of genes involved in the response to hypoxia in most
mammalian cells.
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HIF-1a plays a role in the pathogenesis of several diseases and can be modulated
by HBO therapy (Jain 2017). Interaction of HBO with HIF is variable according to
whether the disease is characterized by upregulation or downregulation of HIF-1a.

Identification of Hypoxia Biomarkers from Exhaled Breath

Pilots may experience in-flight hypoxia during high-altitude aviation. There is a
need for non-invasive method to monitor for hypoxic risk during flight. This can be
achieved through volatile organic compound (VOC) analysis in the exhaled breath
VOC:s produced during periods of reduced O2 levels. In study, breath samples from
the flight mask were collected and analyzed by gas chromatography/mass spec-
trometry (Harshman et al. 2015). Seven compounds (pentanal, 4-butyrolactone,
2-pentanone, 2-hexanone, 2-cyclopenten-1-one, 3-methylheptane and 2-heptanone)
were found to significantly change in response to hypoxic conditions. Additionally,
the isoprene, 2-methyl-1,3-butadiene, increases following the overall exposure pro-
file. This study establishes an experimental means for monitoring changes in VOCs
in response to hypoxic conditions.

Metabolic Biomarkers of Hypoxia

The following metabolic disturbances have been observed as a result of experimen-
tal hypoxia produced in animals:

* Appearance of excess lactate in the blood

e Appearance of 2,3-DPG in the blood of animals exposed to hypoxia of high
altitudes

* Higher plasma levels of corticosterone, leading to neo-glucogenesis

* Decrease of long-chain unsaturated fatty acids in the blood sera of rats adapted
to hypoxia

Biomarkers of Liver Disease

Over the past decade, there has been a renewed enthusiasm to develop noninvasive
serum markers or tests to assess the presence and severity of fibrosis in chronic liver
disease. Although a single biomarker or test has lacked the necessary accuracy to
predict fibrosis, different combinations of these markers or tests have shown encour-
aging results. However, inter-laboratory variability and inconsistent results with
liver diseases of varying etiologies have made it difficult to assess the reliability of
these markers in clinical practice. Current toxicity testing methods often fail to
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identify human liver toxicity issues. Therefore, liver toxicity is often detected for
the first time when drugs are in phase II of clinical testing after a considerable
amount of money has been spent on a drug. Efforts are being made to develop bio-
markers for hepatotoxicity in humans for improved preclinical pharmaceutical tests
for liver toxicity. Biomarkers of hepatocellular carcinoma are described in Chap. 13.

Breath Biomarkers of Liver Disease

Breath biomarkers have the potential to offer information that is similar to con-
ventional clinical tests. Breath biomarkers can be used for study of liver disease,
particularly non-alcoholic fatty liver disease in which breath ethanol, ethane and
acetone can be useful biomarkers. Breath ethanol can be associated with hepatic
steatosis, and breath acetone can be associated with non-alcoholic steatohepatitis.

Biomarkers of Liver Injury

Alpha glutathione S-transferase (alpha GST) is a uniquely sensitive and specific
biomarker of hepatocyte injury. Unlike the aminotransferases, which are predomi-
nantly found in the periportal hepatocytes, alpha GST is found in hepatocytes, alpha
GST is found in hepatocytes throughout the periportal and centrilobular regions of
the liver. This uniform hepatic distribution, together with high intracellular levels
and a short half-life (~90 min) means that alpha GST is a more sensitive and specific
indicator of hepatocyte injury in situations such as hepatoxicity, transplantation,
ischemia-reperfusion injury and hepatitis

Fibrosis and Cirrhosis of Liver

Fibrosis of the liver can be caused by several diseases that can progress through
various stages culminating in cirrhosis where it becomes nonreversible. The current
‘gold standard’ for liver cirrhosis detection is an invasive, costly, often painful liver
biopsy. Therefore, there is a need for biomarkers that could obviate biopsy in cir-
rhosis patients. High serum levels of tropomyosin and MFAP-4 were demonstrated
in patients with hepatic cirrhosis due to different causes by using a proteomic
approach (Molleken et al. 2009). A quantitative analysis of MFAP-4 serum levels in
a large number of patients showed MFAP-4 as a novel candidate biomarker with
high diagnostic accuracy for prediction of nondiseased liver versus cirrhosis.
Efforts are made to detect liver fibrosis at an early stage to attempt prevention of
progression to cirrhosis. There are several laboratory tests used to assess liver func-
tion. Of all the noninvasive laboratory tests available, hyaluronic acid (HA) is now
considered to be the most sensitive biomarker of liver fibrosis. Corgenix has
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developed several diagnostic products, manual as well as an automated versions,
which measure HA. The HA test kit is an ELISA that uses a capture molecule
known as HA binding protein.

FibroMax

FibroMax™ (Lab21 Limited) is a combination of five algorithm tests:

* FibroTest™ measures the level of liver fibrosis.

e ActiTest™ measures active liver disease.

» SteatoTest™ measures hepatitic steatosis or ‘fatty liver’.

e NashTest™ measures the level of non-alcoholic steatohepatitis.

e AshTest™ is used to monitor liver damage in cases of severe alcoholic
steatohepatitis.

FibroMax™ uses a unique combination of serum biomarkers plus age, gender,
weight and height data which, when entered into patented algorithms, accurately
determines the level of liver disease without the need to undertake an invasive liver
biopsy. Globally, over 120,000 HCV) patients are now being clinically managed
using FibroTest™— ActiTest™ as an alternative to liver biopsy. In a comparative
study on patients with alcoholic liver disease, other biomarkers FibrometerA and
Hepascore, did not improve the diagnostic and prognostic values of FibroTest
(Naveau et al. 2009).

Hepatic Encephalopathy

Hepatic encephalopathy is defined as a metabolically induced, potentially reversible
functional disturbance of the brain that may occur in acute or chronic liver disease
(Jain 2017a). It is characterized by disturbances of consciousness and other neuro-
psychiatric manifestations, which are due to metabolic disturbances associated with
liver disease or portosystemic shunts. A substantial amount of clinical and experi-
mental evidence suggests that ammonia toxicity is a major factor in the pathogene-
sis of hepatic encephalopathy. However, hyperammonemia does not fully explain
hepatic encephalopathy because 10% of affected patients have normal blood ammo-
nia levels.

Examination of CSF is not remarkable. There is no “gold standard” for diagnos-
ing hepatic encephalopathy, and there is need for biomarkers. Serum S100b, an
astrocyte-specific protein, is a useful biomarker of hepatic encephalopathy in
patients with fulminant hepatitis. A pilot study has shown that determination of
3-nitro-tyrosine in serum is a useful biomarker in patients with minimal hepatic
encephalopathy (Montoliu et al. 2011).
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miRNA Biomarkers of Liver Disease

miRNAs have been studied in serum samples from patients with accidental
acetaminophen overdose, hepatitis B infection, liver cirrhosis and type 2 diabetes
as well as gender- and age-matched healthy subjects with no evidence of liver dis-
ease (Krauskopf et al. 2017). The miRNA signatures were identified using next-
generation sequencing that provided analysis for the whole miRNome, including
miRNA isoforms. Compared to the healthy subjects, miRNAs showed altered serum
levels across the diseased subjects. Although many subjects have elevated alanine
aminotransferase suggesting liver impairments, distinct miRNA signatures were
identified for different degrees of impairments with minimum overlap. miRNA
signatures in human serum are very specific and can differentiate between
acetaminophen-induced injury and hepatitis (Vliegenthart et al. 2015). The serum
miRNA signature found in HBV patients consists of 25 miRNAs, revealing a simul-
taneous increase of the 5p and 3p forms for miR-122, miR-125b, miR-194, miR-
455 and miR-99a, which has been previously observed in the case of miR-455 in
HBV-infected children. Elevated levels of miR-122, miR-194 and miR-125b could
be related to immunity and inhibition of HBV.

Bioinformatics analysis of miRNA signatures reveals relevant molecular
pathways associated with the mechanisms of toxicity and or pathogenesis of dis-
ease. The high proportion of miRNA isoforms present in the respective signatures
indicated a new level of complexity in cellular response to stress or disease. This
study demonstrates that signatures of circulating miRNAs show specificity for liver
injury phenotypes and, once validated, might become useful for diagnosis of organ
pathologies as “liquid biopsies”.

Viral Hepatitis B and C

Histologic examination of a liver biopsy specimen is regarded as the reference
standard for detecting liver fibrosis. Biopsy can be painful and hazardous, and
assessment is subjective and prone to sampling error.

Among the noninvasive alternatives to liver biopsy, several studies have dem-
onstrated the predictive value and superior benefit/risk ratio to biopsy of two com-
binations of simple serum biomarkers in patients infected with hepatitis B virus
(HBV) and hepatitis C virus (HCV). These include FibroTest (FT, BioPredictive)
for the quantitative assessment of fibrosis, and ActiTest (BioPredictive) for
the quantitative assessment of necroinflammatory activity (HCV-FibroSURE,
LabCorp). These tests, which are now available in several countries, can facilitate
the screening and management of the most frequent liver diseases. Although FT
has been studied extensively, to date there are only few independent studies. In
addition to significant inter-laboratory variations, these studies have shown that
significant fibrosis could be missed, or conversely significant fibrosis diagnosed in
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the absence of minimal or no fibrosis in about 15-20% of patients. Other
biomarkers are being investigated.

Biomarkers of Hepatitis C

Collagen IV, a component of basement membranes, is released into the blood during
basement membrane turnover. Increased deposit of collagen, associated with
increased serum levels of collagen IV and serum IV, may be an early and specific
biomarker for active fibrosis, particularly in alcoholic liver disease and hepatitis
C. Elevated serum collagen IV levels are also associated with resistance to inter-
feron therapy.

In HCV-infected hemophilia patients, FT can correctly identified clinically
advanced or minimal liver disease. Discordance among the various biomarkers of
fibrosis is considerate; nevertheless, practical combination of FT, AST-to-platelet
ratio index, and Forns may predict stage of fibrosis with accuracy, potentially avoid-
ing liver biopsy in the majority of the patients.

miR-122 has been proposed as a biomarker for hepatitis C. Decreased levels of
miR-122 have been linked to a strain of HCV that is resistant to interferon therapy
(Sarasin-Filipowicz et al. 2009). Thus, measurement of miR-122 levels in the blood-
stream of HCV positive patients can enable more accurate and personalized therapy
for their disease.

Biomarkers of Hepatitis B

Hepatitis B viral load is a strong predictor for liver disease progression. Impact of
hepatitis B viral and host factors on the progression of chronic HBV infection has
been explored using molecular biotechnologies and some of the findings are
(Lin and Kao 2016):

e Serum HBsAg level serves as a complementary biomarker to viral load for the
prediction of HBV-related adverse outcomes in patients with low viral load, e.g.,
higher risks of cirrhosis and HCC.

* Hepatitis B core-related antigen (HBcrAg) induces host immune responses, and
the reduction of the HBcrAg level as well as the increase of total anti-HBc level
are significantly associated with favorable outcomes.

e HBYV genotypes are well known viral genetic biomarkers for prediction of dis-
ease progression.

e Serum inflammatory biomarkers have been developed to evaluate the HBV-
associated host factors, e.g., inflammation with necrosis and fibrosis of the liver.

These findings indicate that patients with chronic HBV infection should be eval-
uated with relevant viral and host biomarkers to identify those who are at a higher
risk of liver disease progression and then receive timely antiviral therapy.
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Biomarkers of Pancreatitis

Acute pancreatitis is an acute inflammation of the pancreas. The most common
causes being gallstones and alcohol abuse. The condition ranges from mild to life
threatening and the severity of the condition may not be obvious at presentation. A
key event in the development of severe pancreatitis is the activation of proenzymes
in the pancreas, the most important of which is trypsinogen. Trypsinogen is con-
verted into active trypsin, which lyses pancreatic tissue releasing further pancreatic
enzymes and leading to tissue necrosis and inflammation. During the activation of
trypsinogen a small peptide, trypsinogen activation peptide (TAP) is split from tryp-
sinogen and its presence in body fluids is a sensitive and specific indicator of severe
acute pancreatitis. TAP is a better discriminator of severe acute and acute pancreati-
tis than other laboratory tests, e.g. amylase or lipase. TAP is difficult to measure,
requiring sensitive immunoassay techniques, but it is valuable in the following
situations:

e Monitoring the effects of different therapies for acute pancreatitis

» Investigating the effects of surgery on the pancreas

» Investigating the toxic effects of drugs on the pancreas, e.g. anti-HIV therapy

e Urinary TAP (uTAP) has the potential to act as a stratification biomarker on
admission for differentiating severity of acute pancreatitis (Huang et al. 2013).

In another study, the global metabolites changes in acute pancreatitis were
profiled by using gas chromatography-mass spectrometry (GC-MS) of serum speci-
mens (Xiao et al. 2017). 3-hydroxybutyric acid, phosphoric acid, glycerol, citric
acid, d-galactose, d-mannose, d-glucose, hexadecanoic acid and serotonin were
selected as potential biomarkers for helping in clinical diagnosis of acute pancreati-
tis and identification of relevant pathways. Results suggest that GC-MS based serum
metabolomics for profiling of potential biomarkers can be used for the clinical diag-
nosis of acute pancreatitis.

Biomarkers of Renal Disease

Several biomarkers have been tested in prospective studies of chronic kidney dis-
ease. Biomarkers of nephrotoxicity were discussed in Chap. 4. Although change in
serum creatinine is the standard test for the detection of renal injury, its lack of
sensitivity has made the early diagnosis of acute kidney injury very difficult. Despite
the early promise of biomarkers such as kidney injury molecule-1 (KIM-1) for the
early detection and prognosis of kidney disease, the published clinical studies of
urine KIM-1 so far are insufficient to support it as an effective diagnostic test in
humans (Fontanilla and Han 2011). Because of the heterogeneity of renal disease,
more than one biomarker may be required to obtain sufficient sensitivity and speci-
ficity for screening acute kidney injury.
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C reactive protein (CRP) has consistently emerged as an early biomarker of renal
dysfunction. Measurement of CRP is recommended for monitoring the risk of ath-
erosclerotic complications in patients with chronic kidney disease and end-stage
renal disease, particularly in those with cardiovascular complications. The useful-
ness of this measurement for predicting the evolution of chronic kidney disease or
for monitoring the response to renoprotective treatment, however, still remains
unproven. There is growing interest in homocysteine and asymmetric dimethyl
arginine as biomarkers of cardiovascular and renal risk but the usefulness of these
biomarkers in clinical practice remains to be proven. Brain natriuretic peptide and
troponin T are strongly related to cardiovascular outcomes in end-stage renal dis-
ease patients but their value in this population still requires to be properly tested in
specifically designed intervention studies.

Biotrin International has tests for several urinary biomarkers of renal disease,
which include glutathione S-transferase, renal papillary antigen and collagen IV
(see profile and web site of the company for details). Analysis of prostaglandin
F2a, nucleic acid damage products, advanced oxidation protein products, and gas
components in the exhaled air as oxidative stress biomarkers are also useful for
assessment of patients with chronic renal failure.

Biomarkers of Lupus Nephritis

Systemic lupus erythematosus can affect kidneys, which may sometimes lead to
end-stage renal disease. Lupus nephritis is divided into six classes and scored
according to activity and chronicity indices based on histologic findings. Conven-
tional clinical laboratory measurements such as proteinuria, glomerular filtration
rate, anti-dsDNA and complement levels are not sensitive or specific enough for
detecting ongoing disease activity in lupus kidneys and early relapse of nephritis.
Treatment differs based on the pathologic findings. Renal biopsy is usually the only
way to accurately predict class and activity and chronicity indices. There is a need
for biomarkers of disease activity in lupus nephritis, which should predict early
subclinical flares and serve as a gauge of response to therapy, thus obviating the
need for serial renal biopsies with risks of serious complications. Urine and serum
are easily available sources of lupus nephritis biomarkers and proteomic approaches
have been used (Soliman and Mohan 2016).

A metabolomic approach using ultra-high-performance liquid chromatography
coupled with high-resolution mass spectrometry (UPLC-HRMS) has been applied
to serum samples from patients with lupus nephritis, idiopathic nephrotic syndrome,
and healthy controls (Li et al. 2017). Compared to healthy controls and idiopathic
nephrotic syndrome, patients with lupus nephritis had increased serum levels of
sorbitol and glycocholic acid metabolites, as well as decreased levels of cortisol,
creatinine and L-aspartyl-L-phenylalanine. These metabolic disturbance may be
closely associated with inflammation injury, oxidative stress and phospholipid
metabolism. A panel of three metabolomics (theophylline, oxidized glutathione and
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capric acid) was identified as biomarkers of lupus nephritis with a sensitivity of
87.50% and a specificity of 67.86%. Results of this study indicate that UPLC-
HRMS based quantification of circulating metabolites is a useful tool for identifica-
tion of biomarkers that can differentiate lupus nephritis from idiopathic nephrotic
syndrome, and healthy controls.

Urine samples collected from patients immediately before they undergo kidney
biopsy can be studied by 2DGE for proteins that are potential biomarkers for lupus
nephritis disease and the results can be compared with the findings from the kidney
biopsies. Proteins thus identified can be used as biomarkers to indicate the type and
severity of renal disease in these patients, as well as the extent of damage to the
kidney. An assay based on antibodies against these spots could eliminate the need
for renal biopsy, allow frequent evaluation of disease status, and begin specific
therapy for patients with lupus nephritis. Further studies are needed to determine
whether urine protein analysis could replace the use of biopsies to assess kidney
damage in lupus.

Biomarkers of Diabetic Nephropathy

Clinical management and therapeutic intervention at earlier stage of diabetic
nephropathy (DN) is of major importance in prevent the progression to end stage
renal disease. Currently, the measurement of albumin in the urine is used as a stan-
dard non-invasive test for the diagnosis of early DN. This test, however, does not
detect kidney disease in some cases. Therefore, efforts have been made to find better
diagnostic biomarkers of DN. Proteomics approaches have isolated potential bio-
markers of DN. Further investigations have identified several proteins that can be
used as diagnostic biomarkers of DN, including urinary immunoglobulin G, trans-
ferrin, ceruloplasmin and serum cystatin-C. A summary of the diagnostic biomark-
ers developed over the last decade, and comments on their impacts in the diagnosis
and management of this disease have been published (Ito et al. 2008).

Cystatin C as Biomarker of Glomerular Filtration Rate (GFR)

Cystatin C is a non-glycosylated protein of low molecular weight (13 kDa) in the
cystatin superfamily, which is produced at a constant rate in all nucleated cells.
Cystatin C belongs to the cysteine proteinase inhibitor group and is associated with
several pathological conditions. Imbalance between Cystatin C and cysteine pro-
teinases is associated with diseases such as inflammation, renal failure, cancer,
Alzheimer disease, amyotrophic lateral sclerosis, multiple sclerosis and hereditary
Cystatin C amyloid angiopathy. Cystatin C is removed from blood plasma by glo-
merular filtration in the kidneys. It is reabsorbed by the proximal tubular cells and
degraded. There is a linear relationship between the reciprocal Cystatin C
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concentration in plasma and the glomerular filtration rate (GFR). Cystatin C is
suggested to be a better biomarker for GFR than other markers as its serum concen-
tration is not affected by factors such as age, gender and body mass. There is asso-
ciation of Cystatin C levels with the incidence of myocardial infarction and coronary
death, presenting a risk factor for secondary cardiovascular events. The DetectX™
Cystatin C Immunoassay Kit (Luminos LLC) is designed to measure Cystatin C
levels. This kit uses a native human Cystatin C molecule as a standard.

Estimated GFR and Albuminuria as Biomarkers of Chronic
Kidney Disease

Controversy surrounds the use of estimated GFR (eGFR) and albuminuria as bio-
markers of chronic kidney disease and for assigning its stages. A meta-analysis was
done to assess the independent and combined associations of eGFR and albuminuria
with mortality (Chronic Kidney Disease Prognosis Consortium 2010). The Consortium
selected 21 studies including a total of 1,234,182 participants from 14 countries for
the analysis. Results show that reduction of eGFR (< 60 mL/min) and elevation of
albumin-to-creatinine ratio (>1.1 mg/mmol) are independent predictors of mortality
risk in the general population during 2.1-11.6 years (average 8 years) of follow-up.
High levels of albumin in the urine indicates kidney damage and markedly higher risk
of mortality in these persons than those with low levels of albumin in the urine. Similar
findings were recorded for cardiovascular mortality and in studies with dipstick mea-
surements. The study provides quantitative data for use of both kidney measures for
risk assessment and definition and staging of chronic kidney disease.

Proteomic Biomarkers of Acute Kidney Injury

AKI, previously referred to as acute renal failure, is an important problem in clinical
medicine. Despite significant improvements in therapeutics, the mortality and mor-
bidity associated with AKI remain high. The reasons for this include (a) an incom-
plete understanding of the underlying pathophysiologic mechanisms, and (b) the
lack of early biomarkers for AKI, and hence an unacceptable delay in initiating
therapy. Application of functional genomics and proteomics to human and animal
models of AKI has uncovered several novel genes and proteins that are emerging as
biomarkers and novel therapeutic targets. Identification of protein biomarkers in the
plasma (NGAL and cystatin C) and urine (NGAL, KIM-1, IL-18, cystatin C, alpha
I-microglobulin, fetuin-A, Gro-alpha, and meprin) hold promise for the investiga-
tion of ischemic AKI (Devarajan 2008). It is likely that the AKI panels will be useful
for timing the initial insult and assessing the duration of AKI. Based on the differ-
ential expression of the biomarkers, it is also likely that the AKI panels will distin-
guish between the various causes of AKI, and predict clinical outcomes.
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Troponin-T as a Biomarker for Predicting End-Stage
Renal Disease

A follow-up of the participants with family history of hypertension (whites from
Rochester, Minnesota; African Americans from Jackson, Mississippi) in the Genetic
Epidemiology Network of Arteriopathy study has shown that cardiac troponin T
(cTnT) is a predictor of end-stage renal disease (ESRD) and death beyond tradi-
tional risk biomarkers regardless of race or baseline kidney function (Hickson et al.
2015). At 10 years, those with an abnormal ¢TnT had a high cumulative incidence
of death totaling 47% compared to those with a normal cTnT (7.3%). In addition,
10 years after the initial testing, the cumulative incidence of ESRD was 27% among
those with an abnormal c¢TnT, compared to the substantially lower rate found in
those with normal ¢TnT (1.3%).

Further studies may be needed to determine whether cTnT screening in individu-
als with hypertension or in a subset of hypertensive individuals would help identify
those at risk of ESRD and all-cause death. Early intervention and treatment can be
key to stopping kidney disease progression and preventable death.

Biomarkers in Pediatrics

There are characteristics of pediatric medicine that make biomarker research
especially needed, there are additional challenges as well. A review focuses on the
additional considerations needed for applying biomarker research to children,
and recommendations for advancing pediatric biomarker research (Savage and
Everett 2010).

Pediatric Critical Care

In pediatric critical care, validated biomarkers are essential for guiding drug ther-
apy. A review has presented examples of current biomarker developments in its full
breadth, including biochemical substances, physiological measurements and clini-
cal scoring tools, with a focus on the field of circulatory, renal and neurophysiologic
failure (Buijs et al. 2012). Within each field the authors consecutively discuss the
rationale for the selected biomarkers, studies in critically ill children, biomarker
validation stage and biomarker use or potential use in drug studies and clinical drug
dosing. This review shows that there is paucity of properly validated biomarkers.
Nevertheless, recent developments in, for instance, the field of sepsis, point us
toward a future wherein, for critically ill children, drug therapy may be personalized
using proteomic profiling instead of a small number of biomarkers, in order to
establish a personal and dynamic disease profile.



Biomarkers of Miscellaneous Disorders 165
Biomarkers of Acute Kidney Injury in Children

Acute kidney injury is a common and significant complication among pediatric
patients with congenital heart disease, occurring most commonly after cardiopul-
monary bypass. Current laboratory methods of diagnosis are not timely enough to
guide management decisions, thus spurring interest in discovering new biomarkers
of acute injury. Several promising candidates, including NGAL, IL-18 and KIM-1,
have been the subject of recent investigation and may facilitate earlier and more
accurate diagnosis of renal injury within this cohort. There is little evidence demon-
strating that it will be possible to rely upon one particular biomarker as a single
agent, and evidence supports that the use of biomarker panels will be most effective.
Further clinical validation and broader commercial availability of these novel bio-
markers will probably revolutionize the care of pediatric cardiac patients with renal
injury (Kwiatkowski et al. 2012).

Biomarkers of Miscellaneous Disorders

Biomarkers of Carbon Monoxide Poisoning

Levels of carboxyhemoglobin do not correlate with symptoms. Carbon monoxide
(CO) poisoning is associated with an elevated level of tau and S100B proteins in the
serum of patients who had suffered a loss of consciousness. A study has shown that
tau protein is a more sensitive biomarker than S100B protein for the earlier stage of
neurotoxic effects of CO intoxication (Gawlikowski et al. 2014). Delayed neuro-
logical sequelae of CO poisoning are difficult to predict even after successful treat-
ment in the acute stage. A retrospective study has reported that the level of serum
S100B protein is a useful biomarker for evaluating patients with acute CO poison-
ing as well as an independent predictor of the development of delayed neurological
sequelae (Park et al. 2012).

Biomarkers of Castleman Disease

Castleman disease (CD) is a rare disease of lymph nodes and related tissues. It is a
heterogenous group of lymphoproliferative disorders that are sometimes associated
with HIV and human herpesvirus 8 (HHV-8). Although Castleman disease is not
cancerous, it may also be associated with malignancies such as Kaposi sarcoma,
non-Hodgkin lymphoma, Hodgkin lymphoma, and POEMS syndrome. The disease
is nonclonal, with no IgH or TCR gene rearrangements. The causes of idiopathic
multicentric Castleman disease (iMCD), one of the three subtypes of CD, are
unknown. About 1000 new cases of iMCD are diagnosed each year in the US and
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~35% of patients die within 5 years of diagnosis. iMCD patients experience a wide
spectrum of symptoms, from mild flu-like symptoms to acute sepsis-like multiple
organ system failure due to uncontrolled immune system activation. The Castleman
Disease Collaborative Network (CDCN) brought together physicians and research-
ers to establish diagnostic criteria for iMCD, which include clinical and pathology
features, and diseases to exclude (Fajgenbaum et al. 2017). However, the diagnostic
process can be time-consuming as there is significant overlap with malignant, auto-
immune, and infectious disorders. There is no definitive test or diagnostic biomark-
ers for iMCD.

In April 2017, CDCN started to work with Janssen Research & Development
LLC to identify molecules whose levels are specifically altered in the blood of
iMCD patients as biomarkers that can be used to shorten the time required to diag-
nose iMCD for critically ill patients and as therapeutic targets for treatment of
iMCD patients that do not respond to current therapies. To accomplish these goals,
the collaborators will measure the level of ~1300 analytes in >260 serum samples
collected from ~100 iMCD patients at various time points during active disease.

Siltuximab, an anti-IL-6 MADb developed by Janssen, was approved by the FDA
for treatment of iMCD in 2014. However, the lack of defined diagnostic criteria or
disease-specific biomarkers can impede timely administration of treatment before
organ dysfunction and death. Many questions related to iMCD still exist, particu-
larly for patients that do not respond to siltuximab.

Biomarkers of Erectile Dysfunction

Erectile dysfunction (ED) is a highly prevalent functional disorder and its incidence
increases with advancing age. Population based studies estimate the prevalence at
nearly 50% of the male population over the age of 45 across all racial and socioeco-
nomic groups. There are multiple risk factors and biomarkers for ED. Currently
serum testosterone is considered the most reliable biomarker for establishing the
presence of ED due to hypogonadism. ED is more commonly seen in men with vari-
ous components of the metabolic syndrome and can be considered as a risk marker
of the metabolic syndrome and its associated conditions such as diabetes and
cardiovascular disease.

Demographic studies have consistently demonstrated that risk factors for ED
generally mirror risk factors also predictive of coronary and vascular disease sec-
ondary to endothelial dysfunction of the vascular tree. These risk factors include
obesity, hyperlipidemia, hypertension, diabetes mellitus, smoking, sedentary life-
style among others and in clinical studies these co-morbidities are much higher in
the ED population than reported in the general population. Various studies support
the concept that ED is a marker of cardiovascular disease. Furthermore, endothelial
dysfunction is a biomarker of vascular disease. Flow mediated reflex brachial artery
dilatation has been described as a diagnostic test for endothelial dysfunction and a
high correlation with erectile dysfunction, but it is not commonly done, difficult to
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standardize, costly and time consuming therefore is not an acceptable screening test
or procedure.

Coronary endothelial dysfunction (CED) precedes atherosclerosis and is associ-
ated with cardiovascular events. Both CED and erectile dysfunction (ED) are partly
mediated by impairment in the nitric oxide (NO) pathway. Although ED is asso-
ciated with established coronary atherosclerosis, its relationship with CED is
unknown. Association of CED with ED in men with early coronary atherosclerosis
as well as the role of the endogenous nitric oxide synthase inhibitor, asymmetric
dimethylarginine (ADMA), is an independent biomarker for cardiovascular disease.
ADMA plays a role in the systemic manifestations of endothelial dysfunction.

Daily sildenafil for 4 weeks ameliorates endothelial function in patients with ED
as assessed by reduction of endothelin-1 levels and other biomarkers of endothelial
function — nitric oxide and cyclic guanosine monophosphate (Angelis et al. 2009).
The clinical implications of this finding warrant further investigation.

The availability of a simple, cost effective biomarker to identify men at risk
would not only allow for earlier treatment but for earlier evaluation and intervention,
which could potentially significantly improve cardiovascular health and prevent or
postpone potentially serious life threatening events.

Biomarkers of Fever

Fever is not only observed in the course of a bacterial or viral infection, but can be
a symptom of, for instance, auto-immune, malignant or thromboembolic disease.
Determining the cause of fever in a fast and reliable way is of pivotal importance, as
different causes of fever may require different therapies. Neither clinical signs and
symptoms, nor traditional biomarkers, such as CRP, leukocytes and ESR have
sufficient sensitivity and specificity to guide treatment decisions. Procalcitonin
seems to be the most helpful laboratory biomarker for the differentiation of causes
of fever, particularly in autoimmune, autoinflammatory and malignant diseases
(Limper et al. 2010).

Biomarkers of Heat Stroke

Heat stroke, also termed “sun stroke,” is characterized by hyperpyrexia with core
body temperature greater than 40 °C and neurologic dysfunction. Heatstroke is
associated with systemic inflammation leading to multiorgan dysfunction. Early
detection and management is essential to improve chances of recovery and survival.
There are no validated biomarkers for early detection of heat stroke but studies are
in progress to identify these.

Heat shock protein Hsp72 concentration is higher in the serum of runners with
symptoms of heat illness than in non-ill runners and is a function of the core
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temperature attained rather than the rate of heat storage. Measurement of antibodies
to Hsp72 may be useful in assessing how individuals are responding to abnormal
heat stress within their living and working environment and may be used as bio-
markers to evaluate their susceptibility to heat-induced diseases.

High mobility group box-1 protein (HMGB1) has recently been identified as a
late mediator of systemic inflammation inducing multiorgan dysfunction. HMGBI1
is released into circulation at an early stage of heat stroke with peak levels occurring
within 6—13 h post-heat stroke. In a study, plasma HMGB levels remained markedly
elevated in the following 6 d post-heat stroke when compared with healthy volun-
teers (Tong et al. 2011). A serum level of 47 ng/mL of HMGBI1 at admission indi-
cated lethality with 77.4% sensitivity and 84.2% specificity. Therefore, HMGB1
level at admission is an indicator of the severity of illness and a useful mortality
predictor in exertional heatstroke.

Biomarkers of Hyponatremia

Hyponatremia is common and its differential diagnosis, mainly based on the routine
clinical assessment of volume status, is often misleading. Mid-regional pro-atrial
natriuretic peptide (MR-proANP) is associated with extracellular and cardiac fluid
volume. A prospective multicenter observational study on patients admitted to the
emergency department with profound hypo-osmolar hyponatremia (Na <125 mmol/L)
used standardized diagnostic evaluation of the underlying cause of hyponatremia
and carefully evaluated volemic status using clinical criteria (Nigro et al. 2015).
MR-proANP levels were compared between patients with hyponatremia of different
etiologies and for assessment of volume status. Results showed that MR-proANP
levels were higher in patients with hypervolemic hyponatremia compared to patients
with hypovolemic or euvolemic hyponatremia. In multivariate analysis, MR-proANP
remained an independent predictor of excess extracellular fluid volume after adjust-
ment for congestive heart failure. MR-proANP predicted the syndrome of inappro-
priate antidiuresis (SIAD) versus hypovolemic and hypervolaemic hyponatremia. It
was concluded that MR-proANP is associated with extracellular fluid volume in
patients with hyponatremia, and remains an independent predictor of hypervolemia
after adjustment for congestive heart failure. MR-proANP may be a biomarker for
discrimination between the SIAD and hypovolemic or hypervolemic hyponatremia.

Biomarkers of Inflammatory Bowel Disease

Inflammatory bowel disease (IBD) is a spectrum of disorders that affect the gastro-
intestinal tract, the two major entitites being Crohn’s disease and ulcerative colitis.
IBD is an enduring disease involving mostly young people, with symptoms of
bloody diarrhea and abdominal cramps. Several antibodies have been associated
with IBD. The two most comprehensively studied are autoantibodies to neutrophils
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(atypical perinuclear anti-neutrophil cytoplasmic antibodies) and anti-Saccharomyces
cerevisiae antibodies (ASCA). These antibodies are useful for diagnosing IBD, dif-
ferentiating Crohn disease from ulcerative colitis, indeterminate colitis, monitoring
disease, defining clinical phenotypes, predicting response to therapy, and as subclinical
biomarkers. Pancreatic antibodies have been described in patients with Crohn’s dis-
ease. The antigen has not been elucidated and the antibodies are detected by indirect
immunofluorescence. There is evidence that the number and magnitude of immune
responses to different microbial antigenss (outer membrane porin C and ASCA) in a
given patient are associated with the severity of the disease course, i.e. the greater the
number of responses and greater their magnitude, the more severe the disease course.
The interest in antimicrobial and antiglycan antibodies has recently been increased as
they have shown to act as surrogate markers of complicated aggressive disease.

Correlation of serum biomarkers with genotypes and clinical phenotypes would
enhance our understanding of the pathophysiology of IBD and lead to new tools for
diagnosis and stratification of patients for clinical trials. Biomarkers are helpful in
prioritizing further examinations, including endoscopy, and/or in the decision to
start or intensify treatment in IBD. CRP has many advantages, but its short half-life
makes this a particularly good biomarker in the detection and follow up of disease
activity in Crohn’s disease. In contrast, ulcerative colitis (with the exception of
severe colitis) has only a modest-to-absent CRP response despite active inflamma-
tion. As stools are easy accessible in IBD patients, fecal biomarkers hold a specific
promise and recent studies even claim superiority of fecal biomarkers over serum
markers. A number of neutrophil-derived proteins shedding in stools have been
studied. Calprotectin and lactoferrin are probably the most promising given their
abundance in granulocytes and their stability and resistance to degradation. Although
calprotectin and lactoferrin are very sensitive markers to detect inflammation in the
gastrointestinal tract, they are not specific for IBD and increased levels are also
found in neoplasia, NSAID abuse, infections and polyps. In children with abdomi-
nal symptoms and diarrhea, a positive test for calprotectin or lactoferrin may priori-
tize endoscopy.

In 2012, Genisphere and the Lankenau Institute for Medical Research expanded
their research collaboration covering miRNA biomarkers for ulcerative colitis to
include Crohn’s disease and other IBDs. The partners will use the Affymetrix
GeneChip miRNA Array to identify the miRNA biomarkers. The goal is to identify
biomarker panels that can classify the various forms of IBD and develop a diagnos-
tic test to shed light on how patients are being correctly or incorrectly diagnosed in
their respective diseases and to provide information on how they are responding to
treatment. This will enable personalized treatment of IBD.

Biomarkers of Radiation Injury

There is need for discovery of biomarkers that would be used to predict acute and
delayed radiation injuries to organs and tissues after a radiological terrorist attack
in order plan triage and make medical decisions. Such biomarkers would be
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particularly valuable because radiation injuries can take days or weeks before
clinical manifestations, and individuals differ in their sensitivity to radiation. For
these biomarkers to be useful, they would need to be linked to relevant clinical out-
comes, such as organ failure, and it would need to be shown that the change in the
biomarker is related to the radiation exposure and not other factors. Tests developed
based on these markers should be rapid, reliable, inexpensive, and easy to use. The
biomarkers may also provide leads for development of countermeasures against
radiological or nuclear attacks. In 2011, the National Institute of Allergy and
Infectious Diseases announced plans to fund research that will discover and develop
predictive biomarkers for radiation injuries in civilian populations. Investigators
may use these grants to develop radiation injury biomarkers for measuring or char-
acterization of gene and protein expression, DNA or protein modifications, metabo-
lomic or lipidomic changes, or cytogenetic, inflammatory, biochemical, and other
changes. These biomarkers may also be useful in predicting delayed effects of ther-
apeutic radiation for cancer (see Chap. 6).

A project at the Arizona State University (ASU) in 2013 demonstrated that gene
expression is a viable approach to directly measure radiation exposure, including iden-
tifying and validating biomarker signatures by providing an accurate indication of the
level of absorbed radiation. The project is entering a $9.33 million contract option as
part of a 5-year, $35.44 million project funded by the Biomedical Advanced Research
and Development Authority within the Office of the Assistant Secretary for Preparedness
and Response of the US Department of Health and Human Services. ASU is partnering
with Life Technologies (now part of ThermoFisher Scientific) to develop real-time
PCR assays based on these gene signatures that would run on several instruments
including the Applied Biosystems 7500 Fast Dx and the QuantStudio Dx. Ultimately,
the group would need to seek regulatory approval for the assay from the FDA.

Biomarkers for Prediction of All-Cause Mortality

NMR spectroscopy of plasma samples from a random subset of the Estonian
Biobank revealed that 4 biomarkers in the blood — alpha-1-acid glycoprotein, albu-
min, VLDL particle size, and citrate — can be used to assess whether otherwise
healthy people are at short-term risk of dying from heart disease, cancer, and other
illnesses (Fischer et al. 2014). The biomarker profiling improved prediction of the
short-term risk of death from all causes above established risk factors. Further
investigations are needed to clarify the biological mechanisms and the utility of
these biomarkers for guiding screening and prevention.

Biomarkers Common to Multiple Diseases

Some biomarkers are found in more than one disease and their evaluation requires
correlation with clinical manifestations. Some examples are listed in Table 5.3.
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Table 5.3 Examples of biomarkers common to multiple diseases

Biomarker Diseases

Chromogranin A Neuroendocrine tumors, cardiovascular disease, sepsis,

C reactive protein Diabetes mellitus, sepsis, pulmonary diseases, acute myocardial

(CRP) infarction, renal dysfunction

Cystatin C Inflammation, myocardial infarction, renal failure, cancer, Alzheimer
disease, amyotrophic lateral sclerosis, multiple sclerosis

Natriuretic peptide Ischemic heart disease, infections

Nitric oxide Asthma (in breath), acute respiratory distress syndrome (in urine),
cardiovascular disease (in plasma)

Oxidative stress Most diseases with oxidative stress

biomarkers

Serum 100B protein Traumatic brain injury, stroke, epilepsy (in CSF)

Tau protein Alzheimer’s disease, Parkinson’s disease, Creutzfeldt-Jakob disease,
AIDS encephalopathy, alcohol-induced organic brain disorders

TNF-a Rheumatoid arthritis (serum and synovial fluid), neuroinflammation,

ischemic heart disease

© Jain PharmaBiotech

Myositis specific autoantibodies (MSAs) have been already described earlier in
this chapter as biomarkers of idiopathic inflammatory myopathies. However, they
overlap and clinically correlate with several other disorders.

Nasal Nitric Oxide as a Biomarker of Response
to Rhinosinusitis Therapy

The assessment of the response of chronic rhinosinusitis to therapy is difficult. CT
scans cannot be used repeatedly. Therefore, methods such as symptom scores and
endoscopy are employed instead. The paranasal sinuses and nasal mucosa are a
major source of exhaled nitric oxide (NO). Nasal NO (nNO), which is easily mea-
sured, provides a valuable non-invasive biomarker of response of chronic rhinosi-
nusitis to therapy. Topical nasal corticosteroids may be needed to reduce the
contribution of nasal eNOS and NO emanating from the sinuses can be measured.

A study has compared nNO levels in patients with chronic rhinosinusitis as
measured by electroluminescence with those of common cold patients as well as
controls and correlated nNO levels with endoscopic and CT findings (Dabholkar
et al. 2014). The measured levels of NO did not differ between healthy volunteers
and common cold patients, but they were significantly lower in patients suffering
from chronic rhinosinusitis. As NO is a regulator of mucociliary activity and has
bacteriostatic and antiviral effects, the decreased concentration of nNO in patients
suffering from sinusitis suggests that lack of NO may contribute to the pathogenesis of
this disease. Thus, nNO is a valuable objective measure of chronic rhinosinusitis.
However, the expense of NO chemiluminescence analyzers may limit application of
the method in clinical practice.
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Biomarkers of Gene-Environmental Interactions in Human
Disease

Gene-environmental interactions play an important role in human disease, but they
have not been studied systematically. The Genes, Environment and Health Initiative
(GEI) of NIH was announced in 2006 to support research that will lead to the under-
standing of genetic contributions and gene-environment interactions in common
disease. GEI is being developed and planned by an NIH-wide Coordinating
Committee, administratively led by the National Human Genome Research Institute
(NHGRI) and the National Institute of Environmental Health Sciences (NIEHS).
NIH GEI has awarded a $5.9 million grant to the Pacific Northwest National
Laboratory (PNNL) that will house the Center for Novel Biomarkers of Response.
Scientists at the center intend to create new exposure assessment tools to better
understand the role of gene-environmental interactions in human disease. Develop-
ment of these tools will enable precise measurements of personal exposure to envi-
ronmental, chemical and biological agents. Two of the most important risk factors
for human morbidity and mortality — cigarette smoke and obesity — will be the
primary targets of interest for PNNL scientists. Research will focus on biomarkers
for systemic stress caused by mainstream and second-hand cigarette smoke, with
obesity as a confounding physiological factor. This research is comprised of two
basic elements. The genetic component will rely on newfound abilities to swiftly
identify genetic differences between people with illnesses and those who are healthy,
leading to a greater understanding of genetic contribution to the disease. The envi-
ronmental biology component will focus on developing new technologies to
accurately measure personal exposures with small, wearable nanobiosensors that
can be used to assess environmental agents. The center will provide NIH NIEHS
with a database of response biomarkers, as well as chemical substances for selected
biomarkers that are tested and validated in humans and supported by parallel studies
in mice. The researchers will also develop nanobio sensors for measurement of
biomarkers at POC.

Application of Biomarkers in Animal Health

Many of the advances in human healthcare are being applied to animal health. Some
of the new technologies were tested in experimental animals before they were intro-
duced into human medicine. Biomarkers are studied in animal models of human
diseases. Table 5.4 shows some examples of biomarkers used in animal healthcare.

Dogs suffer from many of the same disease as humans. The value of measuring
blood levels of the myocardial protein cardiac troponin I (cTnl) has been tested for
the diagnosis of congenital and acquired heart disease in the dog and in the evalua-
tion of the severity of heart failure. Serum samples obtained from healthy dogs and
from dogs diagnosed with a variety of congenital and acquired heart conditions can
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Table 5.4 Examples of use of biomarkers in animal health

Biomarker Relevant clinical conditions
Biomarkers of cartilage degradation and synthesis measured Canine osteoarthritis

by ELISA assays

Biomarkers of endothelial cell activation Drug-induced vascular injury
Cardiac troponin | Heart failure in dogs
Cross-sectional brain imaging CNS trauma and infections
Telomeres lengths and expressed telomerase activity in lens Canine cataract

epithelium
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be assayed for cTnl concentration using an automated immunoassay method.
Results can also analyzed according to the degree of heart failure as assessed using
the International Small Animal Cardiac Health Council’s scheme. Healthy dogs
have very low or undetectable blood cTnl levels, as do dogs with congenital heart
disease. However, cTnl levels are significantly elevated in dogs with acquired mitral
valve disease, dilated cardiomyopathy and pericardial effusion. Blood cTnl levels
also vary with severity of heart failure. Measurement of blood cTnl levels may be a
useful aid in the diagnosis of dogs with suspected heart disease and in indicating the
severity of heart failure.

Cataracts in small animals are shown to be at least partially caused by oxidative
damage to lens epithelial cells (LECs) and the internal lens. Therefore, biomarkers
of oxidative stress in the lens are considered as general biomarkers for life expec-
tancy in the canine and other animals. Telomeres lengths and expressed telomerase
activity in canine LECs may serve as important monitors of oxidative damage in
normal LECs with documented higher levels of telomerase activity in cataract. Loss
of functional telomere length below a critical threshold in LECs of canines during
the effect of UV and chronic oxidative stress or metabolic failure, can activate pro-
grams leading to LEC senescence or death. Telomerase is induced in LECs of
canines at critical stages of initiation of cataract pathogenesis and exposure to oxi-
dative stress through the involvement of transition metal ions such as, ferrous ions-
catalytic oxidants (Babizhayev and Yegorov 2014). Early detection is important as
treatment with 1% N-acetylcarnosine lubricant eye drops is beneficial for preven-
tion and dissolution of ripe cataracts in canines.

Cross-sectional imaging techniques have facilitated diagnosis of central nervous
system (CNS) diseases in companion animals. However, there is still frequently a
lack of definition of the cause of neurologic lesions, because tissue sampling from
the pathologic site is often difficult and there are few clinical diagnostic tools
to assist diagnosis. Biomarkers can assist in understanding the cause, diagnosis,
severity, and prognosis for neural injury. Integration of conventional testing and
new diagnostic techniques will overcome shortcomings in understanding infec-
tious diseases of the CNS. Diagnostic tests may be limited by poor positive and
negative predictive values, which must be recognized when interpreting test results
(Nishida 2014).
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FDA researchers are trying to find and identify biomarkers for inflammatory
diseases in cows, as well as proteins that could serve as alternatives to antibiotics for
use in food animals. The goal is to develop tools that will allow the FDA to regulate
new drugs for diseases for which no treatments exist, or better treatments than
currently exist.
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Chapter 6
Biomarkers in Metabolic Disorders

There is considerable information available about biomarkers of metabolic disorders.
The use of some of these biomarkers is well established. Coverage of all metabolic
disorders is beyond the scope of this report. Example of acute intermittent por-
phyria, liver X receptors, diabetes and the metabolic syndrome will be discussed in
this section.

Biomarkers of Acute Intermittent Porphyria

Acute intermittent porphyria (AIP) is a metabolic disease caused by a deficiency of
hydroxymethylbilane synthase, which affects hepatic heme biosynthesis. Clinical
manifestations are abdominal pain and neurovisceral symptoms, accompanied by
overproduction of heme-precursors in the liver, which frequently remains long-
lasting in AIP patients. Treatment is based on symptomatic relief together with car-
bohydrate loading and in more severe attacks heme therapy. During an acute attack
the heme precursors porphobilinogen (PBG) and 5-aminolevulinic acid (ALA) are
produced in high amounts by the liver and are found in high concentrations in
plasma and urine. These metabolites represent the acute phase reactants confirming
an ongoing attack and are used to evaluate therapeutic measures. Biochemical mon-
itoring of an acute attack is more accurately reflected by plasma PBG than plasma
ALA or urinary PBG and ALA (Sardh et al. 2009).

AIP may be associated with alterations of hepatic proteins known to be either
increased or decreased in serum according to diverse pathological conditions includ-
ing malnutrition, inflammation or liver disease. Most of the serum proteins are
within normal limits in these patients, however insulin-like growth factor 1 (IGF-1)
is decreased in 53.8% of AIP patients and transthyretin (prealbumin) is found sig-
nificantly decreased in 38.5% of them (Delaby et al. 2009). The use of both IGF-1
and transthyretin has been proposed as biomarkers of disease morbidity/severity for
the clinical follow-up of AIP patients.
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Liver X Receptors

The liver X receptors (LXRs) are nuclear receptors that play central roles in the
transcriptional control of lipid metabolism and are useful biomarkers of metabolic
disorders. LXRs function as nuclear cholesterol sensors that are activated in
response to elevated intracellular cholesterol levels in multiple cell types. Once acti-
vated, LXRs induce the expression of an array of genes involved in cholesterol
absorption, efflux, transport, and excretion. In addition to their function in lipid
metabolism, LXRs have also been found to modulate immune and inflammatory
responses in macrophages. Synthetic LXR agonists promote cholesterol efflux and
inhibit inflammation in vivo and inhibit the development of atherosclerosis in ani-
mal models. The ability of LXRs to integrate metabolic and inflammatory signaling
makes them particularly attractive targets for intervention in human metabolic dis-
ease. LXR agonists prevent the development and progression of atherosclerosis and
inhibit neointima formation following angioplasty of the arterial wall. Data from
studies on mouse liver suggest that nuclear receptor transcriptome is modulated in
proliferating liver and is a source of biomarkers and pharmacological targets for the
management of liver disease affecting hepatocyte proliferation (Vacca et al. 2014).

Biomarkers of Diabetes Mellitus

Diabetes mellitus results from abnormal function of pancreatic j cells — specialized
structures that produce insulin. Type 1 diabetes (insulin dependent) generally results
from autoimmune destruction of pancreatic islet p cells. Type 2 diabetes mellitus
(non-insulin dependent) is caused by the failure of the pancreatic  cells to secrete
sufficient insulin to compensate a decreased response of peripheral tissues to insulin
action. LC/MS followed by multivariate statistical analysis has been successfully
applied to the plasma phospholipids metabolic profiling in type 2 diabetes mellitus.
It is a complement or an alternative to NMR for metabonomics applications.
Diabetes has a causative role in many diseases and its complications affect several
organs. Biomarkers of diabetes mellitus are shown in Table 6.1.

p-Cell Function as Biomarker of Diabetes

B-cells are known vanish prior to the development of type 2 diabetes mellitus
(T2DM), and autopsy of overt T2DM patients have shown a 60% reduction in -cell
mass. As the decline in p-cell function and mass have been proven to be pathologi-
cal traits in T2DM, methods for evaluating p-cell loss is becoming of more interest.
However, evaluation of pB-cell death or loss is currently invasive and unattainable for
the vast majority of diabetic patients. Serological biomarkers, reflecting p-cell loss
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Table 6.1 Biomarkers of diabetes mellitus

Biomarkers of hyperglycemia

Increased serum free fatty acids

Increased ketones

Exhaled methyl nitrate

Biomarkers of diabetes-associated oxidative stress

Elevated serum malondialdehyde, lipid hydroperoxides, and lipoperoxides
Elevated levels of plasma thioredoxin

Elevated superoxide dismutase in RBCs

Elevated plasma protein carbonyl levels

Increased urinary 8-hydroxy-2’-deoxyguanosine

Biomarkers of inflammation

C-reactive protein (CRP)

Plasma-soluble cell adhesion molecules

Monocyte IL-6

Nitrotyrosine

Biomarkers of renal complications in type 2 diabetes mellitus
Apolipoprotein B: elevated

Creatinine: elevated

Glycosylated albumin

Low-density lipoprotein: elevated

Soluble tumor necrosis factor receptor: elevated

Triglycerides: elevated

Biomarkers of endothelial dysfunction in type 2 diabetes mellitus
E-selectin

Intercellular adhesion molecule 1

Vascular cell adhesion molecule 1

Biomarkers of insulin resistance

Increase of sugar metabolites: increase of N-acetylglucosamine, deoxyglucose and glucuronic
acid

Serum retinol binding protein 4

Biomarkers of diabetes with cardiovascular complications
Adiponectin

Disturbances of lipid metabolism: decreased medium chain fatty acids, increased longer chain
fatty acids

Glycosylated hemoglobin

Genes associated with diabetes

G6PC2 gene polymorphisms associated with elevated fasting plasma glucose
IRS1 as a diabetes susceptibility gene is linked to insulin resistance
KIAAO0350 (a sugar-binding, C-type lectin) as risk factor for diabetes type 1

Rare MTNR1B variants which impaired melatonin receptor 1B function contribute to type 2
diabetes

Serum biomarkers of -cell function
© Jain PharmaBiotech
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could detect and monitor progression of T2DM non-invasively. Biomarkers with
such capacities could be neo-epitopes of proteins with high p-cell specificity con-
taining post-translational modifications. Such tools may segregate T2DM patients
into more appropriate treatment groups, based on their p-cell status, which is cur-
rently not possible. Presently individuals presenting with adequately elevated levels
of both insulin and glucose are classified as T2DM patients, while an important
subdivision of those is pending, namely those patients with sufficient f-cell capacity
and those without. This may warrant two very different treatment options and
patient care paths. Serological biomarkers reflecting p-cell health status may also
assist development of new drugs for T2DM and aid physicians in better character-
ization of individual patients and tailor individual treatments and patient care proto-
cols (Neutzsky-Wulff et al. 2012).

Biomarkers of Hyperglycemia

Metabolic characteristics of hyperglycemia in the diabetic such as low insulin and
increased free fatty acids and ketones in serum are well known. Exhaled methyl
nitrate correlates specifically with acute, spontaneous hyperglycemia of type 1 dia-
betes mellitus and can be used as a noninvasive biomarker. Gas analysis can be
performed on breath samples via gas chromatography using electron capture, flame
ionization, and mass selective detection. The kinetic profile of exhaled methyl
nitrate, commonly present in room air in the range of 5-10 parts per trillion, strongly
correlates statistically with that of plasma glucose. In healthy subjects, exhaled
methyl nitrate concentrations are slightly greater than room air concentration, indi-
cating a small net output of this gas by the human body. The biochemical production
of this gas has not been postulated; however, the results of this study show that
oxidative processes play a major role in its production.

Biomarkers of Diabetes-Associated Oxidative Stress

Erythrocyte glutathione peroxidase activity, glutathione content, and plasma beta-
carotene were significantly lower in diabetic patients compared with control subjects,
but with no significant differences between patients in whom the disease is controlled
and those in whom it is not. Antioxidant enzyme superoxide dismutase (SOD) activity
is significantly higher in the erythrocytes of diabetic patients independently of the
presence of microvascular complications. However, the plasma alpha-tocopherol/total
lipids ratio is significantly diminished in controlled diabetes group compared with
uncontrolled diabetes group. Lipid peroxidation indices measured in plasma include
malondialdehyde, lipid hydroperoxides, and lipoperoxides, which are significantly
elevated in diabetic patients regardless of the presence of complications. Evidence of
oxidative damage to proteins can be shown by elevation of plasma protein carbonyl
compared. Additionally, a marked increase in protein oxidation is observed.
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Biomarkers of Inflammation Associated with Diabetes

Type 1 diabetes is associated with increased vascular complications, and monocytes
are pivotal cells in atherogenesis. Biomarkers of inflammation — C-reactive protein,
plasma-soluble cell adhesion molecules, monocyte IL-6, and nitrotyrosine — are
significantly elevated in type 1 diabetic subjects compared with in control subjects.
These findings have a major implication on our understanding of the role of inflam-
mation in vasculopathies in type 1 diabetes.

Biomarkers of Renal Complications in Diabetes Mellitus Type 2

Dyslipidemia and inflammation may promote renal disease in type II diabetes mel-
litus. Several potentially modifiable lipid and inflammatory biomarkers — triglycer-
ides, low-density lipoprotein, apoprotein B, fibrinogen, soluble TNFR and vascular
cell adhesion molecule-1 — are elevated in the setting of moderately decreased GFR
in men with type 2 diabetes mellitus and may be the link between renal insuffi-
ciency and increased risk for cardiovascular events in this population. Clinical and
laboratory use of endothelial, inflammatory and pro-coagulant biomarkers for pre-
dicting the risk of cardiovascular and renal complications in diabetic patients and
for monitoring these patients is promising (Domingueti et al. 2016).

Biomarkers of Diabesity

Diabesity is the term used for the syndrome of gradual progression of obesity to
type 2 diabetes with overlapping symptoms of insulin resistance, hyperinsulinemia,
hyperglycemia, dyslipidemias, ion imbalance, and inflammation. The Busselton
study (http://bpmri.org.au/), in progress in Australia, is trying to identify biomarkers
in the blood that will predict the onset of diabetes before clinical symptoms mani-
fest. The study is being conducted by Busselton Population Medical Research
Institute in Australia.

Biomarkers of Prediabetes

According to 2011 figures from the Centers for Disease Control and Prevention
(CDC), 8.3% of the US population, i.e. 25.8 million, have diabetes, of which ~7 mil-
lion are unaware they have the disease. Based on glycemic measures from 2005-2008,
the CDC reported that 35% of the US adult population had pre-diabetes, yielding an
estimated 79 million US adults at risk for developing type 2 diabetes. Tests for detec-
tion of prediabetes are being developed that are based on biomarkers.
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Metabolon Inc has discovered a number of significant biomarkers indicative of
risk for type 2 diabetes, which are being incorporated in the development of the
Quantose™ series of diagnostic products. The first-generation Quantose™ product
is a diagnostic test for better identifying high-risk, insulin-resistant patients and
predicting their risk of progression to type 2 diabetes, above and beyond traditional
risk factors and glycemic tests. The validated test is currently being offered in
Metabolon’s CLIA laboratory as “Investigational Use Only”.

PreDx™ Diabetes Risk Test (Tethys Bioscience), based on a set of protein bio-
markers, is a predictive tool for an accurate assessment of an individual’s risk of
developing type 2 diabetes within the next 5 years. The test is performed exclusively
by the Tethys’ Clinical Laboratory on routinely collected blood samples.

Biomarkers of Insulin Resistance

Insulin receptor deficiency is the key link in the insulin resistance and has a causal
role in type 2 diabetes. Adipokinins including adiponectin, leptin, resistin, IL-6,
PPARY and TNF-a play an important role in insulin resistance.

Serum levels of retinol-binding protein 4 (RBP4), a protein secreted by adipo-
cytes, are increased in insulin-resistant states. Transgenic overexpression of human
RBP4 or injection of recombinant RBP4 in normal mice causes insulin resistance.
RBP4 is elevated in the serum before the development of frank diabetes and is a
biomarker for identifying insulin resistance and associated cardiovascular risk fac-
tors in subjects with varied clinical presentations. Exercise training is associated
with a reduction in serum RBP4 levels only in subjects in whom insulin resistance
improves. RBP4 levels can be normalized by rosiglitazone, an insulin-sensitizing
drug. Adipocyte GLUT4 protein and serum RBP4 levels are inversely correlated.
These findings provide a rationale for antidiabetic therapies aimed at lowering
serum RBP4 levels.

A high-throughput 92-protein assay was used to identify circulating biomarkers
of insulin resistance in two cohorts of community residents without diabetes (Nowak
et al. 2016). Proteomic blood profiling indicated cathepsin D as a new biomarker of
insulin resistance and suggested a causal effect of insulin resistance on tissue plas-
minogen activator.

Glycosylated Hemoglobin in Diabetes Mellitus

Combining fasting plasma glucose and glycosylated hemoglobin (HbA 1c) improves
the accuracy for detecting patients with diabetes mellitus type 1. Combination of
HbA1c level and OGTT enables more precise prediction of progression to diabetes
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mellitus type 2 in subjects with glucose intolerance. The glycosylated hemoglobin
value is the primary target for glycemic control. The American Diabetes Association
recommends that the blood test — which measures the average level of glycemia
over the preceding 2—-3 months — be performed at least twice a year in patients
whose treatment goals are being met (and who have stable glycemic control) and
quarterly in patients whose treatment has changed or whose goals are not being met.
In persons with diabetes, chronic hyperglycemia, as assessed by HbAlc level, is
associated with an increased risk for cardiovascular disease. Limitations of HbAlc
as a biomarker of diabetes are:

It is inaccurate for patients on hemodialysis and for patients with red blood cell
disorders

e Performed only 2—4 times per year; not frequent enough to detect the advance of
diabetes complications in a timely manner

* Poor physician-patient feedback; the test is usually processed by an outside labo-
ratory so results are reported to the doctor at a later date.

Glycated Albumin as a Biomarker of Diabetes Mellitus

Albumin, a serum protein in the blood, can be measured precisely and has a turn-
over time of 2-3 w. Like many proteins in the body, albumin can become altered or
glycated. High levels of glycated albumin have been directly linked to major com-
plications of diabetes such as retinopathy and nephropathy by damage caused to
small blood vessels by the altered protein. It is also a biomarker for other types of
diabetic complications. More than 25 years of clinical research has proven that
monthly measurement of glycated albumin is a superior technology to monitor and
control glycation.

Epinex G1A™ Rapid Diabetes Monitoring Index Test (Epinex Diagnostics Inc)
is a monthly test for the control of glycation. The test is composed of the G1A™
reader and a proprietary dual-channel test cassette, which is able to simultaneously
test for glycated albumin and total albumin. The G1A™ reader automatically quan-
tifies the analyte concentrations and gives the GIA™ Index, the ratio of glycated
albumin to total albumin in serum, which shows how well the patients have con-
trolled their level of glycation over the previous month. Simple to operate, the
G1A™ test system can be performed at the point-of-care without the need for highly
trained laboratory technicians. It enables immediate feedback between healthcare
provider and patients, thus facilitating timely therapeutic interventions. The results
are stored on the device, providing trend analysis as well as displaying immediate
results. The results can be transmitted by means of a computer or wireless connec-
tion to a doctor’s office or other central data location.
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Low C-Peptide as a Biomarker of Complications of Diabetes
Type 1

Pancreatic P cells produce proinsulin, which splits into C-peptide and insulin, and
both are released into circulation. C-peptide binds to a receptor at the cell surface
and activates signal transduction pathways that result in stimulation of Na*, K*-
ATPase, and endothelial nitric oxide synthase (eNOS), both of which are enzymes
with reduced activities in diabetes. In type 1 diabetes patients no proinsulin is pro-
duced and neither insulin nor C-peptide is formed. A cross-sectional study has
shown that low C-peptide levels have clinical significance and appear helpful in
characterizing groups at-risk for faster C-peptide decline, complications, poorer
metabolic control and severe hypoglycaemia (Kuhtreiber et al. 2015). Low C-peptide
levels may be a biomarker for characterizing at-risk patients with Type 1 diabetes.
C-peptide studies by using surface plasmon resonance (SPR) and electrospray mass
spectrometry (ESI-MS) show how proinsulin is found to influence insulin-insulin
interactions. These technologies can be used for measurements of C-protein as a
biomarker.

Lack of C-protein is a biomarker of early peripheral neuropathy in diabetes
before painful neuropathy develops with structural damage to the nerve. Replacement
of C-peptide in clinical trials by Creative Peptides has been shown to improve the
early signs of peripheral neuropathy such as sensory impairment. There is concomi-
tant improvement of renal dysfunction (normalized glomerular filtration, decreased
albumin excretion) and reduces diabetes-induced structural changes (decreases
mesangial expansion) after C-peptide replacement.

Personalized Management of Diabetes Mellitus Based
on Biomarkers

Gene, protein, and metabolite biomarkers provide new insights into pathophysiol-
ogy of type 2 diabetes mellitus and each of them can identify useful biomarkers for
personalized medicine of this disease (Chen and Jia 2012). However, the combina-
tion of these three types of biomarkers has not been applied for personalized man-
agement of diabetes as yet. Also, the role of interaction between genes and
environment in the pathogenesis of diabetes is not clear. It is possible in the future
that molecular biomarkers will be used simultaneously to direct treatment deci-
sions, but further investigations are needed. For possible biomarkers to be validated,
meaningful improvement needs to be demonstrated in the prediction of various
events or complications in the course of the disease.



Biomarkers of Metabolic Syndrome 185
Biomarkers of Metabolic Syndrome

The metabolic syndrome (MetS), which is very common in the general population,
is defined by the clustering of several classic cardiovascular risk factors, such as
type 2 diabetes, hypertension, high triglycerides and low high-density lipoprotein
cholesterol (HDL). Central obesity and insulin resistance, which are the two
underlying disorders of the syndrome, are further risk factors for cardiovascular
disease. Novel risk factors of the MetS include biomarkers of chronic mild inflam-
mation, increased oxidant stress, high cystatin C levels, thrombophilia and endothe-
lial dysfunction. Therefore, subjects with the MetS are potentially at high risk of
developing atherosclerosis and clinical cardiovascular events. Several longitudinal
studies have confirmed that subjects with the metabolic syndrome present with ath-
erosclerosis and suffer from myocardial infarction and stroke at rates higher than
subjects without the syndrome. The risk of cardiovascular disease is particularly
high in women with the syndrome and in subjects with pre-existing diabetes, cardio-
vascular disease and/or high CRP. However, an increased risk is already present in
subjects with a cluster of multiple mild abnormalities. The risk related to the meta-
bolic syndrome is definitely higher when subjects affected are compared to subjects
free of any metabolic abnormality.

Adiponectin

Adiponectin, secreted by adipocytes, accounts for ~0.01% of total plasma protein.
Unlike other adipocyte products, adiponectin correlates with decreased free fatty
acid blood concentrations and reduced body mass index or body weight. It has been
well established to be an important biomarker for MetS and its complications.
Animal and cell culture experiments also support most claims from human observa-
tions of its roles in the MetS. Reproducible results of human genetic studies of
diverse ethnic origin and by different investigators may provide the evidence for its
causative roles in the pathogenesis of the MetS and further insight into the genetic
constitutions of the MetS. Some of the common polymorphisms in the promoter
region, exon and intron 2, and the rare nonsynonymous mutations in exon 3 of the
human adiponectin gene were repeatedly shown in many studies from many differ-
ent ethnic populations to associate with the phenotypes related to body weight,
glucose metabolism, insulin sensitivity, and risk of type 2 diabetes mellitus and
coronary artery disease. The common polymorphisms and rare mutations of the
human adiponectin gene are associated with differential expression of adiponectin
at the plasma protein level and mRNA level in adipose tissue. The PPARy2 Pro12Ala
variants also influence insulin sensitivity in interaction with adiponectin genotype
or influence plasma adiponectin levels. Human genetic studies on adiponectin and
the metabolic syndrome strongly suggest that adiponectin is one of the causative
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factors in its pathogenesis and provide significant insights into the genetic makeup
of the MetS. Extension from these studies may accelerate the discovery of new
molecular targets for future therapeutic interventions.

Clinical studies have confirmed that treatment with thiazolidinediones may
increase adiponectin concentrations in patients with type 2 diabetes independent of
improvements in blood glucose control or parallel treatment with insulinotropic
drugs. Thus, adiponectin may have a diagnostic value and can be used for monitor-
ing treatment.

Cystatin C

Cystatin C is a biomarker of cardiovascular disease, and a study has prospectively
investigated whether plasma levels of cystatin C predict new-onset MetS as well as
long-term progression and incidence of the different components of the MetS
(Magnusson et al. 2013). Cystatin C was measured in individuals included in the
Malmé Diet and Cancer cardiovascular cohort who were free from the MetS at
baseline and subsequently underwent a follow-up examination after a median period
of 16 years. MetS was defined according to the NCEP-ATP-III guidelines. During
follow-up, 428 out of 1502 subjects developed new-onset MetS. In age- and sex-
adjusted analysis, compared to the lowest quartile of cystatin C, the odds ratios for
incident MetS in subjects with cystatin C levels in quartiles 2, 3 and 4 were 1.00,
1.48 and 1.91, respectively,; this linear association remained significant even after
full multivariate adjustment. In this fully adjusted model, long-term progression of
abdominal obesity was the only component of the MetS significantly associated
with increasing quartiles of baseline cystatin C levels. These findings suggest that
cystatin C may adversely affect metabolic factors, particularly abdominal obesity,
thus contributing to development of the MetS.

Human Plasma Lipidome

The increase in prevalence of metabolic diseases, including type 2 diabetes and
obesity, which are associated with an elevated risk of cardiovascular disease,
requires more detailed lipid analyses both for diagnostic purposes and for monitor-
ing the efficacy of prescribed therapy. Lipids in plasma are solubilized and dis-
persed through their association with specific groups of proteins.

Lipids circulate in the blood as lipoprotein particles, including chylomicrons,
very-low-density lipoprotein (VLDL), lowdensity lipoprotein (LDL), and high-
density lipoprotein (HDL). In circulating chylomicrons and VLDL, triglycerides
undergoes hydrolysis, catalyzed by lipoprotein lipase (LPL), to generate a pool of
free fatty acids (FFAs) that is used as an energy source in tissues, including muscle.
Excess FFAs are stored in adipocytes. Such caloric abundance leads to an unop-
posed expansion of adipose tissue and, ultimately, to obesity and associated
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metabolic complications characterized by insulin resistance and diabetes. Stored
triacylglycerol in adipocytes undergoes lipolysis on demand as a result of hormone-
sensitive lipase, leading to an energy-balanced level of FFAs in plasma. Saturated
FFAs promote cardiac disorders and systemic inflammation, whereas n—3 FFAs
prevent these effects. LDL-derived cholesterol, in both its free form (FC) and its
esterified form (CE), contributes to the development of cardiovascular disease.
HDL helps remove excess FC by reverse cholesterol transport, with the formation
of CE by lecithin cholesterol acyltransferase, and subsequent uptake of the CE
by the liver. High levels of HDL are correlated with low cardiovascular risk
(Quehenberger and Dennis 2011).

Neurotensin as Biomarker of Obesity

Neurotensin (NT), a 13-amino-acid peptide predominantly localized in specialized
enteroendocrine cells of the small intestine and released by fat ingestion, facilitates
fatty acid translocation in the intestine, and stimulates the growth of various can-
cers. The effects of NT are mediated through 3 known NT receptors (NTR1, 2 and
3). Increased fasting plasma levels of pro-NT (a stable NT precursor fragment) are
associated with increased risk of diabetes, cardiovascular disease and mortality. An
experimental study has shown that NT-deficient mice demonstrate significantly
reduced intestinal fat absorption and are protected from obesity, hepatic steatosis
and insulin resistance associated with high fat consumption (Li et al. 2016). The
authors further demonstrate that NT attenuates the activation of AMP-activated pro-
tein kinase (AMPK) and stimulates fatty acid absorption in mice and in cultured
intestinal cells, and that this occurs through a mechanism involving NTR1 and
NTR3 (also known as sortilin). In humans, both obese and insulin-resistant subjects
have elevated plasma concentrations of pro-NT, and in longitudinal studies among
non-obese subjects, high levels of pro-NT denote a doubling of the risk of develop-
ing obesity later in life. These findings directly link NT with increased fat absorp-
tion and obesity and suggest that NT may provide a prognostic biomarker of future
obesity and a potential target for prevention and treatment. Sphingotec GmbH’s
Sphingotest® pro-NT uses Pro-NT as a stable surrogate biomarker for neurotensin.
Elevated fasting plasma levels of pro-NT are associated with increased risk of obe-
sity, cardiovascular diseases, and breast cancer.
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Chapter 7
Biomarkers in Immune Disorders

Introduction

There are a large number of immune disorders that include rheumatoid arthritis,
multiple sclerosis (see Chap. 8), type 1 diabetes (Chap. 6), systemic lupus erythe-
matosus, and psoriasis. Some of these have inflammation as well. Many of these
conditions are characterized by the expression of cell surface biomarkers and cyto-
kines produced by T and B lymphocytes, which can be used to as an indicator of the
disease and to monitor patient’s response to therapy. Rejection of allografts also
involves immune mechanisms and there is an interest in finding predictive biomark-
ers of organ rejection or tolerance after transplantation. As most of the current bio-
markers are based on tissues and cells, another area of investigation is to find plasma
biomarkers.

Biomarkers Relevant to Organ Transplantation

The human leukocyte antigens (HLA) encoded by genes within the major histo-
compatibility complex display an impressive degree of polymorphism. HLA
markers are proteins found on the surface of certain cells in the body. They are
used by the body’s immune system to identify material that is foreign, such as
viruses or bacteria. HLA antibody identification is important for organ transplant
donor-recipient matching because, in the case of organ donation, a patient’s
immune system may fight cells from the donor, causing organ failure or rejection.
DynaChip HLA Antibody Analysis System (ThermoFisher Scientific) is the
only approved automated chip-based system for HLA antibody detection and
identification.
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Biomarkers of Graft Versus Host Disease

Following transplantation of major organs such as heart, kidney, and liver, rejection
of grafted organs is an important problem. There is a need for non-invasive tests to
monitor these patients for adjusting their immunosuppressive drug treatment and
early detection of rejection. There is a need for discovery of predictive biomarkers
for these patients.

Gene-expression signatures have been studied in peripheral blood mononuclear
cells isolated from patients with graft versus host disease (GVHD) as well as immu-
nosuppressed transplant recipients. Blood leukocyte expression signatures may be
applied for assessment of immune status and early detection of GVHD. For clinical
trials in chronic GVHD, the following applications of biomarkers may be useful:

e Predicting response to therapy.

e Measuring disease activity and distinguishing irreversible damage from contin-
ued disease activity.

e Predicting the risk of developing chronic GVHD.

e Diagnosing chronic GVHD.

e Predicting the prognosis of chronic GVHD.

e Evaluating the balance between GVHD and graft-versus-leukemia effects (graft-
versus-leukemia or GVT)

e Serving as a surrogate end point for therapeutic response.

With the advancement of many high-throughput ‘omic techniques such as
genomics, proteomics, and metabolomics, efforts have been made to understand
potential mechanisms of specific graft injuries and develop novel biomarkers for
acute as well as chronic rejection (Sarwal 2009). Microarrays are being increasingly
used to identify specific patterns of gene expression that predict and characterize
acute and chronic rejection, and to improve the understanding of the mechanisms
underlying organ allograft dysfunction. It is feasible to develop minimally invasive,
rapid tests for prognosis and diagnosis in personalized management of transplanta-
tion patients.

Rashes are very common in patients after bone marrow transplants. They may
signal the onset of acute GVHD. But until now, a skin biopsy was the only reliable
way for doctors to determine whether the rash is caused by antibiotics commonly
used to treat bone marrow transplant patients, or is instead GVHD of the skin, where
the disease appears in about half of cases. A large-scale quantitative proteomic
discovery procedure was used by University of Michigan scientists to identify
biomarker candidates of skin GVHD and validated the lead candidate, elafin, with
ELISA (Paczesny et al. 2010). Elafin was overexpressed in GVHD skin biopsies.
Plasma concentrations of elafin were significantly higher at the onset of skin GVHD,
correlated with the eventual maximum grade of GVHD, and were associated with a
greater risk of death relative to other known risk factors. Therefore, elafin has sig-
nificant diagnostic and prognostic value as a biomarker of skin GVHD. The test,
which will be available to clinicians soon, will make informed treatment possible.
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This test can determine the risk a patient may have for further complications, and
thus physicians will be able to adjust therapy to the degree of risk, rather than treat-
ing every patient in exactly the same way.

Biomarkers of Renal Allograft Failure

Survival of renal allografts is limited by chronic allograft deterioration resulting from
processes that are difficult to detect in their early stages, when therapeutic interven-
tions would be most effective. Long-term graft loss is still a major problem in renal
transplantation. The occurrence of acute rejection episodes and impaired response of
the patient to anti-rejection therapy can lead to adverse graft outcome in both the
short term and the long term. Currently, clinical featuress and morphologic assess-
ment of the renal biopsy serve as the basis for assessment of risk for graft failure.
Molecular biomarkers have been tested for the following purposes: monitoring for
acute rejection; identifying steroid-resistant rejections; and monitoring for clinical
transplant tolerance. Predictive biomarkers from easily accessible specimens, such as
blood or urine, might improve early diagnosis of graft-damaging processes and help
with the identification of patients at particularly high risk of sustained injury, thereby
helping to tailor therapy and appropriate follow-up screening.

Despite a large number of studies for the prediction of renal allograft failure,
none of the investigated candidate biomarkers is robustly established for widespread
clinical use or able to replace biopsies for graft assessment (Boenisch and Chandraker
2008). The combination of molecular analyses and cellular immunological assays is
essential for undisputed detection of rejection, reversibility of the rejection by ther-
apy, absence of rejection, and long-term graft outcome (Eikmans et al. 2008).

PlexMark™ 3 Renal Biomarker Panel Assay (ThermoFisher Scientific) is a non-
invasive and cost-effective research tool for performing kidney function post-
transplantation studies rapidly and easily. It uses Luminex® xMAP®, multiplexing
technology for bioassay analysis, in a standard immunoassay format to offer ease-
of-use, sensitivity and rapid, reproducible results. It measures levels of cytokines,
chemokines and receptor levels in urine, which enable researchers to better under-
stand immune function and response. This assay provides researchers with an
alternative to invasive and expensive procedures, such as biopsies for obtaining kid-
ney tissue samples to enable research into post-transplantation kidney function.

Quantification of miRNAs in primary cultures of human renal epithelial cells
(HRECs) has shown that miR-30a-3p, —10b, and let-7c are highly expressed in
HRECs, and that stimulation results in a decreased expression of miR-30a-3p
(Anglicheau et al. 2009). These studies, in addition to suggesting a cellular basis for
the altered intragraft expression of miRNAs, propose that miRNA expression
patterns may serve as biomarkers of human renal allograft status.

A molecular risk score to predict renal graft loss has been derived from analysis
of gene expression by microarray examination of biopsies taken between 1 and
31 years after renal transplantation (Einecke et al. 2010). Genes associated with
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graft failure were related to tissue injury, epithelial dedifferentiation, matrix
remodeling, and TGF-f effects and showed little overlap with rejection-associated
genes. Molecular risk score was correlated with interstitial fibrosis, tubular atrophy,
tubulitis, interstitial inflammation, proteinuria, and glomerular filtration rate. In
multivariate analysis, molecular risk score, peritubular capillary basement mem-
brane multilayering, arteriolar hyalinosis, and proteinuria were independent predic-
tors of graft loss. In an independent validation set, the molecular risk score was the
only predictor of graft loss. Thus, the molecular risk score reflects active injury and
is superior to either scarring or function in predicting graft failure.

Use of Integrated RNA Data Driven Proteomics (IRDDP) method to assess
microarray data from studies involving kidney and heart transplant recipients
revealed that three of the proteins — the pro-inflammatory proteins CXCL9, CD44,
and PECAMI1 — were present at higher levels in the blood of kidney transplant
recipients with acute organ rejection (Chen et al. 2010). PECAM1 biomarker could
detect acute rejection with 89% sensitivity and 75% specificity, CXCL9 biomarker
had 78% sensitivity and 80% specificity, whereas the sensitivity and specificity
for CD44 were 80% and 75%, respectively. These biomarkers belong to a specific
inflammatory pathway and follow-up work revealed that the same proteins were
also found at higher levels in the heart transplant rejection group. The researchers
plan to develop an ELISA-based blood test for acute organ rejection using one or
more of the biomarkers with the goal to have a commercially available test within
the next 3—5 years.

Biomarkers of Renal Transplant Tolerance

Identifying transplant recipients in whom immunological tolerance is established or
is developing would allow an individually tailored approach to their posttransplan-
tation management. A multicenter study was conducted to define specific immuno-
logical characteristics that identify the tolerant state (Sagoo et al. 2010). It recruited
renal transplant patients from distinct clinical groups from across Europe, focusing
on operationally tolerant recipients, defined as stable renal transplant recipients that
had ceased all immunosuppressive drugs for more than a year with no increase in
serum creatinine. The tolerant cohort collected by the Indices of Tolerance consor-
tium in Europe was used as a training set of renal transplant patients on which a
series of bioassays and biomarkers were screened for their ability to detect immu-
nological parameters uniquely associated with the tolerant state. In this set a toler-
ance signature was identified comprising a set of 10 genes with significantly altered
expression, elevated numbers of peripheral blood B and NK cells, diminished
numbers of recently activated CD4+ T cells, donor-specific hyporesponsiveness of
CD4+ T cells, and a high ratio of FoxP3/a-1,2-mannosidase gene expression in
peripheral blood, in relation to the other renal transplant comparator groups. These
findings were then validated on an independent test set of renal transplant recipients
of similar clinical groups recruited by the Immune Tolerance Network in the US.
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In another study on the largest cohort of tolerant kidney transplant recipients,
renal allograft tolerance was strongly associated with a B cell signature using
several assays (Newell et al. 2010). Both studies have identified a B cell signature
associated with operational tolerance and show that it is possible to distinguish
drug-free tolerant patients from other groups of renal transplant patients and healthy
controls with a high degree of specificity and sensitivity. More importantly, cross-
platform biomarker analysis highlights subjects within stable renal transplant
groups who display an immunological profile similar to that of tolerant patients and
who may therefore benefit from managed drug withdrawal.

Biomarkers of Lung Transplant Rejection

Lung transplant patients face a higher death rate than other organ recipients, with
45% dying within 5 years. Until recently, it was not possible to predict transplant
failure, and once the signs of chronic rejection appear it is usually too late to reverse
it. The aim is to identify patients at risk of chronic rejection before they have the
clinical manifestations. Protein biomarkers are an early sign of lung transplant
rejection and give an insight into the physiologic mechanisms of rejection. They
may provide a guide to the management of lung transplant patients. The dose of
anti-rejection drugs should be increased when the biomarkers appear, and reduced
in patients without these early signs of rejection.

Microarrays studies to assess gene expression in bronchoalveolar lavage cell sam-
ples from lung transplant recipients with and without acute rejection on simultaneous
lung biopsies have shown increased expression during acute rejection of genes
involved in inflammation, apoptosis, and T cell activation and proliferation. Studies
in murine heterotopic tracheal transplant model of chronic rejection have demon-
strated specific patterns of gene expression at defined time points after transplanta-
tion in allografts, whereas gene expression in isografts reverted back to that of native
tracheas within 2 weeks after transplantation. These studies demonstrate the poten-
tial power of microarrays to identify biomarkers of acute and chronic lung rejection.
The application of new genetic, genomic, and proteomic technologies is in its infancy,
and the microarray-based studies are at an early stage of their application to lung
transplantation. The massive amount of data generated per tissue or cell sample has
spawned an outpouring of invention in the bioinformatics field, which is developing
methods to turn data into meaningful and reproducible clinical inferences.

Biomarkers of GVHD Following Transplantation
of Hematopoietic Cells

Transplantation of hematopoietic cells from unrelated donors can cure blood disor-
ders but carries a significant risk of acute GVHD, which is higher when the recipient
and donor are HLA-DPB1 mismatched. The HLA-DPBI1 regulatory region variant
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1$9277534 is associated with HLA-DPB1 expression. A study has shown that the
risk of GVHD associated with HLA-DPB1 mismatching was influenced by the
HLA-DPB1 159277534 expression biomarker (Petersdorf et al. 2015). Among
recipients of HLA-DPB1 mismatched transplants from donors with the low-
expression allele, recipients with the high-expression allele had a high risk of
GVHD.

Plasma Biomarkers of Response to Therapy of GVHD

A study compared 12 biomarkers in plasma obtained a median of 16 d after therapy
initiation from patients with a complete response by day 28 after therapy initiation
and in plasma obtained from patients with progressive GVHD during therapy (Vander
Lugt et al. 2013). The lead biomarker, suppression of tumorigenicity 2 (ST2), had the
most significant association with resistance to GVHD therapy and subsequent death
without relapse. As compared with patients with low ST2 values at therapy initiation,
patients with high ST2 values were 2.3 times as likely to have treatment-resistant
GVHD and 3.7 times as likely to die within 6 m after therapy. Patients with low ST2
values had lower mortality without relapse than patients with high ST2 values,
regardless of the GVHD grade. Plasma ST2 values at day 14 after transplantation
were associated with 6 m mortality without relapse, regardless of the intensity of the
conditioning regimen. ST2 levels measured at the initiation of therapy for GVHD
and during the first month after transplantation improved risk stratification for treat-
ment-resistant GVHD and death without relapse after transplantation.

Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) affects more than a million persons in the US
and Western Europe. It is a chronic B-cell mediated disease manifested by arthral-
gias, fever, skin rash and end-stage renal disease. Although considered a prototypic
autoimmune disease, the hallmark of SLE is its heterogeneity. Accordingly, mani-
festations can vary widely from person to person, with the potential involvement of
virtually any bodily organ. There is no cure for this disease.

Genetic abnormalities underlying this condition are complicated, with diverse
genetic polymorphisms described in different ethnic groups, strongly suggesting
that the actual pathology underlying the immunologic disarray might not be the
same for each patient. Etiology of SLE includes genetic and environmental factors.
ITGAM, integrin aM (complement component 3 receptor 3 subunit) encoding a
ligand for intracellular adhesion molecule (ICAM) proteins, is an established SLE
susceptibility locus. A study has evaluated the independent and joint effects of
genetic variations in the genes that encode ITGAM and ICAM by examining several
markers in the ICAMI1-ICAM4-ICAMS locus on chromosome 19pl13 and the
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ITGAM SNP rs1143679 using a large-scale case-control study of unrelated
participants from four ancestry populations (Kim et al. 2012). The findings of this
study are the first to suggest that an ICAM-integrin-mediated pathway contributes
to susceptibility to SLE.

Adiponectin as Biomarker of SLE

Adiponectin is an adipocyte-derived cytokine that has antiinflammatory properties.
Plasma adiponectin levels are increased in patients with renal SLE compared to
healthy controls and patients with nonrenal SLE. The urine of patients with SLE
and kidney involvement, which was shown previously to contain immunoreactive
adiponectin, was reexamined for the presence of specific adiponectin isoforms by
nondenaturing gel electrophoresis (Song et al. 2009). High molecular weight adipo-
nectin was found in the urine of patients with active lupus nephritis, and may
contribute to the renal inflammation of SLE.

Current Management and Need for Biomarkers of SLE

Only three categories of drugs are currently approved for SLE: corticosteroids,
antimalarials, and low-dose aspirin. These are used for symptomatic relief or
non-specific immunosuppression. Until recently, antibodies to dsDNA or nuclear
antigens such as Sm antigen and phospholipids or measurement of complement
activation were used together with clinical scores as indicators of drug efficacy in
clinical trials. Clinical scores are not satisfactory as there is a considerable lag
period between initiation of treatment and clinical effects. There are two potential
biologic drugs, rituximab (anti-CD20) and anti-CD22, but drug approval agencies
are unable to assess their real efficacy because reliable biomarkers are not
available.

The lack of reliable, specific biomarkers not only hampers clinical management
of SLE but also impedes development of new therapeutic agents. Based on available
data, several laboratory markers have shown promise as biomarkers for susceptibil-
ity, diagnosis, and disease activity. Despite the complexities of the many immuno-
logic pathways that are involved in SLE, biomarkers are emerging to characterize
patient subgroups, predict prognosis, indicate the exacerbations and remissions of
SLE flares, and serve as endpoints in the determination of the dosing and timing of
immune-modulating treatments. Recently several clinical studies have tested new
therapies directly targeting B lymphocytes. Flow cytometry of circulating periph-
eral B lymphocytes have been used to define pathogenic subsets of the disease and
assess therapeutic efficacy. Biomarkers for SLE include Fc receptor genes (disease
susceptibility), complement C4d-bound erythrocytes (diagnosis or disease activity),
CD27 plasma cells (disease activity), ‘interferon signature’ (disease activity), and
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anti-Clq antibodies (disease activity and organ involvement). These promising
candidate biomarkers need to be validated through rigorous, large-scale multicenter
studies. There is still an urgent need for better biomarkers with which to monitor
disease activity in patients with SLE.

Role of Collaborative Efforts and Databases of SLE Biomarkers

Large databases and multicenter clinical collaborations are needed to identify and
validate biomarkdrs of SLE. Recognizing the urgent need for lupus biomarkers, a
Lupus Biomarker Working Group has been initiated in the US to facilitate collab-
orative efforts aimed at identifying and validating biomarkers for SLE. In the EU,
BIOLUPUS group is applying genomics, proteomics to construct translational data-
bases for the identification of biomarkers of clinical utility and develop a centralized
EU database for SLE. Thirty-five participants from 13 European countries are
involved in this enterprise involving clinicians, immunologists and geneticists.
Several publications with international collaborators have described the findings of
BIOLUPUS. In 2014, Merck Serono and its US affiliate EMD Serono started col-
laboration with Pfizer Inc. and the Broad Institute (Cambridge, MA) focused on the
genomic biomarkers of SLE and lupus nephritis.

C4d-Bearing Reticulocytes

Abnormal levels of C4d, an activation-derived fragment of complement component
C4, are deposited on the surface of erythrocytes from patients with SLE; thus C4d-
bearing reticulocytes may serve as biomarkers of disease activity in patients with
SLE. CD40L has also been reported to be upregulated in patients with SLE and might
be a candidate for SLE biomarker. 2'5’-Oligoadenylate synthetase (OAS) was known
previously to be related to SLE and was rediscovered to be involved in type I inter-
feron pathway in SLE by several microarray gene expression studies recently, which
show that pattern of OAS isoform expressions, particularly of OASL, may provide
useful information in differentiating disease flares from certain infections in SLE.

CB-CAPS

A proprietary technology platform for SLE developed at the University of Pittsburgh
Arthritis Institute (Pittsburgh, PA) is based upon measurement of cell-bound com-
plement activation products (CB-CAPS). More than 10,000 assays of CB-CAPs
bound to erythrocytes, platelets, and white blood cells have been performed. The
data suggest that CB-CAPs may serve as universal biomarkers for diagnosis,
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disease activity monitoring, identification of disease subsets in SLE, and
identification of those at risk for catastrophic events such as heart attack and stroke.
Initial studies were conducted with a cohort of greater than 300 SLE patients com-
pared with healthy controls and patients with other diseases. The data demonstrate
that CB-CAPS have diagnostic as well as disease activity monitoring properties that
could enhance or even replace current unsatisfactory modalities. Pilot data have also
been generated from patients with HCV infection, cardiovascular disease, trans-
plantation, and complications of pregnancy to support the hypothesis that CB-CAPs
may serve as universal biomarkers of inflammation.

Epigenetic Biomarkers of SLE

Epigenetic aberrations plays key roles in the etiology of SLE. Interactions between
DNA methylation, histone modifications, and miRNAs are factors in pathogenesis
of SLE (Zhao et al. 2010). Advances in our knowledge of epigenetics in SLE will
lead to discovery of new diagnostic and prognostic biomarkers as well as novel
therapeutic targets and strategies.

Levels of methylation of certain genes are closely associated with the onset of
SLE. Sensigen has licensed these epigenetic biomarkers to develop an assay,
EpiSense™ Lupus, based on its AttoSense technology, which is combined PCR-MS.
This is a quantitative methylation-specific assay for the determination of epigenetic
changes in SLE-associated biomarkers.

High-resolution analysis of the biological characteristics of plasma DNA in SLE
patients using massively parallel genomic and methylomic sequencing has revealed
a number of plasma DNA abnormalities (Chan et al. 2014). First, aberrations in
measured genomic representations (MGRs) were identified in the plasma DNA of
SLE patients; the extent of the aberrations in MGRs correlated with anti-dsDNA
antibody level. Second, the plasma DNA of active SLE patients exhibited skewed
molecular size-distribution profiles with a significantly increased proportion of
short DNA fragments; the extent of plasma DNA shortening in SLE patients
correlated with the SLE disease activity index (SLEDAI) and anti-dsDNA antibody
level. Third, the plasma DNA of active SLE patients showed decreased methylation
densities; the extent of hypomethylation correlated with SLEDAI and anti-dsDNA
antibody level. To explore the impact of anti-dsDNA antibody on plasma DNA in
SLE, a column-based protein G capture approach was used to fractionate the IgG
bound and non-IgG bound DNA in plasma. Compared with healthy individuals,
SLE patients had higher concentrations of IgG-bound DNA in plasma. More IgG
binding occurs at genomic locations showing increased MGRs. Furthermore, the
IgG-bound plasma DNA was shorter in size and more hypomethylated than the non-
IgG bound plasma DNA. The shortening of plasma DNA in SLE patients may be a
result of the increased production or decreased clearance of short DNA fragments.
Hypomethylation of T cells in SLE patients with release of DNA from them might
be another mechanism that could contribute toward the hypomethylation of plasma
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DNA of SLE patients. These observations have enhanced our understanding of the
spectrum of plasma DNA aberrations in SLE and may provide new biomarkers
for SLE.

Genetic Loci of SLE

The risk of SLE is influenced by complex genetic and environmental contributions.
Alleles of HLA-DRBI, IRFS5, and STAT4 are established susceptibility genes; there
is strong evidence for the existence of additional risk loci. Two new genetic loci for
SLE — a promoter-region allele associated with reduced expression of BLK and
increased expression of C8orf13 and variants in the ITGAM-ITGAX region — have
been identified and then confirmed through replication (Hom et al. 2008).

HMGBI

Extracellular high-mobility group box 1 (HMGB1), a nuclear DNA-binding pro-
tein that functions as an alarmin when released from cells, has been implicated
HMGBI in the pathogenesis of SLE. Elevated concentrations of HMGBI1 are
observed in sera as well as in skin lesions of patients with SLE andSsrum HMGB 1
as well as anti-HMGBI1 autoantibody levels correlate with disease activity.
HMGBI is complexed with nucleosomes, at least partially, in the blood of
patients with SLE. Moreover, HMGB I-nucleosome complexes from apoptotic
cells activate antigen-presenting cells. Injection of HMGB1-nucleosome com-
plexes into nonautoimmune mice results in the formation of autoantibodies
against dSDNA and histones in a Toll-like receptor (TLR) 2-dependent manner
(Urbonaviciute and Voll 2011). Additionally, HMGBI1, as a part of DNA-anti-
DNA immune complexes, can interact with receptor for advanced glycation end
products (RAGE) on the surface of plasmacytoid dendritic cells and B cells lead-
ing to TLR9-dependent IFN-a release and activation of autoreactive B cells,
respectively. HMGBI1 attached to neutrophil extracellular traps may contribute
to IFN-a production by facilitating the recognition of self-nucleic acids.
Furthermore, HMGB1, complexed with DNA and pathogenic anti-DNA autoan-
tibodies, activates its receptors, TLR2, TLR4 and RAGE, and may thereby be
involved in anti-DNA autoantibody-induced kidney damage in lupus nephritis.
These findings suggest that HMGBI1 is a potential biomarker of disease activity
and, because of its probable involvement in the pathogenesis, a novel therapeutic
target in SLE.
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Biomarkers of Systemic Sclerosis

Systemic sclerosis is an autoimmune disorder affecting the connective tissue and
characterized by thickening of the skin caused by accumulation of collagen as well
as injuries to the smallest arteries. It may progress to involve the visceral organs,
including the kidneys, heart, lungs and gastrointestinal tract. Plasmacytoid dendritic
cells have been implicated in the pathogenesis of systemic sclerosis through mecha-
nisms beyond the previously suggested production of type I interferon.

Proteome-wide analysis and validation has shown that CXCL4 is the predomi-
nant protein secreted by plasmacytoid dendritic cells in systemic sclerosis, both in
circulation and in skin. A study has found that levels of CXCL4 were elevated in
patients with systemic sclerosis and correlated these with the presence and progres-
sion of complications, such as lung fibrosis and pulmonary arterial hypertension
(van Bon et al. 2014).
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Chapter 8
Biomarkers of Musculoskeletal Disorders

Introduction

Most of the disorders discussed in this section involve bones and joints with a short
subsection on muscle disorders. Biomarkers of muscular dystrophy are described in
Chap. 14 (neurological disorders). Several methods have been used for detection of
biomarkers of musculosketal disorders.

Scientists at Duke University (Durham, NC) have devised a method of determining,
in a serum sample, the proportion of the total amount of a biomarker molecule that is
derived from catabolism due to the presence of age-related molecular alterations in the
molecule. An increased amount of D-aspartate and/or advanced glycation end product
in the sample of the subject as compared to the amount of D-aspartate and/or advanced
glycation end product in the sample of the control subject is diagnostic of a musculo-
skeletal, arthritic or joint disorder in the subject and/or identifies a subject at risk of
developing such a disorder. A patent has been filed for this invention.

Muscle Disorders

Structure and function of muscles have been studied extensively in health and
disease. Biopsies are performed frequently and there is an interest in study of bio-
markers as well.

Biomarkers of Muscle Fatigue During Exercise

Biomarkers of peripheral muscle fatigue (BPMFs) are used to offer insights into
mechanisms of exhaustion during exercise in order to detect abnormal fatigue or to
detect defective metabolic pathways. This aims at describing Advances and future
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perspectives concerning the most important biomarkers of muscle fatigue during
exercise have been. Reviewed (Finsterer 2012). BPMFs are classified according to
the mechanism of fatigue related to adenosine triphosphate (ATP) metabolism, aci-
dosis, or oxidative metabolism. Muscle fatigue is also related to an immunological
response. Impaired calcium handling, disturbances in bioenergetic pathways, and
genetic responses. The immunological and genetic response may make the muscle
susceptible to fatigue but may not directly cause muscle fatigue. Production of
BPMFs is predominantly dependent on the type of exercise. Requirements for
BPMFs are: (1) change to reflect the process being monitored; (2) stability without
significant diurnal variations; (3) good correlation with exercise intensity; and (4)
presence in detectable amounts in easily accessible biological fluids. The most
well-known BPMFs are serum lactate and IL-6. The most widely applied clinical
application is screening for defective oxidative metabolism in mitochondrial disor-
ders by means of the lactate stress test. The clinical relevance of most other BPMFs,
however, has not been validated yet as they often vary according to age, gender,
physical fitness, energy supply during exercise, type of exercise needed to produce
the BPMF, and whether healthy or diseased subjects are investigated. In spite of
these limitations, measuring of BPMFs under specific, standardized conditions
appears to be helpful for assessing biological states or processes during exercise and
fatigue.

Biomarkers of Mitochondrial Content in Skeletal Muscle

Skeletal muscle mitochondrial content varies widely between human subjects.
Biochemical measures of mitochondrial proteins, enzyme activities and lipids
are often used as biomarkers of mitochondrial content and muscle oxidative
capacity (OXPHOS). A study has investigated the association of these commonly
used biochemical measures to to muscle mitochondrial content and OXPHOS in
young healthy male subjects (Larsen et al. 2012). A graded exercise test was used
to determine maximal oxygen uptake (VO, peak) and muscle biopsies were done.
Mitochondrial content was determined using transmission electron microscopy
imaging. Biomarkers assessed were citrate synthase (CS) activity, cardiolipin
content, mtDNA, and complex I-IV activity. Mitochondrial content varied from
4% to 15% of cell volume. Cardiolipin content showed the strongest association
with mitochondrial content followed by CS and complex I activities. mtDNA
was not related to mitochondrial content. Complex IV activity showed the stron-
gest association with OXPHOS followed by complex II activity. It was concluded
that cardiolipin content, and CS as well as complex I activities are the biomarkers
that show the strongest association with mitochondrial content, while complex
IV activity is strongly associated with OXPHOS capacity in human skeletal
muscle.
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Idiopathic Inflammatory Myopathies

Idiopathic inflammatory myopathies (IIMs) are rare autoimmune diseases charac-
terized by muscle inflammation, leading to proximal muscle weakness and disabil-
ity, distinct cutaneous rashes, ulceration, calcinosis, malignancy and interstitial lung
disease. Autoimmunity is believed to have a key role in the pathogenesis of myositis
and, as such, autoantibodies have been identified in >50% of patients with I[IM. It
has been demonstrated that these autoantibodies target both nuclear and cytoplasmic
components of the cell and they have traditionally been divided into two subsets,
myositis-associated autoantibodies (MAAs) and myositis-specific autoantibodies
(MSAs). Although diagnostic and classification criteria for myositis include EMG,
muscle biopsy and muscle enzymes, inclusion of MSAs/MAAs is limited due to
paucity of commercially available assays.

MSA/MAAs can be detected by a variety of methods, with each assay having
distinct advantages and disadvantages of sensitivity, specificity, throughput, cost
and required expertise. Standard tests include indirect immunofluorescence using
HEp?2 cells, gel-based techniques of counter-immune electrophoresis, and ELISAs.
Several novel myositis autoantibodies including anti-TIF1 (transcription interme-
diary factor 1), anti-NXP2 (nuclear matrix protein 2), anti-MDAS5 (melanoma
differentiation-associated gene 5), anti-SAE (small ubiquitin-like modifier activat-
ing enzyme;), anti-HMGCR (3-hydroxy-3-methylglutaryl-coenzyme A reductase)
and anti-cN1A (cytosolic S'nucleotidase 1A) have been identified, which correlate
with distinct clinical manifestations and are found in inclusion body, statin-induced,
clinically amyopathic and juvenile groups of myositis patients. A review has
described the main myositis-specific and myositis-associated autoantibodies as well
as preliminary studies investigating correlations between specific myositis autoanti-
body titers and biomarkers of disease course (Betteridge and McHugh 2016).
Myositis autoantibodies are useful as both diagnostic and prognostic biomarkers of
disease. They can help in predicting further complications of the disease and
possible responses to treatment. Further studies are needed to identify novel auto-
antigenic targets in patients who are currently regarded as autoantibody negative
and to understand the role of these autoantibodies and their autoantigens in the
pathogenesis of myositis.

Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a complex inflammatory disease with numerous clini-
cal symptoms and inadequately defined biomarkers. Specific disease, tissue and
prognostic biomarker signatures can be identified and characterized without prior
selection of clusters of candidate genes directly in the clinic. These strategies not
only redefine biomarkers in complex diseases but also reassess our unappreciated
disease mechanisms. RA in the most common inflammatory joint disorder.
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Tools are now available to evaluate the target tissues in RA proof-of-concept
clinical trials. Synovial biomarkers are not yet qualified as surrogate endpoints for
regulatory purposes. However, evaluation of intermediate synovial biomarkers pro-
vides unique opportunities for guided development and decision-making. Targeted
tissue measurements are particularly useful in diseases like RA where patient strati-
fication and target identification are integrated into the early clinical trial process.
However, current methods of differentiating RA from other autoimmune disorders
such as osteoarthritis and systemic lupus erythematosus have poor specificity and/
or sensitivity.

Assays for Biomarkers of RA

The OMERACT 9 Soluble Biomarker Group has successfully formulated a levels
of evidence scheme and a study design template that will provide guidance to con-
duct validation studies in the setting of soluble biomarkers proposed to replace the
measurement of damage endpoints in RA, psoriatic arthritis, and ankylosing spon-
dylitis (Maksymowych et al. 2009).

In 2009, the FDA cleared SQiDworks™ Diagnostics Platform (SQI Diagnostics
Inc) and its multiplexed IgXPLEX™ RA assay for marketing in the US. The plat-
form incorporates the Company’s proprietary [gXPLEX technology to allow multi-
plexed measurement of target antibody sub-classes (IgA, IgG, IgM) for multiple
biomarkers.

NexDx (San Diego, CA) started a collaboration with the University of California,
San Diego in 2012 to develop and commercialize a diagnostic test for RA based on
epigenetic biomarkers. Discovery of novel DNA methylation biomarkers may be
useful in determining whether a patient has RA. Inflammation-producing cells that
line the joints of RA patients are characterized by DNA methylation patterns, which
produce DNA signatures that could be used as diagnostic biomarkers for RA and
identified in patient blood samples. NexDx will also investigate aberrant DNA
methylation signatures to determine the optimal therapy and to discover new drug
targets for pharma partners.

Biomarkers for Personalizing Therapy of Rheumatoid Arthritis

Vectra™ DA (Crescendo Bioscience), multi-biomarker blood test for RA may more
accurately identify RA patients at risk for progression of joint damage when com-
pared to established disease activity measures. Data demonstrate the Vectra DA
algorithm score can identify patients at higher risk for structural damage despite
achieving remission by DAS28CRP (the 28-joint disease activity score based on
C-reactive protein). Among RA patients in DAS28CRP remission, those who also
had a high Vectra DA algorithm score are 2.3 times more likely to have progressive



Rheumatoid Arthritis 205

joint destruction during the following year. Moreover, patients in remission as
defined by the Vectra DA algorithm score have a lower observed rate of radiographic
progression compared to patients in remission by DAS28CRP or by the Boolean
criteria of American College of Rheumatology and the European League Against
Rheumatism.

Patients with (RA) are generally treated with tumor necrosis factor (TNF)-a
inhibitors as second-line therapy if an oral medication such as methotrexate is not
adequate to control the symptoms. If one anti-TNF therapy does not lead to ade-
quate symptom control, the current standard of care dictates switching to another
approved anti-TNF agent, even though response rates deteriorate with each cycle.
Pilot research at Biogen Idec and academic collaborators has developed a panel of
gene expression biomarkers with ~90% positive and negative predictive values to
identify individuals who did not achieve European League Against Rheumatism
(EULAR) Disease Activity Score (DAS)-28 Good response after 14 w of treatment.
Such a biomarker panel could be used as a diagnostic test to direct therapeutic
options. A clinical study supports the role of the -174G/C IL-6 polymorphism as a
genetic marker of responsiveness to anti-TNF therapy according to EULAR criteria
(Dévila-Fajardo et al. 2014).

BATTER-UP (Biomarkers of Anti-TNF-o Therapy Efficacy in Rheumatoid
arthritis to define Unresponsive Patients) is a clinical study sponsored by Biogen-
Idec for adults diagnosed with RA to predict if a specific person with RA will be
helped by anti-TNF-a medications such as Remicade®, Enbrel®, Humira®,
Cimzia® and Simponi®. The primary outcome measure will be validation of the
ability of an 8-gene biomarker set to differentiate between patients who meet or do
not meet EULAR DAS-28 Good response criteria after treatment with anti-TNF
therapy. The aim is to develop a test that could help physicians decide whether or
not to prescribe an anti-TNF drug for a particular patient.

Circulating Cytokines in RA

Circulating cytokines have been demonstrated to correlate with RA disease activity
and participate directly in disease pathogenesis. Presence of TNF-a in serum or
synovial fluid is a strong indicator of disease activity in RA. TNF-a serves both as
a biomarker and a target for therapy. Neutralization of TNF-a with an antibody
relieves pain and improves mobility in RA patients. Regulatory T cells are functionally
compromised in RA, and indicate that modulation of regulatory T cells by anti-
TNF-a therapy may be a further mechanism by which this disease is ameliorated.
Etanercept, a TNF-a inhibitor, reduces the oxidative stress biomarker levels (DNA
damage, lipid peroxidation, and protein glycosylation) in patients with RA
(Kageyama et al. 2008). Elevated levels of serum VEGF have been reported in
patients with RA. Successful disease therapy results in lowering the levels of
VEGE. Serum levels of VEGF have been reduced by administration of a IL-6 anti-
body with improvement in patients’ condition.
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Epigenetic Biomarkers of Rheumatoid Arthritis

RA synovial fibroblasts (RASFs) are the effector cells of cartilage and bone destruc-
tion, which show an ‘intrinsically’ activated and aggressive phenotype resulting in
the increased production of matrix-degrading enzymes and adhesion molecules.
The three main mechanisms of epigenetic control — DNA methylation, histone
modifications and miRNA activity — interact in the development of the RASF phe-
notype. Normal synovial fibroblasts cultured in a hypomethylating milieu acquire
an activated phenotype similar to that of RASFs. These findings suggest that epi-
genetic control, in particular the control of DNA methylation, is deficient in RASFs.
Genome-wide analyses of the epigenome will enable the detection of additional
genes involved in the pathogenesis of rheumatoid arthritis, the identification of epi-
genetic biomarkers, and potentially the development of a therapeutic regimen that
targets activated RASFs (Karouzakis et al. 2009).

NexDx Inc. has licensed epigenetics discoveries in RA from the University of
California, San Diego to discover novel DNA methylation biomarkers, which can
be reliably measured in a blood sample and can serve as an objective indicator of
whether or not a patient has RA. Using its Methylome Discovery™ computational
platform that helps accelerate the discovery of novel biomarkers, NexDx plans to
develop and commercialize a diagnostic test for RA based on these biomarkers.

miRNA Biomarkers in RA

miRNAs dysregulated in RA are shown in Table 8.1.

Serum miR-223 is already proposed as a potential biomarker for sepsis and is
now shown expressed in higher levels in RA samples than in OA tissues, and
inversely correlated with tender joint count. miR-223 is chiefly known for its role in
innate immunity and is the only miRNA that is markedly upregulated in peripheral
naive CD4+ T-lymphocytes from RA patients compared with healthy donors.

Finally, miR-146a and miR-155 are the most frequently reported miRNAs dereg-
ulated in RA samples including blood, plasma, synovial fluid, PBMCs, CD4+ T
cells isolated from the blood or the synovial fluid, or RA-FLS. Increased miR-146a
expression levels are correlated with active disease in RA patients. They are both
involved in the development of innate and adaptive immune cells, and numerous
studies report their upregulation in inflammatory conditions.

Serum CRP in RA

C reactive protein (CRP) has been used as a biomarker of chronic inflammation in
RA. CRP is increasingly being incorporated into clinical algorithms to compare
disease activity between patients and to predict future clinical events. Findings of a
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study raise questions about the interpretation of acute-phase serum CRP, particularly,
failure to take into account the potential of genetic effects that may result in the
inappropriate reassurance or suboptimal treatment of patients simply because they
carry low CRP-associated genetic variants (Rhodes et al. 2010). For example, where
access to effective, but expensive, biological therapies for RA is rationed on the
basis of a DAS28-CRP clinical activity score, then two patients with identical
underlying disease severity could be given, or denied, treatment on the basis of CRP
genotype alone. The accuracy and utility of these algorithms might be improved by
using a genetically adjusted CRP measurement.

Biomarkers of Spondylarthritis

Spondylarthritis (SpA) refers to a group of chronic autoimmune arthritic conditions,
including ankylosing spondylitis (AS) and the arthritis associated with psoriasis and
inflammatory bowel diseases, primarily affecting peripheral joints. Synovial tissue
analysis presents an ideal vehicle for identifying biomarkers of SpA and holds the
promise to facilitate the progress of clinical trials dedicated to improving the treat-
ment of SpA, e.g. using tumor necrosis factor (TNF-a) blocker — infliximab or etan-
ercept. Among the synovial features linked to anti-TNF-a effectiveness, there are
changes in subsets of synovial macrophages, in the levels of polymorphonuclear
cells, and in MMP-3 expression. These findings indicate that, for SpA patients,
changes in disease activity are accompanied by series of distinct and measurable
events in the peripheral joints. The same synovial features show a highly different
standardized response means between SpA patients receiving effective treatment
and control patients. In validation analyses with independent synovial tissue sam-
ples, effective treatment can be correctly predicted in 80% SpA patients. Further
studies are needed to confirm the value of changes observed as biomarkers at early
time points across different therapeutic regimens and to combine synovial assess-
ment with predictors of response to treatment in SpA.

Immunopathologic studies have suggested that the features of spondylarthropa-
thy are distinctive, supporting a prominent role for innate immune cells, and can be
consistently differentiated from rheumatoid arthritis. Successful treatment of spon-
dylarthropathy synovitis resulted in rapid and sustained decrease in infiltration by
macrophage populations and neutrophils, and decreased expression of many proin-
flammatory mediators. Consistent with studies in rheumatoid arthritis, there are sig-
nificant correlations between the effects of both methotrexate and infliximab on
disease activity and macrophages. These observations highlight the possibility
that macrophage populations may be a synovial tissue biomarker of therapeutic
intervention in spondylarthropathy. Preliminary studies have evaluated advanced
genomic and proteomic methods in spondylarthropathy. A surrogate biomarker of
arthritis activity in spondylarthropathy could profoundly enhance screening for effi-
cacy and optimization of dose ranges in early-phase randomized clinical trials.
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Biomarkers of Axial Spondyloarthritis

Axial spondyloarthritis (axSpA) is a chronic inflammatory disease involving the
spine and presenting with back pain with onset at a young age. If it is not diagnosed
and treated, it may result in permanent damage and lifelong disability. Early diagno-
sis has improved due to MRI, but it is costly and not widely available in all countries,
which underscores the need for biomarkers. Key molecules in the pathogenesis of
the disease and therapeutic targets such as TNF-o, IL-17 and IL-23, have limited
association with disease characteristics or disease progression. Biomarkers such as
MMP-3, calprotectin, VEGF, or dickkopf-1 do not adequately reflect disease activity,
but may predict progression of structural changes in the spine. Monitoring of calpro-
tectin might represent a valuable biomarker of therapeutic response. Currently, HLA-
B27 is the best genetic biomarker for making a diagnosis, while CRP currently
appears to be the best circulating measure for assessing disease activity, predicting
structural progression and therapeutic response (Prajzlerova et al. 2016). Some
genetic biomarkers and particularly anti-CD74 antibodies, may become useful for
the early diagnosis of axSpA. However, all these biomarkers need to be validated in
trials before introduction into daily clinical practice.

Biomarkers of Psoriatic Arthritis

Psoriasis is an immune-mediated skin disease, which affects 2—4% of the world-
wide population, and ~20-30% of patients with psoriasis develop psoriatic arthritis
(PsA), a frequently disabling condition. Because skin manifestations precede joint
symptoms in with PsA, identification of biomarkers for early prediction of joint
damage is an important. There is also a need for identification of biomarkers for
predicting therapeutic response which varies considerably among patients. Anti-
TNF therapy, IL-12/23-targeted therapy, and IL-17A blockade have shown efficacy
but some patients remain resistant to the treatment or experience severe side effects.
In addition to measuring disease activity, biomarkers may guide therapy and moni-
tor adverse reactions to specific treatments. Several biomarkers under investigation
for OsA include (Paek et al. 2015):

Circulating biomarkers relating to inflammation and cartilage or bone metabo-
lism Serum IL-6, a proinflammatory cytokine produced by lymphoid and other
cells, is elevated in patients with PsA versus skin disease alone, correlating with
number of joints affected. However, this cytokine is not a specific screening tool as
it may be upregulated by other inflammatory processes. Rather, a designated panel
of soluble biomarkers may best differentiate patients with psoriatic joint involve-
ment from those with only cutaneous lesions. Other biomarkers are osteoprotegerin,
high-sensitivity CRP (hs-CRP), cartilage oligomeric matrix protein (COMP),
MMP-3, and VEGF in patients with PsA versus psoriasis alone.
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Genetic biomarkers for PsA Genetic factors play a significant role in psoriasis, as
initially reported by the identification of psoriasis susceptibility-1 (PSORS1) in
family studies and association with major histo-compatibility complex (MHC) hap-
lotypes in case-control studies. Several SNPs are linked with therapeutic efficacy
and may serve as biomarkers to predict treatment response but the predictive poten-
tial for individual genes in psoriatic disease is minimal.

MicroRNAs Studies investigating the circulating miRNA profiles of patients with
psoriatic disease have found significant changes in the expression of several miR-
NAs when compared with healthy controls. Candidate biomarkers for psoriasis
include the upregulated expression of miR-33, miR-369-3p, miR-1266, and miR-
128 as well as the downregulation of let-7d, miR-142-3p, and miR-181a.

Osteoarthritis

Osteoarthritis (OA) is a painful disorder of joints characterized by destruction of
articular cartilage and remodeling of bone. It is a chronic disease with a long silent
period. The diagnosis is generally based on clinical symptoms radiological studies,
imaging