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Abstract
Protein biomarkers hold promise to support diagnosis, prognosis and monitoring of diseases. The
need for such biomarkers is escalating in a wide spectrum of diseases, ranging from autoimmune
conditions to rare disorders. For discovery and verification of such biomarkers, tools and strategies
are needed, which can facilitate a highly multiplex and high-throughput proteomic analysis of body
fluid samples. This thesis presents approaches addressing this need by implementing affinity arrays
for profiling proteins and autoantibody repertoires.

The common concept behind the investigations carried out in this thesis was to adopt
hypothesis-driven, as well as hypothesis-free approaches to create arrays of antigens or antibodies
produced within the Human Protein Atlas. Created arrays were used for multiplex profiling of
proteins or autoantibody repertoires in body fluid samples. Five such investigations have been
selected and included here, which demonstrate the application of these approaches.

In the first investigation, arrays of human protein fragments were implemented for profiling
autoantibody repertoires. A multiple sclerosis-related plasma sample collection was profiled for
autoantibody reactivity against 11,520 human protein fragments and 51 targets were proposed for
further analysis. The second investigation focused on verifying these targets in an independent
collection of over 2,000 plasma samples and identified an ion channel protein called anoctamin
2 (ANO2) as an autoimmune target candidate in multiple sclerosis. These two investigations
demonstrated the utility of the human protein fragments generated within the Human Protein
Atlas for profiling autoantibody repertoires, as well as the potential of the adopted hypothesis-free
strategy for discovery of novel autoimmune targets. The third investigation aimed to develop an
assay on bead-based antigen arrays for a parallel analysis of different antibody classes, as well as
their antigen-specific complement activation property. The utility of this assay was demonstrated
in the context of rheumatoid arthritis. The fourth investigation generated profiles for over 3,400
proteins in a multiple sclerosis-related plasma sample collection using bead-based antibody arrays.
A selected set of these proteins and other literature-based targets were subsequently profiled in
over 400 plasma samples, as well as in cerebrospinal fluid and brain tissue samples. Profiles
for five proteins including a transcription factor called interferon regulatory factor 8 (IRF8) were
highlighted, which now merit analyses in larger sample collections. In the fifth investigation, profiles
for 384 pre-selected proteins were generated on bead-based antibody arrays in plasma and serum
samples from muscular dystrophy patients. Analysis of 345 samples originating from three different
countries allowed for identification of eleven biomarker candidates including muscle-specific proteins
such as myosin light chain 3 (MYL3). These targets hold promise for development of new clinical
tests to assist disease diagnosis and monitoring in muscular dystrophies.

Taken together, the investigations presented in this thesis contributed to extend the application
range of affinity arrays in the context of different diseases including multiple sclerosis and muscular
dystrophies. The presented protein and autoantibody profiling approaches include valuable
concepts and strategies, which allow for an efficient discovery and verification of potential biomarker
candidates in body fluids by means of affinity arrays.
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Popular Scientific Summary
Proteins are the robot molecules of our bodies, doing all sorts of tasks they are programmed to do
by our genes. They maintain our health by keeping our cells, tissues, organs and systems up and
running. But, proteins are also responsible for and contain information about when the processes
in the body do not take place as they should and lead to diseases. For example, in case of a disease
starting to damage our muscle or brain tissue, a muscle- or brain-specific protein might leak into
our blood, which would otherwise not be present at a high level in blood. In other cases, our immune
system might get out of control and produce antibodies against its own proteins. Antibodies are
the key proteins of the immune system, recognizing and eliminating foreign molecules originating
from viruses and microbes. Yet, if the immune system mistakenly attacks body’s own tissues and
organs, we might expect blood to contain autoantibodies which have attacked the self-proteins.

In all these cases, knowing which proteins are at an altered level than usual in blood or knowing
which self-proteins the autoantibodies are mistakenly recognizing can help to understand diseases
on a molecular level. This information can be used to detect and monitor diseases by making use
of such biomarkers. But, how can such biomarkers be discovered to develop tests, which would
help doctors to diagnose diseases faster and earlier or to monitor the progress of diseases easier?

The work presented in this thesis can be considered as one of the ways to address this task. Here, the
approach is to develop experiments on the so-called affinity arrays made of antibodies or proteins.
These arrays are miniaturized arrangements of test sites either on microscopic glass slides ("chips")
or microspheres ("beads"). They allow to simultaneously analyze hundreds or thousands of proteins
or autoantibodies in blood or other body fluids. When this can be done in a comparative way by
analyzing several hundreds of samples from patients with a certain disease and healthy individuals,
proteins at an altered level or targets of autoantibodies which are not present in non-diseased
individuals can be discovered. These can be eventually utilized as disease biomarkers.

In the presented studies, affinity arrays were generated by utilizing the great number of affinity
reagents produced within the Human Protein Atlas. The Human Protein Atlas is a unique project
dedicated to produce representative protein fragments for each human protein. These are also used
to immunize rabbits to generate antibodies recognizing human proteins. In this thesis, arrays of
human protein fragments were utilized for analysis of autoantibodies in plasma of patients with
multiple sclerosis, a disabling disease of the central nervous system (Article I-II). After using over
11,000 protein fragments and analyzing over 2,500 samples, one interesting protein was identified as
a potential target of autoantibodies in multiple sclerosis (Article II). Certainly, developing assays
and experimenting with new assay concepts is closely engaged with application of affinity arrays.
In line with this, Article III aimed to develop an assay workflow for a more detailed analysis
of autoantibodies. In Article IV and Article V, arrays of several hundreds of antibodies were
utilized both in the context of multiple sclerosis and the rare diseases called muscular dystrophies,
leading to progressive muscle wasting. In both of these studies, a handful of proteins were identified
to be differentially abundant in plasma of multiple sclerosis or muscular dystrophy patients.

These and similar discoveries made in the studies within this thesis provide a promising contribution
to the understanding of the addressed diseases. These discoveries now require further and more
dedicated efforts to establish them as biomarkers. Yet, they demonstrated the utility of affinity
arrays for profiling the protein and autoantibody content of body fluid samples. Altogether, the
studies presented in this thesis expand the utility of affinity arrays for biomarker discovery.
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Populärvetenskaplig Sammanfattning
Proteiner är kroppens robotmolekyler som utför alla uppgifter som de programmeras till av våra
gener. De upprätthåller vår hälsa genom att de ser till att våra celler, vävnader och organ fungerar.
Då proteiner också är delaktiga när processerna i kroppen inte uppför sig som de ska så kan de
ge information om vad det är som inte fungerar när kroppen drabbas av en sjukdom. När till
exempel en sjukdom uppkommer som angriper vår muskel- eller hjärnvävnad kan det vara så
att ett muskel- eller hjärn-specifikt protein som normalt inte finns i blodet ändå läcker ut dit. I
andra sammanhang kan immunsystemet hamna i obalans och skapa antikroppar mot kroppens
egna proteiner. Antikroppar är immunsystemets nyckelproteiner som känner igen och oskadliggör
främmande ämnen från till exempel virus och bakterier. Om immunsystemet av misstag attackerar
kroppens egna vävnader och organ, kan även dessa så kallade autoantikroppar finnas i blodet.

Om man vid olika sjukdomstillstånd vet vilka proteiner som det finns förändrade nivåer av i blodet
eller om man vet vilka egna proteiner som autoantikropparna har känt igen av misstag, så kan det
hjälpa till att förstå varför och hur sjukdomar uppstår. Denna kunskap kan i sin tur användas
för att upptäcka och följa en sjukdoms utveckling. Hur kan då dessa så kallade biomarkörer
upptäckas så att det så småningom finns möjligheter att utveckla blodprov som till exempel skulle
kunna möjliggöra att en tidigare diagnos kan ställas?

Det är detta som arbetet som presenteras i denna avhandling handlar om. Mer specifikt om att
utveckla metoder och tillvägagångssätt för att hitta nya sjukdomsmarkörer med hjälp av så kallade
affinitets-arrayer. Dessa utgörs av stora samlingar av proteiner eller antikroppar som används till
parallell analys av hundratals autoantikroppar eller proteiner i till exempel blodprov. När dessutom
hundratals prover från olika individer med en viss sjukdom kan jämföras med lika många som inte
har denna sjukdom på dessa affinitets-arrayer finns det möjlighet att upptäcka proteiner som skulle
kunna fungera som markörer för denna sjukdom.

Affinitets-arrayerna som har använts här har möjliggjorts av tillgången till det mycket stora antal
antikroppar och proteiner som har skapats inom det KTH-baserade Human Protein Atlas projektet.
Arrayer med humana proteinfragment har använts för analys av autoantikroppar i plasma från
patienter med multipel skleros (Article I-II). Efter att ha analyserat 11,000 proteiner och 2,500
blodprover kunde vi identifiera ett mycket intressant protein som skulle kunna vara ett viktigt
målprotein för autoantikroppar inom multipel skleros och därmed inblandad i utvecklingen av
sjukdomen. Article III handlar om ett arbete som syftar till att utveckla ett optimerat protokoll
och arbetsflöde som möjliggör än mer detaljerad analys autoantikroppar. IArticle IV ochArticle
V har arrayer med flera hundra olika antikroppar använts för analys av blodprover både från
patienter med multipel skleros samt en ovanlig sjukdom där musklerna förtvinar. I bägge dess två
projekt så har en handfull proteiner hittats som man nu kommer att fortsätta att analysera för att
se vilken roll de spelar för uppkomsten och utvecklingen av dessa två sjukdomar.

De upptäckter som presenteras i de fem artiklarna utgör ett lovande bidrag till att kunna öka
förståelsen inom respektive sjukdom. Men det behövs fortsatta och utökade studier för att de
förhoppningsvis ska kunna etableras som biomarkörer. Resultaten visar på den stora potential
som finns med affinites-arrayer för storskalig analys av proteiner och autoantikroppar i blod för att
upptäcka nya biomarkörer.
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Preface
During my early attempts to contemplate the structure and content of this thesis, I soon realized
that the motive for why I would be writing it was of most importance. And the motive was already
hidden in the name of the academic degree I am pursuing for: Doctor of Philosophy.

Philosophia: Love of, or the search for, wisdom or knowledge.

I learned in high school how to love to read and write; got an engineering degree where I learned
how to play with heavy calculations with love and during the recent years I discovered and practiced
how to work with "beads and chips" with love. Writing this thesis was yet the expected next link of
this chain: I wrote it because of my love to search for more knowledge about how, why and when
affinity arrays were born. I wrote it because of my need to reflect upon how and why I use them;
when and why do other researchers use them and what kind of research questions we can and are
currently addressing within life-sciences by means of them.

While writing, I anticipated that this thesis might be read by colleagues with a clinical background
who are relatively less familiar with the technical aspects; by researchers involved in technology
development who are relatively less familiar with certain biological aspects; and by others who
are neither clinically nor technically oriented. I therefore aimed to give an overview of the basic
biological and technical concepts which I considered relevant within the context of this thesis work.

Believing that a good understanding of the present is built upon the awareness of past ideas and
discoveries, I also frequently incorporated a historical perspective within the discussions. The
breadth of the scope, in turn, forced me to dive into various areas where I discovered how little
I knew. I truly enjoyed getting out of the comfort zone and attempting to explore such concepts
which were less familiar to me. Yet, some incomplete presentations of technical or biological facts
or aspects might have remained.

Although I payed utmost attention to identify and document seminal works within the field of
affinity arrays and their applications, due to the rich scientific output in recent years and due to
the limited space available, I certainly could not fully document all important contributions. Any
such omission would have been made though in good faith.

Today I might know more than the day I started to write this thesis, yet I still know little. I
however feel ready now to experiment and search for more knowledge at this crossroad of medicine,
technology and biology. The path of identifying and verifying disease biomarkers might be, or
might not be, the modern version of the myth of Sisyphus, who had to roll a big boulder up a
mountain - only to watch it plunge to the bottom each time he would approach the summit and
to repeat this again and again. Today I feel ready to continue to learn and explore more about
new technological tools and biological concepts which I can apply - in order to find out whether
the myth is indeed just a myth or not.

Burcu Ayoglu
Stockholm, 11 July 2014
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Part I

Introduction

1





1 Proteins

Were it not for all the elegant mechanisms involving hundreds and thousands of proteins
in our bodies, we would not be able to breathe. Or see, hear, walk, think, talk, read or
write. Man’s interest comes as no surprise to explore this molecular organization created
by the proteins to establish and maintain health, as well as to understand the molecular
chaos created by them in disease.

Today we know that the protein domain is the most ubiquitously affected molecular
domain in human diseases. In this introductory chapter, I will give a very brief and
mostly historical overview of the discoveries and accomplishments, which built up this
realization and interest in exploring proteins with the aim to identify molecular signatures
of diseases.

1.1 Proteins as Workforce Molecules of Life

Cellular reality is more elaborate than
the dreams of even the nucleus itself.

Anderson and Anderson (1998)

Proteins are nature’s robot molecules executing the biochemical tasks dictated by the
information encrypted within the genetic code (Crick, 1970). As indicated by the origin of
the term, proteios, meaning "primary" or "of first rank" in Greek (Hartley, 1951, Vickery,
1950), proteins are the primary molecules involved in nearly every structure and process of
life: They serve as enzymes to facilitate biochemical reactions; they serve as hormones for
endocrine signaling; they transport oxygen, nutrients and metabolic waste products; they
provide structural framework at cellular and tissue level or they provide defense against
pathogens.

Following the coining and adoption of the term protein by Jöns Jacob Berzelius
(1779–1848) and Gerardus Johannes Mulder (1802–1880), respectively, Hermann Emil
Fischer (1852–1919) was the one to propose the term peptide (Fischer, 1906), which was
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1 Proteins

later supported by Frederick Sanger (1918–2013), who determined the primary structure
of insulin in 1953 and provided further evidence for the peptide nature of proteins (Sanger,
1945). Kaj Ulrik Linderstrøm-Lang (1896–1959) subsequently introduced the terminology
which we still use to describe protein structure (Linderstrøm-Lang, 1952): The primary
structure describing the linear sequence of amino acids; the secondary structure describing
the hydrogen bond stabilized structures such as α-helices and β-sheets; the tertiary
structure describing the folding of the polypeptide chain leading to a compact globular
structure and the quaternary structure describing the arrangement of multiple protein or
polypeptide subunits (Figure 1.1).

Figure 1.1: Waltz of the polypeptides.
A sculpture representing the tertiary structure of the B lymphocyte activating factor (BAFF
or BLyS) protein playing a crucial role in maintaining normal immunity. Part of a 70 m. long
mixed-media artwork by Mara Haseltine titled "Waltz of the Polypeptides" installed at Cold
Spring Harbor Laboratory (CSHL) Long Island, NY. Photo taken by Burcu Ayoglu at CSHL,
July 2012.

The sequence of the four different nucleotides in the genetic code encodes for twenty
different amino acids (Crick et al., 1961), hundreds of which are combined in different ways
to build the primary structures of proteins, which then become functional upon folding into
their tertiary structures (Anfinsen, 1973). As of the date this thesis was written, there
were 20,805 protein-encoding genes in the human genome, building the non-redundant
collection of human proteins (Ensemble Database version 75.37, Flicek et al. (2014)). As a
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result of a process called alternative splicing (Leff et al., 1986, Mironov et al., 1999), each
of these protein-encoding genes can yield several protein variants in eukaryotes, or several
proteoforms, in a recently introduced terminology by Smith et al. (2013). The diversity
of human proteins is increased further by several co- or post-translational modifications
(PTMs). These and other possible forms of variations, such as combinatorial variations
generated by somatic deoxyribonucleic acid (DNA) rearrangements, increase the estimated
number of all human proteins up to hundreds of thousands, if not few millions (Harrison
et al., 2002, Uhlén and Ponten, 2005). Since Marc Wilkins’s proposition of the term in
late 1990′s, this entire complement of proteins expressed by a genome is described as the
proteome (Wilkins et al., 1996).

The Human Genome Project (HGP), conceived in 1980′s and launched in 1990, was
announced as complete in April 2003, celebrating the 50th anniversary of Francis Harry
Crick (1916–2004) and James Dewey Watson’s discovery of the structure of DNA (Watson
and Crick, 1953). HGP delivered a finished human reference genome (Human Genome
Sequencing Consortium, 2004) and this was considered as one of the most important
scientific undertakings of all time. HGP was compared to the Apollo Moon Landing
Project to indicate that both projects held the promise to provide the foundation for
expanding man′s knowledge: one in space science and the other regarding the molecular
basis of life. Yet, soon after this accomplishment, the inadequacy of the sequence of
the human genome alone in elucidating physiological processes became clear and the
attention turned to the next challenge, namely to "decipher" the human proteome. A
similar effort aiming to characterize the human proteome was initiated in 2010 by the
Human Proteome Project (HUPO-The Human Proteome Organization, 2010). Despite
the enormously complex nature of the human proteome as opposed to the finite nature
of the genome, a deep exploration of the proteome and its changes under the influence
of biological perturbations, such as disease or drug treatment, is currently still one of the
collective ambitions in life sciences.

1.2 Proteins as Disease Biomarkers

Declare the past, diagnose the present,
foretell the future; practice these acts.

Hippocrates

Although the first use of the term biomarker in a published report dates back to 1980
(Paone et al., 1980), the first biomarker, Bence-Jones protein, was in fact discovered in
1847 (Jones, 1848) by the "father of clinical chemistry" Henry Bence Jones (1813–1873).
More than 100 years later, it was characterized to be a tumor-produced free antibody light
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chain (Korngold and Lipari, 1956) and was approved by the Food and Drug Administration
(FDA) in 1998 as a diagnostic biomarker for multiple myeloma.

Yet, a widely accepted definition of a biomarker, namely a biological marker, was not
provided until the end of 1990′s (National Institute of Health-Definitions Working Group,
2000). As suggested by the National Institutes of Health (NIH), a biomarker is "a
characteristic that is objectively measured and evaluated as an indication of a normal
biologic process, a pathogenic process or a pharmacologic response to a therapeutic
intervention". Although this definition engulfs physical features (e.g. change in skin color)
or physiological metrics (e.g. body temperature), the term is currently used rather as
a shorthand for molecular biomarker, as I will also refer to in the following parts of the
thesis.

Biomarkers can be categorized in several ways and can take several forms regarding the
type of biomolecule being used as an indicator (Aronson, 2005). While the discussion
in this thesis will rather focus on protein biomarkers, there are other forms of molecular
biomarkers such as DNA, RNA or metabolite biomarkers, which can be present or excreted
by the body and can be measured in biological media such as body fluids, tissues or cell
lines. Biomarkers are needed in various clinical settings for different purposes: diagnostic
biomarkers for detection or staging of a disease; prognostic biomarkers for forecasting the
likely course of a disease and response biomarkers, or sometimes referred to as predictive
biomarkers, for identification of sub-populations of patients which might respond to a given
treatment (Chatterjee and Zetter, 2005).

Certainly, the greatest area of benefit, both for individuals and the health care system,
relates to the detection of early stage of diseases, rather than to the treatment of
diseases at a more advanced stage (Etzioni et al., 2003). Such protein biomarkers are
therefore anticipated as the potential enablers of a more preventive, more stratified
and even personalized medicine, which are concepts being envisioned for almost two
decades (Hanash, 2003). Due to high mortality rates, the quest for such biomarkers for
various cancer types has been certainly dominating the efforts within the field of protein
biomarker discovery. However, the need, interest and investments have escalated in a
broad spectrum of other conditions with continuously increasing prevalence rates, ranging
from neurodegenerative disorders such as Alzheimer’s disease to autoimmune diseases such
as type 1 diabetes. The investigations presented in this thesis aimed to identify such
biomarkers, for instance, in the context of multiple sclerosis and muscular dystrophies. In
later chapters and as the main subject of this thesis, I will discuss some of the available
tools and strategies which can facilitiate the quest for disease biomarkers.
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Affinity can be defined as the degree of the attractive force between molecules, which causes
them to interact with each other. The complex machinery within all living organisms,
including man, is based on affinity. Yet, affinity is not only a natural phenomenon but
also a powerful and versatile tool in the toolbox of the life-scientist.

The main subject of this chapter will be antibodies, which can be considered as proteins
specialized to function as affinity proteins. I will first describe antibodies as a part of the
functional immune system and then as assassins serving the "dark-side" of a dysregulated
immune response, leading to autoimmune conditions. I will finally describe antibodies
as affinity reagents and highlight their utility as a research tool offering possibilities to
explore the human proteome.

2.1 Antibodies as Key Molecules of the Immune System

Studying the immune system is like
peeling an onion: beneath each layer
we find another; chopping the onion will
bring tears . . . only during peeling does
it speak the truth.

Lakkis (2012)

The immune system is like an orchestra consisting of various types of tissues, cells and
molecules, where no player alone can create a symphony on its own, yet each of them
and their interactions are needed for the symphony. This orchestra of the immune system
allows for recognition and elimination of a diverse range of pathogens and toxins to protect
an organism, while sparing its own constituents.

Immunological mechanisms can take place at different levels, which can be categorized
under the two main forms of immunity: the innate and the adaptive immunity (Figure 2.1).
Innate immunity is the "inborn" first-line of defense, not providing an antigen-specific
recognition, and is found in all metazoan organisms. The more sophisticated adaptive or
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Figure 2.1: A simplified view of the immune system.
An overview of different levels and different types of cells of the immune system. A
functional immune system can be viewed to consist of anatomic and physiological barriers
and innate immune mechanism providing a first-line defense, and the adaptive immune
mechanism providing a second-line defense. The cell-mediated adaptive immunity is regulated
by T-lymphocytes and the humoral adaptive immunity is mediated by different classes of
antibodies.

"acquired" immunity, found only in vertebrates, displays a high degree of specificity and
memory. The components of the innate immune system include various anatomical and
physiological barriers, as well as various types of cells, such as neutrophils and macrophages
and several secretory molecules, such as proteins of the complement system. Similarly, the
adaptive immunity has two branches: the cell-mediated immunity, regulated by T-cells
and the humoral immunity mediated by antibodies.

The antibody production pathway begins when the antigen-binding receptors of B-cells
recognize and bind an antigen circulating in the humor – a medieval physiology term for
body fluid. This initiates the recruitment of helper T-cells secreting cytokines, which in
turn help the activation and proliferation of B-cells into antibody-secreting plasma cells.
The secreted antibodies have two essential roles - the first is to bind to the epitope of the
antigen via their antigen-binding domains residing at the tip of the arms and the second
is to flag the antigen and ensure its removal through various effector functions such as
activation of complement pathways or phagocytosis via their effector domain residing in
the tail (Elgert, 2009, Mak et al., 2013, Parkin and Cohen, 2001).
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The fundamentals of the innate immunity were laid by Elie Metchnikoff (1845–1916), who
discovered and coined the terms phagocytes and phagocytosis in 1894. In 1900, Paul Ehrlich
(1854–1915) proposed the side-chain theory of antibody formation, laying the principles of
adaptive immunity. During the beginning of the 20th century, the theories of innate and
adaptive immunity created an epic debate, or rather a battle, and the field of immunology
witnessed a dichotomous period regarding whether the source of an immune response is
innate or adaptive (Kaufmann, 2008, Silverstein, 1991). Yet today, the importance of and
the close and complex interplay between both innate and adaptive arms of the immune
systems is acknowledged (Fearon, 1997, Fearon and Locksley, 1996).

2.1.1 History, Anatomy and Functions of the Antibody Molecule

Antibodies can be likened to
ready-made suits. The antigen is
a buyer who decides to pick a number
of different suits that fit more or less
well, rather than instruct a tailor
to make one suit to fit him. To be
satisfied, the buyer must patronize a
store with a very large stock of suits in
a great variety of sizes and styles. The
immune system is like a store with an
almost unlimited stock, one ready to
please any possible customer.

Edelman (1970)

Our comprehension of antibodies derives from a long series of classical observations
related to early studies of vaccination by Edward Jenner (1749–1823), Louis Pasteur
(1822–1895) and Robert Herman Koch (1843–1910), the fathers of immunology. The term
Antikörper, the German word for antibody, was first used in a work of Paul Ehrlich in 1891
(Ehrlich, 1891), although a year earlier Adolf Emil von Behring (1854-1917) and Kitasato
Shibasaburō (1853–1931) had described them as antitoxins (Behring and Kitasato, 1890),
setting the grounds for the humoral theory of immunity. Following the works of these
architects of immunochemistry, as coined by Svante August Arrhenius (1859–1927),
subsequent technological advancements such as the invention of ultracentrifugation by
Theodor Svedberg (1884–1971) (Svedberg and Rinde, 1924) and electrophoresis by Arne
Wilhelm Tiselius (1902–1971) (Tiselius, 1937) led to the finding by Tiselius and Elvin
Abraham Kabat (1914–2000), that antibodies are found in the gamma-globulin fraction
of serum (Tiselius and Kabat, 1939), providing the origin of the term immunoglobulin
(Ig). The establishment of the anatomy of antibody molecule was enabled mainly by the
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"molecular surgery" works of Gerald Maurice Edelman (1929–2014), Rodney Robert Porter
(1917–1985) and Alfred Nisonoff (1923–2001), who, using different strategies, found that
enzymatic cleavage or reduction of the antibody molecule results in stable fragments of
different sizes (Edelman, 1959, Nisonoff et al., 1960, Porter, 1959).

Heavy chain (α, δ, ε, γ or μ)
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Figure 2.2: Structure of an immunoglobulin.
An antibody molecule is made of four polypeptide chains: two heavy chains and two light
chains, each consisting of a variable region containing complementarity-determining regions
(CDRs) and a constant region. The heavy and light chains are linked by inter- and intra-chain
disulfide bonds. The arms of the antibody molecule are termed the Fab fragments and the
constant regions of the heavy chain make the Fc fragment, which has several effector functions.
There are two types of light chains, κ and λ, with no known functional differences, whereas
the five different types of heavy chains, α, δ, ε, γ and µ, determine whether an antibody is of
IgA, IgD, IgE, IgG or IgM class.

Owing to all the remarkable work by all these, and undoubtedly several other contributors
not mentioned above, today we know that the structural unit of antibodies is a glycoprotein
consisting of about 1,300 amino acids and four polypeptide chains, two identical light and
two identical heavy chains (Figure 2.2). The heavy chains, each of a molecular weight
(MW) of ∼ 50,000 Daltons (Da), and the light chains, each of a MW of ∼ 25,000 Da,
are stabilized and linked by inter- and intra-chain disulfide bonds. The regions of the
heavy and light chains involved in antigen binding are called variable regions and the
remaining portions are called constant regions of each chain. The identical "arms" of the
antibody molecule are termed Fab fragments (fragment, antigen-binding), whereas the
constant regions of the heavy chain make the Fc fragment (fragment, crystalline), which
has many effector functions such as binding to various proteins of the complement system or
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interacting with cell surface receptors called Fc receptors, expressed e.g. on macrophages
and monocytes. The variable regions of the heavy and light chains each contain three
regions with extremely variable amino acid sequences, the hyper variable regions, each
5-10 amino acids in length. These regions, called complementarity-determining regions
(CDRs) constitute the actual binding surface to the antigen, the so-called paratope, and also
determine the specificity of the antibody (Elgert, 2009, Kindt et al., 2007). The antigenic
determinants recognized by the antibodies are called the epitopes of the antigen, which can
be either continuous or discontinuous∗. Antibody affinity can be considered as the strength
of interaction between an epitope of an antigen and the paratope of an antibody. The
affinity of antibody-antigen interaction is defined by the same thermodynamic principles
which applies to any reversible biochemical interaction. It is therefore often expressed by
the equilibrium dissociation constant Kd. Avidity, on the other hand, can be considered as
the "functional affinity" as it describes the overall strength of an antigen-antibody complex
which is determined not only by the affinity, but also on the valency of both the antigen
and the antibody (Karush, 1978).

There are two types of light chains present in immunoglobulin molecules of humans, which
are denoted κ and λ. Although there are yet no known functional differences between κ and
λ-containing antibodies, the five different types of heavy chains denoted α, δ, ε, γ and µ,
determine whether an immunoglobulin is of IgA, IgD, IgE, IgG or IgM class, respectively,
each with closely related but different structural and functional characteristics (Figure 2.3).
IgA, IgD and IgM antibodies have also two subclasses, whereas IgG has four subclasses.

The main functions of these five antibody classes, building the antibody armory of the
humoral adaptive immunity, can be briefly outlined as follows: IgE is found in trace
amounts in blood serum but it is bound to basophils and mast cells throughout the body
and is associated with hypersensitivity and allergic reactions, as well as anti-parasitic
activity. IgD antibodies remain membrane-bound and they function as an antigen receptor
on B-cells which have not been exposed to antigens yet. IgA antibodies are found in several
mucosal surfaces in the body, such as the gut, urogenital tract and respiratory tract, where
they provide localized protection against pathogens. They have a half-life of six-eight days
and they constitute 10-15% of the total serum immunoglobulin. IgM constitutes 5-10%
of the total serum immunoglobulin. It is the first immunoglobulin expressed during a
primary immune response against an antigen, whereas IgG is the predominant antibody
in serum during secondary immune response, namely upon subsequent encounter with the
same antigen. The Fc portion of IgG antibody can bind to phagocytes, thus it enhances

∗In fact, the nomenclature used to describe epitope classes is still ambiguous. One nomenclature,
originally proposed by Sela et al. (1967), classifies epitopes as sequential vs. conformational. Another
nomenclature, proposed by Hurrell et al. (1977), distinguishes between linear vs. spatial epitopes. In
this thesis, I have preferred to use the nomenclature proposed by Atassi and Smith (1978), who classified
epitopes as continuous vs. discontinuous.
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phagocytosis. IgG can also cross the placenta and provide passive immunity to fetus.
Antibodies of IgG class have the longest half-life in serum (23 days) and they constitute
80% of the total serum immunoglobulin. Both IgM and IgG can lead to opsonization
(coating) of an antigen for destruction and can activate the complement system, as I will
discuss in more detail in the next section (Elgert, 2009, Janeway et al., 2001, Wood, 2006).

Secretory IgA
Dimer

IgD
Monomer

IgE
Monomer

IgG
Monomer

IgM
Pentamer

Figure 2.3: Classes of immunoglobulins.
Representation of the five classes of immunoglobulins in humans. IgD, IgE and IgG are present
as monomers. IgA molecules are produced as monomers but plasma cells secrete them as dimers
composed of two monomeric IgA molecules covalently linked through the J chain (colored
in red), a 137 amino acid long polypeptide, and a secretory component (colored in green).
IgM is mostly a pentameric molecule consisting of five covalently linked monomers and a J
chain (colored in red), although it also exists in a hexameric form without a J chain. IgA
monomers, IgD, IgG and IgE have two antigen binding sites, thus they are bivalent, whereas
IgM pentamers are decavalent.

2.1.2 Antibodies as Activators of the Complement System

Complement has truly come out
of hiding and shown fascinating
connections we had never before
imagined, and these hidden connections
might indeed be stronger than the
original, obvious ones.

Ricklin et al. (2010)

While Metchnikoff proposed the role of phagocytes in the host immune response against
microbial pathogens, other microbiologists, such as Hans Ernst Buchner (1850–1902)
and Jules Vincent Bordet (1870–1961) became fascinated about the humoral response to
microbial pathogens and discovered mysterious properties of the blood (Ferenčík, 1993).
In 1890, Buchner described a "substance" in cell-free blood serum which was capable
to lyse bacteria and he named this substance Alexin (Buchner, 1889). In 1894, Bordet
demonstrated that if serum was stored at room temperature or heated at 55◦ C for 30
minutes, the bacteria could still be agglutinated but serum’s ability to lyse bacterial cells
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was lost, which however could be restored by addition of fresh, unheated serum. Bordet
subsequently postulated that serum’s ability to lyse bacteria and red blood cells depended
on two components: a stable and specific substance (namely the agglutinating antibodies
as discovered by Behring in 1890) and a heat-sensitive, non-specific Alexin responsible for
lysis of cells or bacteria (Bordet and Gengou, 1901). Paul Ehrlich and Julius Morgenroth
(1871–1924), who simultaneously conducted similar studies and obtained resembling
results, named this heat-sensitive component das Komplement as it "complemented" the
antibody response, yet as opposed to Bordet, Ehrlich proposed that each antibody would
be not only specific for an antigen but also for a complement molecule (Ehrlich and
Morgenroth, 1899). Later, Bordet’s concept of a rather non-specific complement proved
to be correct, although Ehrlich’s nomenclature survived (Silverstein, 2001b, 2009) and in
1907, Adolfo Ferrata (1880–1946) was the first to propose that complement is not a single
entity but rather a complex of proteins present in normal serum (Ferrata, 1907).

The complement system has an "ancient" origin (Nonaka, 2001). It is the major humoral
component of the innate immunity and underlies one of the main effector functions of
antibody-mediated immunity. As recently reviewed by Ricklin et al. (2010), it consists
of over 30 different serum proteins and cell surface receptors, where the nomenclature
of them ("C" followed by a number or "Factor" followed by a letter) originated from the
order of their discovery. The majority of the complement system proteins are zymogens,
namely inactive proenzymes, which become activated upon proteolysis. Once activated,
they become proteases, which cleave other complement proteins to activate them in turn.
Thus, the proteins of the complement system work in an amplifying cascade, similarly to
other humoral cascade system such as coagulation (Janeway et al., 2001, Walport, 2001).
The majority of the complement system proteins such as C3, the pivotal protein of the
complement system (Erdei et al., 1991), are produced and secreted by the hepatocytes
(liver cells) (Alper et al., 1969). However other proteins such as C1q, C7 and properdin
have been shown to be derived e.g. from monocytes and tissue macrophages as reviewed
by Morgan and Gasque (1997).

The complement system can be activated through three different biochemical pathways,
as reviewed e.g. by Dunkelberger and Song (2010) and outlined in Figure 2.4. Although
these pathways differ in the mechanisms initiating them, they all result in the generation
of homologous enzyme complexes, namely C3 convertases, that can cleave the most
abundant complement protein C3. Cleavage of C3 is followed by a terminal stage involving
the cleavage of C5, which is common for all the complement activation pathways and
involves creation of the membrane attack complex leading to direct osmotic lysis of cells
(Müller-Eberhard, 1986), that can be cleared by specialized macrophages such as Kupffer
cells. Importantly, complement activation is regulated to minimize damage to host cells,
which is achieved by a series of both soluble and membrane-bound complement regulatory
proteins (Kim and Song, 2006, Zipfel and Skerka, 2009) .
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Figure 2.4: A simplified overview of the complement activation pathways.
The complement system can be activated via three major pathways: classical, lectin and
alternative pathway. The alternative pathway is activated by spontaneous and continuous
hydrolysis of complement component 3 (C3) molecule in the presence of Factors B and
D, leading to formation of C3 and C5 convertases stabilized by properdin. The classical
pathway is induced mainly by C1 binding to antibody-antigen complexes, resulting in the
cleavage C4 and C2. The lectin pathway is activated when mannose-binding lectin or ficolins
encounter conserved pathogenic carbohydrate motifs, upon which several mannose-associated
serine proteases (MASPs) get activated, cleaving again C4 and C2. Cleavage products of C4
and C2 build the C3 convertase of the classical and lectin pathways, which cleaves C3 into C3a
and C3b, where the latter forms the C5 convertase of the classical and lectin pathways. All the
three pathways converge in the formation of the convertases, which in turn produce the three
main effectors of the complement system: The membrane attack complex (MAC), opsonins
(e.g. C3b) and anaphylatoxins (C3a, C4a and C5a). C3b induces phagocytosis of opsonized
antigens; MAC, which is an assembly of complement proteins C5b through C9, enables direct
osmotic lysis of cells and the anaphylatoxins are potent, cytokine-like polypeptides mediating
inflammation.
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The pathway that was discovered and characterized first is the classical pathway, which is
typically initiated by IgG or IgM antibodies in complex with antigens under the presence
of C1, C4 and C2 molecules and calcium and magnesium cations (Ca2+ and Mg2+)
(Müller-Eberhard, 1988). IgM antibodies are the most efficient antibodies to activate
the complement system. Among the IgG subclasses, IgG1 and IgG3 are the most effective,
followed by IgG2, where IgG4 is not able to activate the complement system. The
alternative pathway, which in fact is evolutionarily older than the classical pathway, is
not dependent on antigen-antibody complexes. It can be activated upon spontaneous
hydrolysis of C3 to C3b protein and formation of a C3 convertase directly on pathogenic
cell surfaces in the presence of Mg2+, properdin, Factor B and Factor D in normal serum
(Müller-Eberhard and Schreiber, 1980). The more recently discovered lectin pathway
(Ikeda et al., 1987) is activated upon binding of mannose-binding lectin or ficolins and
other mannose-associated serine proteases to carbohydrates or acetyl groups on the cell
surface of pathogens (Fujita et al., 2004). Accordingly, the lectin and alternative pathways
are the components of the innate immune response, whereas the classical pathway is a
crucial mechanism of the antibody-mediated adaptive humoral response.

2.2 Antibodies as Hallmarks of Autoimmune Diseases

The conception that antibodies, which
should protect against disease, are also
responsible for disease, sounds at first
absurd.

Clemens Peter Freiherr von Pirquet

In 1901, Paul Ehrlich postulated his theory of Horror Autotoxicus (Ehrlich and
Morgenroth, 1901), which has been mostly -and incompletely- interpreted over decades
to claim that immune response can be directed against the non-self antigens but not
against the self-antigens. As clarified retrospectively (Silverstein, 2001a), Ehrlich’s Horror
Autotoxicus theory did in fact not entirely prohibit the formation of autoantibodies and
did not discount the possibility of autoimmunity, but rather suggested that even such
autoantibodies, namely autotoxins, would be formed, they would be prevented by certain
(and by that time still unknown) mechanisms from exerting any destructive effect in the
body.

Ehrlich’s theory, or at least the perception it created, received its first challenge when Julius
Donath (1870–1950) and Karl Landsteiner (1868–1943) provided the first solid evidence
that autoantibodies might exist and be the cause of human diseases, in this case the disease
called paroxysmal cold hemoglobunaria (Donath and Landsteiner, 1904). Yet interestingly,
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due to Ehrlich’s influential theory, the likelihood of autoantibodies being present and
causing a destructive autoimmune reaction was scarcely contemplated, let alone accepted
until the 1960′s (Jennette and Falk, 2010, Silverstein, 2009).

In 1957, Frank Macfarlane Burnet’s (1899–1985) landmark clonal selection theory of
antibody formation provided the possible mechanisms for Ehrlich’s anticipation regarding
how the immune reactivity against self-antigens could be prevented from exerting any
destructive effect (Burnet, 1957). Incorporated into Burnet’s clonal selection theory
–namely that each B-cell has a specificity for a particular antigen and binding to this
antigen results in proliferation and production of increased amount of antibody– was also
the hints of a clonal deletion theory, clarified later by Joshua Lederberg (1925–2008)
(Lederberg, 1959). The clonal deletion theory claimed that B-cells recognizing any
self-antigens would be "deleted" from the immune repertoire before achieving functional
maturity, with the exception of the sequestered antigens expressed in sites of no contact
with immune system, such as lens, brain or sperm (Dighiero and Rose, 1999). Ehrlich’s
aversion to the concept of autoantibodies and autoimmunity, later inherited by Burnet
and incorporated into a comprehensive theory, was challenged again 50 years later, when
thyroid-specific autoantibodies could be identified in the blood serum of patients with
Hashimoto’s disease (Doniach and Roitt, 1957), the first disease to be recognized as an
autoimmune disease. Subsequent discoveries in other disease contexts about the presence of
autoantibodies provided the stimulus for a further understanding of autoimmune diseases
and the mechanisms behind them.

2.2.1 Autoimmunity as a Cause of Disease

Everything is autoimmune until proven
otherwise.

Shoenfeld (2013)

The potential antigen recognition diversity of the immune system in terms of its B-cell
and T-cell receptors (BCRs and TCRs) is achieved via somatic gene modifications in BCR
and TCR genes in the central lymphoid tissues (bone marrow and thymus) and peripheral
lymphoid tissues (spleen, tonsils, lymph nodes) and is estimated to be 2.5x107 for each cell
type (Janeway et al., 2001). During this process of random antigen receptor production,
between 20 to 60% of BCRs and TCRs inevitably display self-reactivity, as shown for
instance for immature B-cells (Wardemann, 2003).

This large fraction of self-reactive early BCRs and TCRs provides evidence for control
mechanisms preventing B- and T-cells from attacking almost every other protein in
one’s own body tissues. These control mechanisms, referred to as tolerance, develop
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in the bone marrow for B-cells and in the thymus for T-cells by means of apoptosis
(programmed cell death) and clonal deletion –as originally envisaged by Burnet– but
also by means of receptor editing, which allows editing of the self-reactive receptors by
further gene modifications to display not self-reactive receptors. Self-reactive B- and T-cells
escaping these central tolerance mechanisms in the central lymphoid tissues and migrating
to peripheral lymphoid tissues can still be kept in an anergic state (i.e. functionally
inactivated or unresponsive). This can occur via e.g. limited supply of essential growth
factors or via mechanism involving active suppression by regulatory T-cells, as reviewed
by Schwartz (1989), Sakaguchi (2000) and Goodnow et al. (2005).
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Figure 2.5: Conceptual representation of the self and non-self immune reactivity.
A balanced level of immune reactivity between self and non-self is crucial for the maintenance
of a normal immune homeostasis. A dysregulated and elevated self-reactivity results in
autoimmune diseases. Similarly, a dysregulated and either diminished or elevated non-self
reactivity results in allergy and hypersensitivity diseases or immuno-deficiencies, respectively.

Dysregulation of these checkpoint mechanisms results in disruption of the homeostatic
balance between self- and non-self reactivity and facilitates the development of
autoimmunity. Contemporary and revised views acknowledge that a certain degree of
autoimmunity is inevitable and indeed physiologically needed (Schwartz and Cohen, 2000).
A balance between self- and non-self reactivity is believed to be crucial for the maintenance
of a normal immune homeostasis (Avrameas and Selmi, 2013). Thus, as illustrated in
Figure 2.5, autoimmune diseases arise due to a dysregulated and elevated self-reactivity,
where similarly, a dysregulated and either diminished or elevated non-self reactivity can
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lead to other immunolopathological conditions, such as immuno-deficiencies or allergy and
hypersensitivity diseases (Jennette and Falk, 2010). Interestingly, these conditions can
even concomitantly occur in the same patients (Bartůnková et al., 2009, Etzioni, 2003).

The possible mechanisms underlying this dysregulation of self-tolerance processes are
still poorly understood, however the onset of autoimmune diseases is believed to be
multi-factorial, involving complex interactions between genetic susceptibility, exogenous
factors, hormonal factors and environmental triggers as reviewed by Christen and Herrath
(2004), Atassi and Casali (2008) and Shoenfeld et al. (2008b). Regarding the genetic
factors, strong associations have been established for over fifty years between genetic
susceptibility to autoimmunity and particular alleles of the major histocompatibility
complex (MHC) class II genes? (Klein and Sato, 2000). MHC molecules play a crucial role
in antigen presentation to T-cells. Certain MHC polymorphisms can therefore potentially
influence the susceptibility to a given autoimmune condition by enhancing the presentation
of antigens in the periphery. This, in turn, might results in increased T-cell activation, or
by ineffective presentation of self-antigens during central tolerance in the thymus, which
can cause e.g. more aggressive T-cells or fewer numbers of regulatory T-cells (Christen
and Herrath, 2004).

Infectious agents, such as the Epstein-Barr virus (Pender, 2004), are considered among
exogenous factors with a potential to trigger different mechanisms by which infection
can lead to onset of an autoimmune response (Kivity et al., 2009, Pordeus et al., 2008,
Wucherpfennig, 2001). For instance, a usual immune response against an infectious
agent with sequence or structural similarities to a self-antigen might result in cell clones
recognizing self-antigens, a mechanism referred to as antigen mimicry (Blank et al., 2007).
Similarly, a so-called bystander activation can non-specifically wake anergic cells with a
self-reactive potential and lead to enhanced processing and presentation of self-antigens.
This can further stimulate an expansion or spreading of immune response towards other
self-antigens, a mechanism referred to as epitope spreading (Vanderlugt and Miller, 2002).
Besides infectious agents, other environmental factors, such as prolonged exposures to
certain toxic chemicals (Yoshida and Gershwin, 1993) or drugs (D’Cruz, 2000) might play
a role in onset of autoimmune diseases.

Currently, there are over 80 diseases recognized as or suspected to be autoimmune
conditions (Hayter and Cook, 2012). They cumulatively affect 5-8% of the population
in Europe and USA (Eaton et al., 2007, Shoenfeld et al., 2008a), with around 75% of the
patients being female (Gleicher and Barad, 2007, Whitacre, 2001). Autoimmune diseases
constitute the third most common disease group in USA after cancer and cardiovascular
diseases (National Institute of Health-The Autoimmune Disease Coordinating Committee,

?In humans, the locus of genes on chromosome 6 encoding for MHC is referred to as human leukocyte
antigen (HLA) system.
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2005). Majority of the autoimmune diseases are life-long, chronic and often disabling
conditions manifesting themselves at a relatively young age. Thus, they have a
disproportionate impact on health care system, for instance with an estimated yearly direct
cost of over $100 billion in USA alone (Shoenfeld et al., 2008a). Autoimmune diseases are
also a very diverse disease group. There is an autoimmune disease affecting nearly every
organ in the body. Clinically, they are categorized as either organ-specific (e.g. multiple
sclerosis, type I diabetes, Hashimoto’s thyroiditis) or systemic, namely affecting multiple
organs and tissues (e.g. rheumatoid arthritis, systemic lupus erythematosus, primary
Sjögren’s syndrome) as reviewed by Davidson and Diamond (2001) and Marrack et al.
(2001). A shared feature of autoimmune diseases is though the presence of pathogenic
autoantibodies and the contribution of both humoral and cellular immune responses to
tissue injury.

2.2.2 Pathogenic vs. Non-Pathogenic Autoantibodies

The repertoire of target autoantigens
is a Wunderkammer – a collection
of curiosities – of molecules with no
obvious linking principle.

Plotz (2003)

Although counterintuitive, immune cell repertoire contains many self-reactive immune cells
and it is an empirical fact that natural autoantibodies can be found in the blood serum
of healthy individuals. Circulating natural autoantibodies are polyreactive antibodies
produced at tightly regulated levels. They have weak to moderate affinity, undergo minimal
or no somatic mutation, and are often of IgM, but also of IgG or IgA classes (Avrameas,
1991, George et al., 1997, Grönwall et al., 2012). These low-affinity antibodies, fulfilling
the definition of autoantibodies but being also able to react with non-self antigens, in
particular target nuclear proteins and DNA. Natural autoantibodies have been shown to
have important and physiologically protective roles in several biological processes. This
includes, but is not limited to the participation in the fist-line defense against toxins
and infectious agents; antigen presentation to T-cells, B-cells and antigen-presenting
cells; removal of apoptotic cells; clearance of cellular debris and subcellular particles and
clearance of altered or senescent cells or tumors (Coutinho et al., 1995, Shoenfeld and
Toubi, 2005). Thus, autoimmunity can be regarded as a context-dependent phenomenon:
Self-reactive immune cells may elicit either a protective or a destructive immune reaction,
mostly also depending on the tissue context (Schwartz and Cohen, 2000).

Pathogenic autoantibodies leading to autoimmune diseases are believed to be of higher titer
in serum. They have often undergone class switching to IgG and somatic mutations and
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have higher affinity towards self-antigens (Elkon and Casali, 2008). Two main models have
been proposed to explain the production of pathogenic antibodies in autoimmune diseases.
One model suggests that pathogenic autoantibodies are the consequence of an uncontrolled
polyclonal stimulation of normal auto-reactive B-cells yielding elevated levels of otherwise
natural autoantibodies (Klinman and Steinberg, 1987). The other model, which has been
acknowledged more (Dighiero and Rose, 1999), suggests that pathological autoantibodies
are the consequence of an antigen-driven selection of auto-reactive B-cells, which, under
selective pressure of the self-antigen undergo further somatic mutations leading to the
production of pathological autoantibodies (Shlomchik et al., 1987).

Certain characteristics have been attributed as common features for the target self-antigens
of autoantibodies. As reviewed by Reeves and Satoh (1996) and by Plotz (2003), these
include sequence-related and structural properties (e.g. containing coiled-coil structures,
repetitive elements, evolutionarily conserved epitopes or having highly charged surfaces);
catabolic properties (e.g. being cleaved by nucleases, caspases or granzyme B) or
post-translational modifications. Besides, it is also suggested that autoantibodies targeting
cell surface antigens (e.g. hormone receptors), membrane-associated antigens, extracellular
antigens or circulating antigens have in general a greater potential to be pathogenic
autoantibodies than the ones targeting intracellular components, which can cause clinical
manifestations only if the antigen would migrate to the cell surface (Naparstek and
Plotz, 1993, Racanelli et al., 2011). Some good examples of known target antigens
in autoimmune diseases are nuclear antigens (DNA, histones, ribonucleoproteins) in
systemic lupus erythematosus; thyroid-stimulating hormone receptor in Graves diseases;
citrullinated cyclic peptides in rheumatoid arthritis and myelin basic protein and myelin
oligodendrocyte glycoprotein in multiple sclerosis (two extensive lists have been provided
by Lernmark (2001) and Hayter and Cook (2012)).

Despite the fact that circulating autoantibodies are not exclusive for autoimmune diseases
and that they are found in healthy individuals and can be associated with other clinical
conditions (such as cancer, as reviewed by Tan and Zhang (2008) and Zaenker and Ziman
(2013)), the detection of circulating autoantibodies has a central role in the diagnosis and
classification of autoimmune diseases. The value of autoantibodies as disease biomarkers
has been recognized in some autoimmune conditions but it still remains underutilized
regarding several other ones, where disease-related target self-antigens are not known yet.
As recently reviewed by Maecker et al. (2012) and Georgiou et al. (2014), there are various
emerging discovery tools, such as high-throughput next-generation DNA sequencing, which
allows to identify the targets of autoantibodies by sequencing the B-cell receptors. In
the following chapters and as one of the main subjects of this thesis, I will discuss other
alternative high-throughput technologies offering the possibility to profile the autoantibody
repertoire in body fluids and to identify autoantibodies as potential biomarkers in the
context of diseases with an autoimmune character.
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2.3 Antibodies as Affinity Reagents

All that we seem to have acquired
is the potential ability to select from
an animal any of the antibodies of
his repertoire. It is somewhat like
selecting individual dishes out of a
very elaborate menu: antibodies "á la
carte". But surely our "immunological
gourmandizing" cannot be satisfied
by the menu that the animals are
offering us [...]. A gastronomer [...]
cannot be satisfied by selecting what
somebody else has cooked. He wants to
experiment with new ingredients, new
combinations [...], to invent new dishes
[...]. I am sure that our next step will
be to move from the dining table [...] to
the kitchen, where we shall attempt to
mess them up!

Milstein (1981)

Antibodies play an important role not only in vivo but also on the laboratory bench
as affinity reagents. The first reported application and description of antibodies as
a "life-science tool" was by Yalow and Berson (1959) for detection of human insulin
in a radioimmunoassay (RIA). Since then, antibodies gradually became the workhorse
reagents in life-science research due to their natural ability to bind a wide variety of
molecules with high specificity and affinity, as well as their intrinsic stability. As reviewed
e.g. by Uhlén (2008), antibodies and other affinity reagents are needed and utilized
in a very broad spectrum of applications, such as Western blot, immunocytochemistry,
immunohistochemistry and immunoassays, with a purpose of both in vivo or in vitro
protein detection, purification, localization and quantification in body fluids, cells and
tissues, as well as for clinical diagnostics and even therapy. Antibodies for such purposes
and applications can be generated by three main strategies: Animal immunization,
hybridoma technology, or recombinant methods, where the latter allows for generating
fragments of antibodies.

As reviewed in detail by Hanly et al. (1995), polyclonal antibodies are harvested from the
sera of host animals, usually rabbits, mice or goats, which are injected with an immunogen
of interest. The host animal’s immune system produces antibodies as a natural immune
response to the injected antigen, which is usually co-administered with an adjuvant as
an immune response enhancer to increase the antibody titer in host serum. Polyclonal
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antibodies are a mixture of different antibodies against different epitopes of the same
immunogen as they originate from a mixture of B-cell clones. In addition to their
heterogeneous nature, polyclonal antibodies are also susceptible to "animal-to-animal",
namely "batch-to-batch" variations in affinity and cross-reactivity, as polyclonal antibodies
obtained from two different host animals would per se not be identical. The challenges
regarding heterogeneity in antibody quality and sustainability of the supply are addressed
by the hybridoma technology, which initiated the monoclonal antibody revolution since its
development and first description in year 1975 by Georges Jean Franz Köhler (1946–1995)
and César Milstein (1927–2002). Köhler and Milstein elegantly demonstrated the feasibility
of producing immortalized antibody-producing cells by fusing immortal mouse myeloma
cells with a single clone B-cells secreting antibodies with an exquisite specificity (Köhler
and Milstein, 1975).

A continuous culture of B-cell hybridomas offers in principle a sustainable and reproducible
supply of an antibody with pre-defined single specificity. Yet, compared to polyclonal
antibodies, monoclonal antibodies are at a disadvantage regarding the required amount of
workload and expertise. A polyclonal anti-serum might be obtained within a timeframe of
4-8 weeks, whereas it can take any time from 3-6 months up to a year or longer to produce
a new monoclonal antibody (Leenaars and Hendriksen, 2005, Smith, 2004). Polyclonal
antibodies, potentially recognizing both continuous and discontinuous epitopes of the
same antigen might also be beneficial in certain application contexts, where the detection
of an antigen with a monoclonal antibody via a single epitope might be compromised
due to conformational changes introduced e.g. by pH or heat (Lipman et al., 2005).
Purification of a polyclonal anti-serum using the very same immunogen as a ligand offers
the alternative of mono-specific antibodies, where antibody species not selective for the
immunogen can be excluded while still retaining the multi-epitope nature of the purified
polyclonal antibody mixture (Hjelm et al., 2011). The feasibility of producing such
affinity-purified mono-specific antibodies on a proteome-scale has been demonstrated in
recent years by the Human Protein Atlas project, which I will discuss further in the next
section.

Antibody generation through animal immunization does not allow to generate antibodies
against toxic molecules or unstable antigens, and most importantly, it does not allow to
change or improve the binding properties of an antibody, or to reduce its immunogenicity
for a therapeutic application in human (Bradbury et al., 2011, Karu et al., 1995). These
and similar needs paved the way for generating antibodies recombinantly, namely without
the need for animal immunization (Dübel et al., 2010). The progress in recombinant
antibody technology was allowed by combinatorial technologies to display antibody libraries
constructed by random combination of antibody fragment genes, as well as technologies
for in vitro screening and selection from such combinatorial libraries. Several platforms
are currently in use, where phage display (Clackson et al., 1991, McCafferty et al., 1990) is
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the most widely used platform applied for high-throughput antibody generation (Schofield
et al., 2007), followed by ribosomal display (Hanes and Plückthun, 1997) and cell surface
display on yeast (Boder andWittrup, 1997) or bacteria surface (Daugherty et al., 1998). As
reviewed and compared by Bradbury et al. (2003) and Hoogenboom (2005), these different
selection platforms offer different maximum library sizes, selection scopes and compatibility
with the antibody fragment formats. The antibody fragment called single-chain variable
fragment (scFv), which is compatible with all three aforementioned platforms, is a widely
utilized recombinant antibody format. An alternative to scFv is the Fab fragment, namely
the entire antigen-binding fragment. Fab and scFv fragments have also been engineered
into diabodies, triabodies, and tetrabodies for increased multi-specificity, as reviewed e.g.
by Holliger and Hudson (2005).

Although "natural" polyclonal or monoclonal antibodies are still the most established
and widely utilized affinity reagents, there is an expanding range of alternative, namely
non-immunoglobulin affinity reagents. These antibody-mimetics mainly include protein
scaffolds and nucleic acid aptamers, as well as small molecules, such as peptides and
organics. Examples of small protein scaffolds, which in general demonstrate an engineered
stability and specificity (Löfblom et al., 2011), include ankyrin repeats, e.g. designed
ankyrin repeat proteins (DARPins, Binz et al. (2003)); fibronectin type III domain (Koide
et al., 1998); lipocalins (Skerra, 2000), and affibodies (Nygren, 2008) among others.
Scaffolds based on single-stranded nucleic acids, namely DNA and RNA aptamers, were
introduced around the same time as protein scaffolds (Ellington and Szostak, 1990, Tuerk
and Gold, 1990). Incorporation of modified nucleotides, as well as introduction of selection
based on slow dissociation has led to a new generation of aptamers, the so-called slow
off-rate modified aptamers (SOMAmers), as recently reviewed by Lollo et al. (2014).

Despite the availability of modern recombinant technologies and a rich spectrum of
emerging alternative affinity reagents with versatile characteristics, as well as the
realized demand for such renewable reagents for proteome-wide applications, their overall
application range is currently more restricted than antibodies. This might be in part due to
intellectual property rights, or at least the perception they created, which have in general
hampered the dissemination of the recombinant display and selection technologies. It might
also be due to the fact that most of these technologies are still in "development phase",
aiming currently for more powerful and specialized, rather than simpler and standardized
methods (Sidhu, 2012). Although not yet, "in less than 10 years from now, we all might
have a desktop robot in our laboratory that is capable of generating a recombinant
antibody within a couple of days", as claimed by Dübel et al. (2010). Until then and
for the foreseeable future, antibodies will continue to be indispensable affinity reagents
needed on the laboratory bench, which in turn calls for efforts to generate antibodies on a
proteome-scale, as I will discuss next.
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2.3.1 Mission Possible: Proteome-Wide Generation of Affinity Reagents

The exceptionally impressive
throughput in generation of
monospecific polyclonals [...] in
the ongoing Human Protein Atlas
project is an excellent illustration
of what can be achieved in affinity
proteomics with "classical" methods.

Stoevesandt and Taussig (2012a)

Despite the availability of several technologies and strategies for generating affinity
reagents, comprehensive, high-quality and uniform sets of affinity reagents are still scarce.
This is one of the major reasons behind the sub-optimal use and impact of systematic
analysis of protein abundances and expression patterns in body fluids, cells and tissues in
"health" and "disease". This motivation and an increasingly systematic characterization
of the human genome has lately encouraged the attempts to generate affinity reagents
on a large-scale, envisioned to be proteome-scale. As reviewed by Stoevesandt and
Taussig (2012b), there are already a handful of initiatives developing and implementing
roadmaps for generating and cataloging high-quality and proteome-wide collections of
affinity reagents both in Europe and USA. Yet, the scale and coverage to be achieved by
these attempts is very closely related to their conceptual starting points and the definition
of "proteome-wide".

The two main starting points for generating proteome-wide affinity reagents are through
a gene-centric or a protein-centric approach. As I will describe next in more detail, the
gene-centric approach has been implemented by the Human Protein Atlas, where the
approximately 20,800 protein-encoding genes in the human genome are the starting points
to define each protein target to generate antibodies for. As of the date this thesis was
written, the Human Protein Atlas project has achieved a coverage about 80% of the
gene-centric proteome and is expected to reach a full coverage of the proteome, as so
defined, in 2015. Defining a similar finish-line for a protein-centric approach is though
almost impossible due to the enormous diversity of the proteome introduced by alternative
splicing, mutation and post-translational modification events.

A proteome-centric approach would in theory provide a coverage for all possible
modifications and splice variants for each protein target. Although on a less-inclusive
rather than a global scale, this has been successfully exercised within few finished and
ongoing projects, where as a derivation of a protein-centric approach, a function-centric
approach, focusing on protein sets related to particular functions, was chosen. The
ongoing EU project AFFINOMICS, for instance, a follow-up project carried out by
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the ProteomeBinders consortium (Taussig et al., 2007), focuses currently on systematic
production of affinity reagents against a set of 1,000 proteins. This includes all
known protein kinases, protein tyrosine phosphatases and SH2 (Src Homology 2)
domain containing proteins involved in signal transduction and cell regulation pathways,
their known post-translational variants and cancer-related variants. More than 1,000
recombinant affinity reagents targeting twenty SH2-domain containing proteins were
generated within a preceding project of AFFINOMICS. Similarly, different types
of recombinant affinity reagents were generated against proteins involved in TGF-β
and MAPK pathways within the AffinityProteome project, all demonstrating on a
pilot-scale the possibility of concerted efforts to systematically generate function- and
application-specific affinity reagent sets (Colwill et al., 2011). Similar efforts, as
recently reviewed by Stoevesandt and Taussig (2012a) and Taussig et al. (2013),
include the ongoing NIH Protein Capture Reagents Program, focusing on human
transcription factors. Additional approaches have also been defined and implemented,
such as the chromosome-centric approach adopted by the chromosome-centric Human
Proteome Project to catalog proteins encoded in each chromosome using tools including
affinity-reagents (Legrain et al., 2011) and a disease-centric approach adopted by the
National Cancer Institute (NCI) aiming to produce and characterize monoclonal antibodies
against cancer-associated targets (Haab et al., 2006).

As important as the efforts in generating affinity reagents is to build databases and portals
to catalog the available affinity reagents from commercial vendors or academic providers,
as well as quality control data for each reagent. One such open-access, community-based
portal is the Antibodypedia (http://www.antibodypedia.com/), which was originally
developed within the Human Protein Atlas (Björling and Uhlén, 2008). Antibodypedia
lists, as of the date this thesis was written, over 1.3 million antibodies from 49 providers
reviewed based on over 5.5 million experiments and covering gene-products encoded by
19,137 genes (approximately 92% of all human genes). This, and similar efforts, such as the
Antibody Registry (http://antibodyregistry.org/) are becoming increasingly convenient
tools for researchers allowing to compare and choose the right affinity reagent for the right
application among several suppliers.

The Human Protein Atlas

The Human Protein Atlas is a large-scale effort and resource initiated in year 2003, which
since then has been generating antibodies towards human proteins. The aim of the Human
Protein Atlas is to create a repository of minimum two antibodies against a representative
product of each protein-coding human gene and with a vision to build a comprehensive
"atlas" of the human proteome across cells, tissues and organs (Uhlén et al., 2005).

The starting point of the Human Protein Atlas pipeline is the in-silico selection of antigens,
the so-called protein epitope signature tags (PrESTs) consisting of approximately 50-150
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amino acids of each protein target sequence. Using an interactive tool (Lindskog et al.,
2005), the PrESTs are chosen based on several criteria such as <60% sequence homology
to the rest of the human protein-encoding genes and exclusion of transmembrane regions
and signal peptides (Berglund et al., 2008a,b). As originally described by Agaton et al.
(2003), upon design of primer pairs and amplification of the selected gene fragments from
a human total RNA template pool, the fragments are cloned and expressed in Escherichia
coli (Tegel et al., 2009, 2010) as recombinant fusion protein fragments with an N-terminal
dual affinity tag (His6-ABP) consisting of a hexahistidyl (His6) tag allowing for a one-step
purification on nickel columns, and an albumin binding protein (ABP) for an increased
immunogenicity (Sjölander et al., 1997) and solubility. Upon sequence verification of the
purified PrESTs using mass-spectrometry, the PrESTs are utilized first as immunogens for
immunization of rabbits and then as ligands to prepare affinity columns for purification.
The harvested polyclonal rabbit antisera are purified on the affinity columns prepared with
the respective PrESTs utilized for immunization (Nilsson et al., 2005).

The eluted affinity-purified polyclonal antibodies, also referred to as mono-specific
antibodies, are characterized for their binding specificity using first an antigen array-based
and then a Western blot-based analysis. Array batches, each produced with different
and random sets 384 PrESTs including the target PrEST of interest are generated in a
systematic manner. These arrays are utilized to verify the specificity of the antibodies
to the respective PrEST and to check for off-target binding to all the other PrESTs in
a high-throughout manner (Nilsson et al., 2005). Antibodies passing these criteria are
further analyzed in Western blot using lysates of two human cell lines, depleted blood
plasma, as well as whole tissue lysates of tonsil and liver (Älgenäs et al., 2014).

Antibodies passing these check points are then utilized for a subsequent tissue expression
profiling by immunohistochemistry analysis (IHC) on tissue microarrays (TMAs). They
are also used for protein localization on sub-cellular level by immunofluorescence-based
confocal microscopy analysis on cell lines. The TMAs for tissue expression profiling include
specimen from 44 different normal human tissue types, including e.g. breast, pancreas,
kidney, liver and heart, as well as 20 different cancer tissue types from e.g. melanoma,
glioma, lymphoma or breast cancer (Kampf et al., 2005). In parallel, cell microarrays in
a TMA format are utilized for IHC analysis on 46 different, well-characterized human cell
lines in order to complement for the cell types not present in the TMAs (Andersson et al.,
2006). For a subsequent sub-cellular localization analysis, three cell-lines with a different
origin (glioblastoma, osteosarcoma and epithelial carcinoma) are utilized to annotate
the protein location to sub-cellular organelles (Barbe et al., 2007). All high-resolution
images and annotations regarding the tissue expression and sub-cellular localization in all
represented tissue and cell types, as well as antigen microarray results confirming antigen
specificity andWestern blot images confirming the presence of bands of predicted molecular
weight, are made publicly available through the open-access portal of Human Protein Atlas
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(http://www.proteinatlas.org/) (Uhlén et al., 2010). Recently, the antibody-based tissue
expression profiles on Human Protein Atlas portal have been also supplemented with
transcript profiles, where the transcriptome of 27 different human organs and tissues with
specialized functions were profiled by RNA-seq (Fagerberg et al., 2014).

The current version of the Human Protein Atlas, released in December 2013, contains
21,984 antibodies targeting proteins from 16,621 human genes, corresponding to
approximately 80% of the human protein-coding genes. It represents the paradigm for
the hypothesis-free, gene-centric approach, which demonstrates the possibility to generate
affinity reagents with a broad coverage of the human proteome. The publicly available
portal of the Human Protein Atlas offers several types of valuable tissue expression and
sub-cellular localization information, creating new or extending the existing knowledge
about these protein targets (Ponten et al., 2011). Equally importantly, the availability of
such a comprehensive set of antibodies, as well as antigens (PrESTs) within the Human
Protein Atlas offers a unique possibility to explore protein profiles and autoantibody
repertoires in body fluids. The aim of the latter approach is to identify potential biomarker
candidates in a broad spectrum of diseases by developing and using high-throughput
approaches for analysis of body fluid samples, which refers to the main concept behind the
work presented in this thesis.
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Exploring the human proteome for biomarkers is akin to searching for a needle in a
haystack; an analogy often made to express the challenging nature of the biomarker
discovery efforts. In this chapter, I will first briefly discuss this challenging aspect of
the protein biomarker discovery process. I will then continue the discussion with the
biological challenges related to protein biomarker discovery, namely the complex nature
of the proteomes of body fluids, such as blood, which become the haystack to dig in in
order to identify disease-related biomarkers. Within this discussion, I will also touch upon
the importance of standardization of procedures in collection and handling of biological
fluid specimen and underline the role of biobanking efforts as an indispensable part of the
protein biomarker discovery field. Finally, I will provide an overview of the main strategies
which can be utilized to mine the proteome in the quest towards protein biomarkers.

3.1 Biomarkers vs. Potential Biomarker Candidates

The pessimist sees only the tunnel; the
optimist sees the light at the end of the
tunnel; the realist sees the tunnel and
the light - and the next tunnel.

Sydney J. Harris

Despite the widespread interest of researchers and diagnostic companies, as well as of
granting agencies (Ptolemy and Rifai, 2010), the expectations that new protein biomarkers
could be identified and easily implemented into clinical practice has not been fulfilled
during the last decade (Anderson and Anderson, 2002, Gutman and Kessler, 2006).
Regarding cancer, for instance, the few well-known cancer biomarkers which are already
used in the clinic despite their limitations, such as the prostate specific antigen (PSA) for
prostate cancer, could not be supported with several new, let alone better ones (Diamandis,
2014). Although this initially created a premature frustration, soon later it has nurtured
several constructive discussions identifying the current limitations and pitfalls in the quest
towards clinically useful protein biomarkers (Ioannidis, 2013, Kern, 2012, Pavlou et al.,
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2013, Ransohoff, 2005), as well as suggesting strategies and guidelines to address them
(Füzery et al., 2013, Kulasingam and Diamandis, 2008, Mischak et al., 2007, Paulovich
et al., 2008, Rifai et al., 2006, Zolg, 2006).

The number of FDA-cleared or -approved proteins which are assayed in clinical settings is
approximately 200 (Anderson, 2010). The number of reports containing the term protein
biomarker in their abstract and published between 1996 – the year when the term proteome
appeared in a report for the first time (Wilkins et al., 1996) – and 2013 is 433,662?. In recent
years, this trivial comparison has become a way to illustrate the imbalance between the
great efforts put into the quest for protein biomarkers and the small number of biomarkers
which made it to the clinic. This is indeed a reality, however, instead of only creating
doubts and disbelief about the value of all biomarker discovery efforts, this comparison
should increase the awareness of two other important aspects I would like to underline.

The classical biomarker discovery pipeline, as outlined for instance by Rifai et al. (2006),
starts with the identification of one or mostly several potential biomarker candidates in
representative sample collections of preferably blood, but also tissue or proximal fluids.
Next, these candidates need to be technically verified and prioritized further based on
criteria such as presence in blood. Assays are then to be developed further to establish
analytical performance characteristics in extended sample collections. Importantly, this
step might require also the process of generating suitable binders, such as monoclonal
antibodies, in order to detect these biomarker candidates in a clinical assay format. Upon
the accomplishment of these pre-clinical feasibility steps, candidates need to be validated in
an appropriate context and in –ideally– thousands of samples. This latter step potentially
requires to join forces with commercial and diagnostic partners. If successful, these
clinically validated biomarker assays might become a part of the clinical assay portfolio
upon their filing to and clearance and approval by FDA. This multi-stage process starting
with the initial discovery of a biomarker candidate and ending with an implementation
of it into clinical practice takes a great amount of time and it requires extensive and
long-term collaboration between researchers and commercial partners. Following the
example of PSA again, the first immunoassay detecting PSA in serum was reported in
1980 (Kuriyama et al., 1980, Papsidero et al., 1980), yet it was not before 1986 when
it acquired FDA clearance for monitoring and not before 1994 when it acquired FDA
approval for prostate cancer screening. It should therefore be noted that the biomarker
discovery and development path is most likely not a linear one.

As indicated by the title of this section and by the nomenclature used in the previous
paragraph, there is also a need to realize the general overuse of the term biomarker

?This number has been retrieved from the PubMed database by querying ((((protein OR proteome
OR proteomic OR proteomics[Title/Abstract])) AND (biomarker OR biomarkers[Title/Abstract])) AND
("1996"[Date - Publication] : "2013"[Date - Publication])).
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in publications. This unintentional misuse, causing an accumulation of "biomarker
discoveries" in the literature, is partially responsible for the judgement of the value of
biomarker discovery efforts as questionable. This could be addressed by maturing the
nomenclature and using the term potential biomarker candidates to describe proteins
which are identified to be differentially abundant in diseased conditions and as outcome of
initial discovery efforts analyzing representative number of samples. The term biomarker
candidate can be used to describe those targets which can be verified further in extended
sample collections using orthogonal technologies and/or methods. Clearly, a biomarker
candidate is still several steps away from becoming a biomarker to be used in the
clinic. However, the path leading to these biomarkers starts inevitably by identification
of potential candidates. Considering the continuously decreasing chance of success of a
potential biomarker candidate along the pipeline, identification and verification of as many
candidates as possible is an important aspect, as long as the recent lessons learned in the
biomarker discovery field are taken into consideration.

In the later sections and as the main theme of this thesis, I will discuss some of the
available tools, different technologies, strategies and methodologies enabling identification
and verification of protein biomarker candidates, that might feed the pipeline for the
translation into clinically useful biomarker tests. However, before shifting the focus to the
tools, technology and their applications, I first would like to discuss the natural sample
sources of the human body, offering possibilities to access and explore the proteome in
order to identify potential biomarker candidates.

3.2 Sources to Mine for Biomarkers

All of the vital mechanisms, however
varied they may be, have always one
goal, to maintain the uniformity of
the conditions of life in the internal
environment [the milieu intérieur]
[...] The stability of the internal
environment is the condition for the
free and independent life.

Bernard (1974)

Fluids of the body constitute approximately 60% of the adult human body weight
and they are life’s multi-purpose environments. Around two-thirds of the human body
fluid is the intracellular and one-third is the extracellular fluid. The extracellular fluid
compartment can be divided further into the following "virtual" but physiologically
meaningful compartments: The interstitial compartment, the transcellular compartment
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and the intravascular compartment. The interstitial compartment surrounds and provides
a micro-environment for all the cells in tissues and provides the link between the
intracellular and intravascular compartment. Blood plasma, of an approximate volume of
3.2 liters, forms the intravascular compartment, whereas the transcellular compartment, of
an approximate total volume of 1 liter, represents the other body fluids contained within
epithelial lined spaces, such as cerebrospinal, synovial, intra-ocular, peritoneal fluids and
digestive secretions (Ahn and Simpson, 2007, Guyton and Hall, 2006).

Almost 150 years ago, Claude Bernard (1813–1878) elucidated the concept of milieu
intérieur, the internal environment, envisioned to surround and bath all the anatomical
elements of tissues. He also proposed that the milieu intérieur would include the liquid
portion of blood, namely the plasma. Bernard’s notion about milieu intérieur and the
importance of maintaining its constancy still holds today. In fact, exploring the proteomes
of the fluids of the human body in order to identify the perturbations of this milieu intérieur
in disease state is one of the main ambitions within the field of life sciences.

In the quest towards potential biomarker candidates, body fluids can be considered as
the primary sample source utilized by the contemporary protein profiling approaches.
However, the domain to search for potential biomarker candidates is certainly not limited
to body fluids. Samples derived from cells and tissues of the human body, as well as of
animal models mimicking human diseases, represent equally valuable sources for biomarker
discovery. In fact, human tissue-derived samples collected by means of surgical biopsies
would offer the most direct insight into a disease affecting the given tissue. Establishment
of methods such as laser capture microdissection (Emmert-Buck et al., 1996), allowing for
isolation of diseased and non-diseased proximal tissue of the same but often heterogenous
tissue environment, render tissues as valuable sources for biomarker discovery, especially
in the field of cancer proteomics. However, body fluids in general offer certain advantages
over tissue-derived samples due to their accessibility, relatively less cost of retrieval and
possibility for multiple sampling due to relatively minor invasiveness of the sampling
procedures. In the following discussion, I will restrict the frame to body fluids as sources
to mine for potential biomarker candidates and the investigations carried out within this
thesis work have also involved body fluid samples as their starting points.

3.2.1 Blood

Blood is a fluid of rarest quality.

Johann Wolfgang von Goethe

The human body contains almost 100,000 kilometers of veins, arteries and capillaries
(Wilson, 2000), where almost 6 liters of blood continuously flows throughout the body.
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Over the course of a human’s life time, the heart beats over 2.5 billion times and pumps
almost 250 million liters of blood (Spellman, 2007), which would fill the interior space of
a skyscraper. Blood has several physiological functions within the body: It transports the
cells of the immune system to sites of infection; acts as a stabilizing medium to maintain
bodily pH, temperature and electrolyte balance and acts as a medium to supply cells
with oxygen, nutrients, hormones and enzymes and to handle their waste products and
carbon dioxide (Guyton and Hall, 2006). Blood is the macro-environment of the body,
continuously accessible for all different tissue micro-environments. It is therefore in an
intimate relation with and under continuous exposure from cells aside the blood stream.
Indeed, no cell in the body is more than 100 µm away from a capillary of the circulation
system (Raven et al., 2010). If "eyes are the windows to the soul", then blood is the window
to the body’s state of health, containing signatures of every process taking place at any
part of the body.

The liquid portion of blood is called plasma and it forms around 55% of the total
blood volume. The cellular components suspended in the plasma include red blood cells
(erythrocytes), white blood cells (leukocytes) and platelets (thrombocytes). The major
function of red blood cells is to transport hemoglobin, which in turn carries oxygen from the
lungs to the tissues. The white blood cells include lymphocytes of the adaptive immunity
and basophils, eosinophils, monocytes and neutrophils acting mainly as phagocytes within
the cellular arm of innate immunity (Figure 2.1). The platelets play a very important role
in hemostasis, namely prevention of blood loss. They form platelet plugs for closing of
minute vascular raptures occurring several thousand times each day and they also play
an important role in the blood clotting mechanism, which involves a complex cascade
of chemical reactions involving more than a dozen blood coagulation factors. As a net
outcome in response to a blood vessel rupture, a complex called prothrombin activator
is formed, which catalyzes the conversion of prothrombin into thrombin, which in turn
catalyzes the conversion of fibrinogen into fibrin fibers that enmesh platelets, blood cells,
and plasma to form the clot (Guyton and Hall, 2006).

Due to its intimate relation with all parts of the body, plasma has an overwhelmingly
diverse and dynamic protein content. This intrinsically rich but complex nature of the
plasma proteome, however, is also what renders the exploration of the plasma proteome
a big analytical challenge. The major issue regarding the nature of plasma proteome is
its large concentration range, which is often quoted to be over ten orders of magnitude
(Anderson and Anderson, 2002). A handful of proteins, which represent less than 0.1% of
the total number of plasma proteins constitute almost 99% of the bulk mass of proteins.
Albumin, at a concentration of 35-50 mg/ml, alone constitutes around 60% of the total
plasma protein content of 60-80 mg/ml, followed by immunoglobulins at a concentration of
5-18 mg/ml and other abundant proteins such as transferrin and fibrinogen (Figure 3.1).
These abundant proteins mask the remaining content, which is very interesting and rich
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Figure 3.1: A simplified overview of the most abundant plasma proteins,
accounting for 99% of the content of plasma proteome.
The 10 most abundant "classical" proteins in the plasma constitute almost 90% and the 22 most
abundant proteins constitute almost 99% of the plasma proteome. The remaining 1% is both
the richest and the most challenging portion of the plasma proteome to explore, containing e.g.
all tissue leakage products and interleukins and cytokines (Anderson and Anderson, 2002).

in number of proteins, including e.g. tissue leakage products or interleukins, but all at a
much lower concentration range, such as interleukin 6 at a concentration around 5 pg/ml
(Anderson and Anderson, 2002, Schiess et al., 2009).

As discussed in the most frequently cited article in plasma proteomics by Anderson and
Anderson (2002) and other subsequent work (Anderson et al., 2004b, Shen et al., 2005),
the plasma proteome contains proteins of various functional groups. The first group to
be mentioned is certainly the "classical plasma proteins" including e.g. albumin and
transferrin, which are mainly secreted by liver. These proteins function as "molecular
sponges", binding to and transporting other proteins of lower molecular weight, as well as
lipids, metals and hormones. As I have discussed in the previous chapter, immunoglobulins
are the key mediators of immune response and human plasma contains an estimated
number of 10 million immunoglobulin species of unique sequence. In line with this, it
also contains the proteins originating from pathogens and infectious organisms. Another
functional group consists of hormones - the "long distance" receptor ligands, and cytokines
- the "short distance" receptor ligands. There are also "temporary passenger" proteins,
traveling through plasma temporarily from the site of synthesis or secretion to the site of
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primary function, such as lysosomal proteins. A very important group of proteins from a
biomarker discovery perspective are the secreted proteins from tumors and other diseased
tissues, which are otherwise not present in plasma. An equally important group with a
biomarker potential is formed by tissue leakage products, such as cardiac troponins, which
are released into plasma upon cell damage or death.

The number and identity of the proteins at the top of the plasma proteome pyramid
(Figure 3.1), namely the classical plasma proteins are well-defined. However, the top of the
plasma proteome pyramid resembles the tip of a giant iceberg, where there is no accepted
estimate of how many protein species can be found hidden below it. The initial attempts
to characterize the human plasma proteome using two-dimensional electrophoresis date
back to 1970′s (Anderson and Anderson, 1977), yet still in the beginning of 1990′s only
dozens of plasma proteins could be identified (Anderson and Anderson, 1991). Soon
after, advancements in the mass spectrometric methods contributed significantly to this
ambition and characterization of the plasma proteome has since then become a marathon
without a finish line, namely a definite number of protein species present in human plasma.
In year 2002, a Human Plasma Proteome Project (HPPP) was initiated as part of the
Human Proteome Organization (HUPO) and a first multi-center approach (Omenn, 2004)
initially identified 3,020 protein species in plasma (Omenn et al., 2005). This list was later
condensed to a high-confidence list of 889 plasma proteins by States et al. (2006) and of 697
proteins excluding immunoglobulins by Schenk et al. (2008). Meanwhile, similar efforts
have been directed towards identification of post-translational modifications of plasma
proteins (Carrascal et al., 2010, Zhou et al., 2009). As part of the second phase of HPPP,
in 2011 Farrah et al. (2011) reported an extended, non-redundant list of 1,929 plasma
proteins after a meta-analysis of 91 experiments from various laboratories. Very recently,
Farrah et al. (2014) shared the news that this list has been extended even further to
3,553 non-redundant proteins as outcome of a meta-analysis of 127 experiments, which is
currently the most updated and largest non-redundant list of plasma proteins. However,
as wisely expressed by Anderson (2014), "there are plenty of plasma proteins, and we will
never see the "last" splice variant, post-translational modification or mutation".

Blood as a sample source can be processed as plasma upon withdrawal by venipuncture in
the presence of anti-coagulants, followed by centrifugation to remove cellular elements. The
most commonly used anti-coagulants include ethylenediamine tetraacetic acid (EDTA),
heparin and sodium citrate. Both EDTA and sodium citrate prevent coagulation by
chelating calcium ions, which play a central role in the coagulation cascade, whereas
heparin prevents coagulation by activating anti-thrombin. In the absence of an
anti-coagulant agent, blood is prepared as serum upon removal of the fibrin clot by
centrifugation (Jambunathan and Galande, 2014). The absence of the large portion of
fibrinogen content in serum, as well as the absence of several coagulation factors, makes
plasma and serum qualitatively different from each other. Regardless of the method
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utilized for a downstream protein profiling analysis, sample preparation type systematically
affects the detectability of the blood proteins, as previously demonstrated in several studies
(Ayache et al., 2006b, Haab et al., 2005, Hsieh et al., 2006, Qundos et al., 2013, Schwenk
et al., 2010a), as well as in Article V of this thesis work. Furthermore, detectability
of certain protein families, such as metalloproteinases, is in particular compromised in
plasma preparations with chelating agents, such as EDTA (Mannello, 2008, O’Neal et al.,
2014). Thus, although EDTA-plasma has been generally suggested as a preferred sample
preparation type (Omenn, 2007, Rai et al., 2005), the endpoint measurement of interest
should also be taken into consideration regarding the decision for the most suitable sample
preparation type. Most importantly, the inherent differences in the protoemic content
of different blood preparations makes them generally incompatible sample sources to
be interchangeably utilized within the same study. It is therefore important to use a
consistent sample preparation type for both descriptive but especially for comparative
protein profiling studies.

In this section, I have so far focused the discussion on the cell-free portion of blood, namely
to plasma or serum, as a target sample source for identification of biomarker candidates.
However, I would like to underline that the proteomic analysis of red blood cells, white
blood cells and platelets offers an additional potential to dissect the mechanisms involved
in a wide spectrum of hematologic diseases, as reviewed by D’Alessandro et al. (2010),
Liumbruno et al. (2010) and Prudent et al. (2011). I would like to provide now a brief
discussion about other fluids of the human body, which provide alternative sample sources
for biomarker discovery purposes.

3.2.2 Proximal Body Fluids

The body of man has in itself blood,
phlegm, yellow bile and black bile; these
make up the nature of this body, and
through these he feels pain or enjoys
health. Now he enjoys the most perfect
health when these elements are duly
proportioned to one another in respect
of compounding, power and bulk, and
when they are perfectly mingled.

Hippocrates

Proximal body fluids are secreted by or gather in direct vicinity of the tissue of interest
affected by a disease. As summarized in Figure 3.2, there are several types of proximal
fluids in the human body. While sampling of naturally secreted or excreted body fluids,
such as urine, stool, seminal fluid, tear and saliva, is non-invasive, collection of others,
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such as CSF, pancreatic juice or bile are highly-invasive and require endoscopic or surgical
methods. Compared to sampling of blood, which is often regarded as a minimally invasive
procedure, sampling procedures for synovial fluid, bronchoalveolar lavage fluid, ascites
fluid and amniotic fluid can also be considered as invasive (Ahn and Simpson, 2007).

Proteins, either secreted or leaking from the diseased tissue microenvironment are at
a higher regional concentration in proximal fluids, which otherwise are diluted in the
systemic blood. This has been demonstrated in the case of cancer antigen 125 (CA125),
where average levels of CA125 in ascites and cyst fluid were 27-fold and 64-fold higher
than the average of levels in serum of ovarian cancer patients (Sedlaczek et al., 2002).
The enriched concentration of potentially disease-related proteins in the proximal fluids
therefore renders these as presumably rich sources for identification of potential protein
biomarker candidates.

BLOOD
(Serum or Plasma)

Cerebrospinal
fluid

Broncho-
alveolar
lavage

Cervico-
vaginal

fluid

Synovial
fluid

Gastric
&

Pancreatic
juice
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fluid
Seminal
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Urine
&

Stool

Amniotic
fluid

SalivaTear Bile

Figure 3.2: Proximal fluids of the human body.
Blood is the systemic fluid, circulating to serve the body’s cells, tissues and organs. Proximal
fluids are located close to the various tissues or organs of the body, thus representing the
closest environment to the site of diseases and malignancies and providing a potentially rich
source of potential disease biomarker candidates.

Characterization of the proteome of each proximal fluid would enable a unique advantage
to study the related diseases. In line with this, there have been several attempts to
characterize the proteome of proximal fluids, including pancreatic juice and gastric juice
for gastrointestinal cancer types (reviewed by Farina (2014)); synovial fluid for joint-related
diseases such as rheumatoid arthritis and osteoarthritis (Cretu et al., 2013, Gibson and
Rooney, 2007); bronchoalveolar lavage fluid for interstitial lung diseases (Magi et al.,
2006); seminal plasma for disorders of the male reproductive system and prostate cancer
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(Drabovich et al., 2014); tears for eye diseases (Zhou et al., 2012b); stool for diseases
of colon and rectum (de Wit et al., 2013); saliva for oral cancer types (Amado et al.,
2013) and CSF for neurological diseases and central nervous system tumors (Roche et al.,
2008). In the last decade, these and several other similar efforts generated extensive lists
of potential biomarker candidates for each proximal fluid and in the context of different
diseases. While providing a catalog of these protein or autoantibody candidate biomarkers
falls beyond the scope of this thesis, there are comprehensive reviews listing the growing
number of such biomarker candidates and highlighting the wide range of information
generated by proteomic approaches to explore proximal fluids (Hu et al., 2006, Teng et al.,
2010, Thongboonkerd, 2007).

As demonstrated by Yan et al. (2009) for saliva, by Schutzer et al. (2010) for CSF, and
by Farrah et al. (2014) for urine, systematic comparisons of the proteome content of
plasma or serum with proximal fluids offer an additional possibility to identify proteins
which are specific for a given proximal fluid and thus might exhibit an increased potential
as disease-related protein biomarkers. Well-characterized collections of matched samples,
namely proximal fluid and blood samples, collected from same individuals during the same
visit to the clinic, provide a unique possibility. Co-profiling of these sample collections
on high-throughput platforms allows to co-evaluate the biomarker potential of identified
proteins in both body fluids, as also demonstrated in Article IV of this thesis work.

Various biochemical properties and the proteomic content and total protein concentration
is unique to each body fluid. The pH, for instance, ranges from 1.7 in gastric juice to 8.2
in bile, and the average total protein concentration ranges from 10-250 µg/ml in nipple
aspirate fluid (Klein et al., 2001) to 60-80 mg/ml in serum. Regardless of the utilized
analytical platform, this requires the chosen tools and protocols to be adjusted for the
analysis of each proximal fluid. This is not only for descriptive proteome characterization
purposes, but more importantly, also for biomarker discovery-oriented comparative protein
profiling studies in sample collections of diseased and non-diseased populations.

As in the case of CSF, the related organ such as the brain is otherwise very difficult for
tissue sampling. This renders proximal fluids as valuable sources for biomarker discovery.
However, in case of such proximal fluids collected by invasive or highly-invasive sampling
procedures, the scarcity of sample material especially from healthy individuals might pose
a challenge when building patient and matched control groups of reasonable sample sizes.
This applies for discovery but especially for verification purposes and might eventually
disqualify such body fluid types as a source for biomarker detection. This consideration
underlines the general fact that the choice of the body fluid, namely either blood or a
proximal fluid, is an important decision to be made when designing biomarker discovery
studies. Each body fluid offers particular advantages while simultaneously posing its own
set of challenges regarding study and experimental design.
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As I will briefly touch upon next, attempts to standardize sampling and storage protocols
and to study the impact of pre-analytical factors on the downstream analyses of protein
content of a majority of proximal fluids have so far not been reported as detailed as
for plasma and serum. Thus, standardized protocols for sample collection, handling and
storage, as well as criteria to assess the integrity of each biospecimen type will allow to
gain full benefit from proximal fluids within the biomarker discovery pipeline.

3.2.3 Standardization and Banking of Body Fluid Collections

Biobanking: old activity or young
discipline?

Morente et al. (2008)

As reviewed in several reports over the recent years, variation in pre-analytical sample
conditions might have an underestimated impact on the downstream analysis of body
fluid collections for both characterization and biomarker discovery purposes (Ferguson
et al., 2007, Jackson and Banks, 2010, Rai and Vitzthum, 2006, Schrohl et al., 2008).
The immune response profiles against viral antigens (Neumann and Bonistalli, 2009) or
self-antigens (Jarius and Wildemann, 2011, Zhao et al., 2012) in blood-derived samples
have been demonstrated to be robust, however protein profiles are per se more susceptible
to variations in sample processing or storage conditions. Although parameters such as
delay time between centrifugation and freezing have been shown not to affect the profiles
for a majority of proteins in plasma or serum samples (Hsieh et al., 2006, Ostroff et al.,
2010, Qundos et al., 2013), levels of particular protein families, such as growth factors,
chemokines and interleukins are indeed affected by variations in pre-analytical sample
conditions (Ayache et al., 2006a). In this regard, the so-called biobanks play a cardinal role
to assure standardization of samples and to control and track the possible pre-analytical
variability.

Biobanks operate in adherence to standard operating procedures, so that procedures and
conditions are consistent throughout the pre-analytical stages of sample collection and
processing. This includes sample withdrawal procedures, time delay between withdrawal
and processing, tube types, centrifugation speed and time, temperature at processing,
as well as storage temperature and other related conditions (Jackson and Banks, 2010).
Furthermore, contemporary biobank infrastructures involving automated liquid handling
instruments allow for a direct aliquotation of samples upon sample collection, allowing
to avoid repeated freeze-thaw cycles as much as possible, which otherwise might also
compromise sample integrity (Mitchell et al., 2005, Rai et al., 2005).

Biobanks are well-organized resources of biological samples from a population or a subset
of a population and their associated metadata, and they make these resources accessible
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to scientific investigations. Although the concept of biobank is almost two decades old,
biobanking can be considered still as a young discipline, continuously evolving in line
with the development of new technologies and new research questions and demands. It
is estimated that there are globally over 1,500 biobank initiatives, where the majority
(70%) of the biobanks are cancer-oriented (Puchois et al., 2013). There are also several
initiatives and organizations, such as Biobanking and Biomolecular Resources Research
Infrastructure (BBMRI) sponsored by the European Commission (Yuille et al., 2007) or
the International Society for Biological and Environmental Repositories (ISBER), which
are devoted to mature the biobanking discipline by disseminating reporting guidelines and
best-practice reference documents (Marko-Varga et al., 2012, Wichmann et al., 2011).

Biobanks can range in capacity, infrastructure, extend of expertise and operational model:
They can be within single local units, such as an academic or hospital laboratory; or
across organizations on multiple sites on a national or international level initiated for
specific projects or grant programs; or they can be in the form of very large public
repositories (LaBaer, 2012, Marko-Varga et al., 2012), where the cost to establish the
biobank but also the quality and utility of samples is dictated by the biobank type and
capacity. Similarly, in terms of their scope, biobanks can range from population-based
archives to disease-oriented epidemiological or disease-oriented general biobanks (e.g.
tumor biobanks or brain biobanks) (Riegman et al., 2008). Sample collections of biobanks
can be categorized further as cohort study vs. case/control study collections or prospective
vs. retrospective collections. Cohort study collections are usually longitudinal samples
collected prospectively, where case and control samples are collected under relatively more
identical conditions. These offer an opportunity to evaluate samples prior to clinical
presentation. Such collections though require large populations, take more time and are
more expensive to establish than case/control collections. The latter are comparatively
easier to establish, but in turn, they are more prone to possible biases in sample collection
and processing (LaBaer, 2012). Certainly, depending on the research question and the
context of disease, both types of collections are needed and equally valuable for the
biomarker discovery efforts.

The concept of biobanking certainly does not only involve standardized collection,
processing and storage of samples but also an equally standardized and organized collection
of metadata from the sample donors. Such metadata should include information such
as age, gender, weight, height, menopausal status, concomitant infection, clinical and
treatment history, medications and life-style factors such as exercising and smoking.
Furthermore, biobanks do not only serve to the purpose of establishing collections
of well-characterized samples of standardized quality; especially for certain diseases,
biobanking efforts are the only enabling factor allowing to carry out studies involving
statistically powerful number of samples. Biomarker discovery efforts in rare diseases,
for instance, affecting one person in every several thousands or millions, suffer by the

40



3.3 Profiling of Proteins and Proteomes

scarcity of enough number of samples. As demonstrated in Article V of this thesis
work, such diseases call even for multi-center biobank collections on an international level
and a wide geographic span. Similarly, proximal fluids collected by invasive procedures
require collaborative and multi-center biobanking efforts to assemble sample collections of
reasonable sizes for biomarker discovery studies. These considerations, in turn, underline
the need to adopt internationally accepted standards to minimize variation between
biobanking activities, as well as during transport to the analysis site. Adherence to such
standards and the increasing awareness that the outcome of biomarker discovery efforts are
directly dependent on the sample quality will decrease the gap between the identification
of potential biomarker candidates and their intended implementation in clinical settings.

3.3 Profiling of Proteins and Proteomes

When does "use of antibodies" become
"affinity proteomics"?

Stoevesandt and Taussig (2012a)

Proteomics is an umbrella term covering systematic studies that investigate the various
aspects of the proteome. These include localizing proteins on a tissue or at a sub-cellular
level, mapping of protein-protein interactions, identification of post-translational
modifications and relative or absolute quantification of protein composition and alterations
thereof, namely profiling the differential expression in health and disease.

Traditionally, proteomics has been divided into two methodological categories: gel-based
proteomics and gel-free proteomics. This was mainly due to the impact of two-dimensional
polyacrylamide gel electrophoresis (2D-PAGE, or shortly 2-DE), which allows to separate
proteins in complex mixtures first by their differences in isoelectric point and then in
molecular weight. Indeed, the concept of analyzing the entire set of proteins being
produced by a cell arose and was first demonstrated on 2-DE by O’Farrell (1975) and
Klose (1975). As recently reviewed by Oliveira et al. (2014), 2-DE and its variant 2-DIGE
allowing for a differential gel electrophoresis via fluorescent labeling (Unlü et al., 1997) had
a central role within proteomics. However, the improvements in mass spectrometry-based
methods led to the retirement of 2-DE as a mainstream proteomics tool and replaced
it. Although the investigations carried out within the frame of this thesis work have not
directly employed mass spectrometry-based methods, in this section I first would like to
provide a discussion regarding mass spectrometry-based protein profiling approaches.

The birth of mass spectrometer goes back to the year 1897, when Sir Joseph John
Thomson (1856 –1940) developed a cathode ray tube with an electric field, which he used
to measure atomic weight of elements (Thomson, 1897). In the following era, during
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and after the World War II, mass spectrometers were used mainly in the petroleum
industry to characterize jet fuels, crude oils and gasoline (Yates, 2011). The attempts
to use mass spectrometers to characterize peptides and proteins started at the end of
1950′s by Biemann et al. (1959). During 1970′s and 1980′s, mass spectrometers evolved
rapidly with the development of the tandem mass spectrometry approach by Hunt et al.
(1981) and the introduction of two important ionization methods suited for biomolecules,
namely electrospray ionization (ESI) by Fenn et al. (1989) and matrix-assisted laser
desorption ionization (MALDI) by Karas and Hillenkamp (1988). Since then, the
menu of mass spectrometers has been enriched, with a current availability of several
hybrid instruments combining different mass analyzers, such as quadrupole/time-of-flights,
linear-ion-trap/Orbitraps or quadrupole/Orbitraps, where the engineering goals regarding
resolution, scanning speed and mass accuracy have been pushed a step further by each
release of a new instrument.

To a layperson, a mass spectrometer can be described as a big and fancy balance to weigh
ions. In principle, it indeed measures the mass-to-charge (m/z) ratios of ions, from which
molecular weight can be determined. Regardless of its type and mode, a mass spectrometer
consists of three fundamental components: An ionization source, where molecules are
converted to gas-phase ions, mostly by MALDI or ESI; a mass analyzer, where ions are
separated by their m/z values via electric and/or magnetic fields; and a detection system,
where the separated ions and the abundance of each species with a particular m/z ratio
are detected (de Hoffmann and Vincent Stroobant, 2007).

As reviewed by Steen and Mann (2004) and Domon and Aebersold (2010), a typical
tandem mass spectrometry experiment for a global, or shotgun protein profiling begins with
digestion of the protein mixture into a peptide mixture by a sequence-specific protease, such
as trypsin. The generated peptide mixture is injected to a capillary liquid chromatography
(LC) column, where peptide species elute e.g. in order of their hydrophobicity and
subsequently get ionized e.g. by ESI at the end of the capillary column. Electrosprayed
peptide ions enter the mass analyzer, where they are separated based on their m/z
ratio. The isolated precursor ions in the peptide ion spectrum are fragmented further
into product ions to generate a fragment ion spectrum. Finally, the peptide-sequence
information contained in the fragment ion spectrum is searched against databases where
the experimental fragment ion spectra is matched to in-silico predicted spectra to reveal the
protein identity, as well as its post-translational modifications (Mann and Jensen, 2003).
This described approach, also known as the bottom-up approach is widely implemented
within proteomics and allows for a global exploration of proteins present in biological
samples. It also enables for a differential analysis across samples from different biological
conditions, if either a label-free or a label-based peptide quantification is performed. The
latter includes isotope-coded affinity tagging (ICAT, Gygi et al. (1999)), stable-isotope
labeling by amino acids (SILAC, Ong et al. (2002)) or isobaric tags for relative and absolute
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quantification (iTRAQ, Ross et al. (2004)). Shotgun mass spectrometry is a very powerful
explorative methodology. For instance, a vast majority of the studies I have referred to
in the previous sections 3.2.1 and 3.2.2 utilized this approach for characterization of the
protein content of plasma and other body fluids. A more inclusive overview of the diverse
application range of the shotgun approach, as done e.g. by Cravatt et al. (2007), Walther
and Mann (2010) and Mann et al. (2013), goes beyond the scope of this thesis. Yet, two
very recent independent studies by Wilhelm et al. (2014) and Kim et al. (2014), where
a first and mass spectrometry-based drafts of the human proteome has been reported,
should highlight the importance of this methodology within the field of proteomics.

In shotgun mass spectrometry, several approaches can be adopted to increase the coverage
of the proteome, thus to increase the number of protein identifications in complex
samples, such as blood plasma. As recently reviewed by Pernemalm and Lehtiö (2014),
these approaches include depletion of high-abundant proteins and pre-fractionation of
the samples, either on protein level, such as in gel-based size separation (Lundby and
Olsen, 2011), or on peptide level, such as in multi-step fractionation (Washburn et al.,
2001) or by isoelectic focusing on immobilized pH gradient gels (Pernemalm et al., 2009).
Nevertheless, shotgun approaches offer an analytical sensitivity often reported in the µg/ml
range. Targeted mass spectrometry methods, mainly multiple reaction monitoring (MRM),
or emerging alternatives such as SWATH (Gillet et al., 2012), offer a possibility for a more
sensitive analysis, with reported detection sensitivities ranging between 10-1000 ng/ml for
plasma (Boja and Rodriguez, 2012, Gallien et al., 2011).

As reviewed by Weiß et al. (2014), the advantage of combining mass spectrometry with
affinity-reagent based enrichment, either on protein level, as demonstrated by Nicol et al.
(2008) or on peptide level has been recognized. The SISCAPA method (Anderson et al.,
2004a), for instance, offers an affinity enrichment prior to MRM analysis by employing
antibodies specific for peptides from the proteins of interest. Wingren et al. (2009)
and Poetz et al. (2009) alternatively proposed and later demonstrated the utility of
multi-specific affinity reagents generated against short peptide motifs shared by groups
of proteins, which can be similarly applied for a more generic affinity-enrichment (Hoeppe
et al., 2011, Olsson et al., 2011, Volk et al., 2012).

Besides allowing for a reduced sample complexity and improved analytical sensitivity
in targeted mass spectrometry analysis, affinity-reagent based purification coupled with
shotgun mass spectrometry offers a possibility for a comprehensive identification of
interaction partners of proteins in order to reveal functionally relevant protein associations
(Miteva et al., 2013). Another hybrid and recent strategy combining the utility of
antibodies, labeled with metal isotopes in this case, with mass spectrometry-based
methodology is mass cytometry as described by Bandura et al. (2009) and utilized by
Bendall et al. (2011) for single cell analysis. It circumvents the multiplexing limitations
of conventional fluorescence-activated cell sorting (FACS) methods and represents a new
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3 Mining the Proteome for Biomarkers

tool suited for a comprehensive characterization of immune cells in the context of diseases
such as autoimmune conditions.

Contemporarily, mass spectrometry plays a major role within the field of proteomics.
Despite the limited sample throughput capacity, it is a very powerful technology. It
allows for the unambiguous identification of the proteins present in a biological sample,
and their modifications. As I previously discussed, one of the main limitations of mass
spectrometry-based approaches, namely the analytical sensitivity when analyzing complex
body fluids such as blood, is being addressed by incorporation of affinity reagents, which
are themselves the principal tools of affinity-based proteomics.

Affinity reagents can be used to examine various aspects of the human proteome, or
the sub-proteomes thereof. Several methods, including immunohistochemistry (IHC),
immunofluorescence (IF), immunoblotting, flow cytometry, immunoprecipitation and
immunoassays can be considered as classical methods making use of affinity reagents.
Alone or combined, these various tools serve for several end-purposes: IHC analysis allows
to investigate the expression profiles in tissues; confocal microscopy-based IF analysis
reveals the sub-cellular localization of proteins; flow cytometry allows for an analysis of
proteins displayed on the surface of cells: immunoprecipitation can be utilized to isolate
protein complexes for downstream characterization and immunoassays can be performed
for a qualitative or quantitative analysis of protein composition in body fluid samples.

While these methods using affinity reagents can be considered as classical methods for
analysis of single or a limited number of proteins, performing e.g. immunoassays for a
parallel analysis of hundreds or thousands of proteins or autoantibodies in an equal number
of clinical samples can be regarded as a different realm. This realm of affinity-based
proteomics gets stimulated by the ongoing efforts generating various types of affinity
reagents on proteome-scale, as I have discussed in section 2.3.1. Availability of such
comprehensive collections of antibodies and antigens opens up possibilities to implement
high-throughput strategies for parallel analysis of proteins and autoantibodies in body
fluids, where a remarkable fraction of the proteome can be explored. This aspect renders
affinity-based profiling approaches a valuable alternative and the affinity array technology
a crucial tool for profiling of proteins and autoantibody repertories.

In the following discussion, I will provide a more detailed overview of affinity arrays as
high-throughout tools of the affinity-based proteomics field, which allow to analyze the
protein content of body fluids and to identify targets of autoantibodies present in body
fluids in the quest towards biomarkers.
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An array is literally defined as an ordered arrangement of quantities or symbols, usually in
rows and columns. Simply put, affinity arrays can be considered as ordered arrangements
of test sites, where each site would host a certain, immobilized affinity reagent. They are
miniaturized architectures of density, allowing for an analysis of proteins or antibodies
present within small volumes of complex protein mixtures, such as body fluids.

In this final chapter of introduction, I will discuss available technologies for generating
affinity arrays, with a focus on antibody and antigen arrays, which served as the main
technical tools in the investigations carried out within this thesis work. In addition to
providing an overview of various features of affinity array technologies, I will also touch
upon important aspects which pose analytical or practical challenges. Finally I will give
an overview of the attempts made so far regarding the application of affinity arrays
for protein and autoantibody profiling, mostly geared towards identification of potential
biomarker candidates. I will also provide a discussion about methodological and statistical
considerations applicable for studies employing affinity arrays as their main discovery tools.

Yet, before embarking into this discussion, I would like define certain terms within the
context they will be utilized throughout this chapter. One such important term ismultiplex
assay, which refers to the parallel detection of more than one target protein present in the
same undivided volume of a sample. Throughput, which is not a synonym for multiplexing
capacity, refers to the number of samples which can be analyzed within a single experiment.
The analytical sensitivity of an assay refers to its ability to discriminate between different
concentrations of a target, whereas the more explicit term lower limit of detection (LOD)
of an assay refers to the concentration at which the assay read-out signal for a given target
can be discriminated from the background signal at a given level of statistical significance?

(Ekins and Edwards, 1997, Wilson, 2013). The dynamic range refers to the concentration
range between the lower LOD and the concentration at which signal saturation occurs,

?A common practice defines lower LOD as the target concentration corresponding to a signal that is three
standard deviations above the average background signal, namely the concentration at which the target
has a probability of α =0.015 of not being detected (Wilson, 2013).
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namely the upper LOD. The analytical specificity, or in recently more encouraged terms
the selectivity?, of an assay refers to the degree of how effectively a given set of affinity
reagents can produce measurable signals for their intended targets in a complex mixture
without interference from other components in the mixture. Selectivity therefore closely
depends on the degree of cross-reactivity of affinity reagents to unintended targets present
in a given sample context, namely to the degree of their off-target binding, as well as on
the degree of cross-reactivity of affinity reagents with each other. And finally, analytical
sensitivity and selectivity (specificity) are distinct terms from diagnostic sensitivity and
diagnostic specificity. These refer to the percentage of case samples truly identified by
the assay as positive for the tested analyte and to the percentage of control samples truly
identified by the assay as negative for the tested analyte, respectively (Saah and Hoover,
1997).

4.1 Affinity Array Technologies and Platforms

Like the younger child who has had an
older sibling to "soften up" his or her
parents and make life a little easier,
protein microarrays have benefited
from lessons learned during the noisy
adolescence of DNA microarrays.

Eisenstein (2006)

Before discussing affinity arrays and the types and applications of assays on affinity arrays,
I first would like to provide a brief historical perspective about immunoassays. As I
previously mentioned, in a groundbreaking work Rosalyn Sussman Yalow (1921–2011)
and Solomon Aaron Berson (1918–1972) described the concept of competitive radioactive
isotope-labeled antigen detection method and utilized the developed radioimmunoassay
(RIA) for detection of insulin in plasma (Yalow and Berson, 1959). Owing to their
refusal to patent the method (Glick, 2011), RIA soon became widely applied for
detection of hormones and immunoglobulins. Miles and Hales (1968) later described an
immuno-radiometric assay, where radioactive isotope-labeled antibodies were utilized for
detection of insulin in plasma. Wide et al. (1967) described a similar assay to detect
allergen-specific antibodies.

?It has been previously suggested that when describing an analytical method, the use of the term selectivity
should be preferred over specificity (Vessman et al., 2001). Although the term specificity still dominates
the practical jargon, as well as the literature, in the subsequent discussion I will prefer to utilize the
term selectivity.
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The concerns with regard to the use of radioactive substances led to search for
non-radioactive immunoassay alternatives with comparable analytical sensitivity. Despite
the initial skepticism about the alternative of using enzymes as reporter molecules
(Lequin, 2005), Peter Perlmann (1919–2005) and Eva Engvall demonstrated the feasibility
of quantitative measurement of IgG in serum using alkaline phosphatase as the
reporter molecule (Engvall and Perlmann, 1971). They named this assay enzyme-linked
immunosorbent assay (ELISA), which soon became the most widely used method for
protein detection. Subsequent to the introduction of the hybridoma technology for
production of monoclonal antibodies (Köhler and Milstein, 1975), the first "sandwich"
ELISA concept was proposed by Uotila et al. (1981). In this first report of sandwich
ELISA, two monoclonal antibodies with different specificities, one as a capture antibody
and another enzyme-labeled one as a detection antibody were utilized for detection of
alpha-fetoprotein.

Despite some early attempts of microspot-based immunoassays by Feinberg (1961), it
was not until the end of 1980′s that the theoretical principles and the concept of
microspot-based immunoassays was put forward: Roger Ekins proposed that low amounts
of capture molecules immobilized as microspots would capture only a minor fraction of
the analyte and this fraction would reflect the analyte concentration (Ekins, 1989). An
assay performed under such conditions would be independent of both the capture molecule
concentration and the sample volume. The so-called ambient analyte immunoassays would
therefore result in maximum fractional occupancy of the capture molecules, thus higher
signal intensities per area and optimal signal-to-noise ratios (Ekins, 1989, Ekins and Chu,
1991). Ekins and Chu (1994) emphasized further that such a miniaturized microspot-based
assay format would open up the possibility for a multi-analyte, namely multiplex, analysis.
As envisioned in the latter report by Ekins and Chu (1994), the concept of measuring
hundreds of analytes in parallel in a miniaturized assay setup has been widely adopted
within the affinity array field. In the following discussion, I will give a more detailed
overview regarding the available affinity array formats and different assay types.

4.1.1 Affinity Array Formats

Planar Arrays

The conceptual foundation for producing an immunoassay in a "microspot" fashion was first
introduced by George Feinberg, when he demonstrated the utility of depositing microspots
of an antigen solution with a fine capillary tube on an antiserum-agar coated microscope
glass slide (Feinberg, 1961), which he later used for detection of autoantibodies against
thyroglobulin in serum samples of autoimmune thyroiditis patients (Feinberg and Wheeler,
1963). Two decades later, Roger Ekins proposed the theoretical principles of microspot
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assays. It was however not until 1990′s that the contemporary planar, or "spotted"
microarray concept took its current shape, the DNA microarray technology hit its peak
and the concept of a simultaneous analysis of several thousand probes spotted on solid
supports, such as microscopic glass slides, proved itself as a highly valuable tool within
the genomic and transcriptomic research field (Chee et al., 1996, Schena et al., 1995).
Towards the end of 1990′s, the emerging proteomics field started to witness an equally fast
growing need to establish an analogous concept for the simultaneous analysis of hundreds
to thousands of proteins. In the beginning of 2000, the ready availability of robotic printing
devices and scanners within the DNA microarray world led to the adaptation of equipments
and procedures and the pioneering proof-of-concept studies demonstrating the feasibility
of "printing proteins" followed (Haab et al., 2001, MacBeath and Schreiber, 2000). Soon
after, the potential of spotted protein microarrays for the analysis of entire proteomes
was demonstrated (Zhu et al., 2001, 2000) and highlighted (Phizicky et al., 2003, Zhu and
Snyder, 2003).

Planar arrays are generated by immobilization of a large number of different capture or
affinity reagents, such as antibodies, in microspots, generally at a spatial density of up
to 2,000 per cm2 or more (Wingren and Borrebaeck, 2007). The capture reagents are
immobilized on the solid support by means of either contact printing devices using e.g.
pins that touch the surface of the solid support (MacBeath and Schreiber, 2000, Zhu et al.,
2000), or non-contact printing devices that involve jetting systems forming and propelling
droplets onto the solid surface (Delehanty, 2004, Delehanty and Ligler, 2003). Only minute
amounts of capture reagent volume are spotted, usually in the range of 50-500 pl, resulting
in spot sizes of 100-300 µm depending on the utilized solid support properties (Espina et al.,
2003).

A large number of different solid support options are available (Guilleaume et al., 2005),
offering different surface chemistry choices for planar arrays (Kusnezow and Hoheisel,
2003, Zhu and Snyder, 2003). As reviewed by Rusmini et al. (2007), Sutandy et al. (2013),
Tomizaki et al. (2005), surface immobilization strategies can in general be categorized as
physical, covalent or affinity-based immobilization. Surfaces coated with nitrocellulose or
gel pad allow for a passive adsorption resulting in non-covalent and non-specific attachment
of proteins, whereas e.g. epoxy-activated surfaces allow for a covalent attachment of
proteins through their accessible amine (–NH2), hydroxy (–OH) or thiol (–SH) groups and
e.g. avidin-coated surfaces allow for an affinity-based, non-covalent but specific attachment
of proteins carrying a biotin tag. There is no universal solid support type with a particular
surface chemistry, which is suitable for several, let alone all applications. On the contrary,
before exploiting the full utility of planar affinity arrays for profiling of samples, usually a
considerable amount of time has to be spent to develop and find the right surface chemistry
and to fine-tune the assay protocols accordingly for the individual purpose. Here, several
aspects need to be considered, such as whether the printed proteins have to retain their
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functional stability without undergoing denaturation. Usually, a similar effort has to be
spent for identifying the optimal buffer composition to block the array surface prior to
application of samples.

These and similar considerations apply certainly more when home-brewed protocols need
to be developed and adjusted to fabricate planar affinity arrays. There are however also
various commercially available planar array options providing access to research labs not
familiar with all aspects of the microarray fabrication technologies. One of the widely
distributed planar protein array platforms is the ProtoArray® Human Protein Microarray,
containing in its current version 5.0 over 9,000 full-length human proteins per slide. There
are also various commercially available planar antibody array platforms, mostly consisting
of several dozens to few hundreds of antibodies and targeting specific set of proteins such
as phosphorylated proteins, cytokines or kinases, as exemplified by the RayBio® Human
RTK Phosphorylation Antibody Array. A more extensive list of commercially available
planar array formats has been provided e.g. by Yu et al. (2010) and Sutandy et al. (2013).

To date, signal generation on planar affinity arrays mostly relies on fluorescence-based
methods. This is simply due to the fact that the laser scanners compatible with fluorescent
dyes, developed and widely used for DNA microarrays, were directly implemented into
the protein microarray field at its birth. Such scanners typically provide a fluorophore
excitation at wavelengths of 532 and 633 nm, allowing for a detection of organic
fluorescent dyes such as Cyanine and Alexa Fluor or protein-pigment complexes such
as R-phycoerythrin (R-PE). As a side note, although read-out by fluorescence has been
and still is by far the most widespread signal generation method within planar (as
well as bead-based) affinity array applications, there is indeed a rich spectrum of more
sophisticated alternatives. This includes both label-based methods, such as quantum dots,
gold nanoparticles or surface enhanced Raman scattering and label-free methods, such as
carbon nanotubes, nanowires and microcantilevers. A very comprehensive overview of
such emerging signal generation methods, as well as a comparison regarding the detection
sensitivities they offer, has been provided by Chandra et al. (2011) and Ray et al. (2010).

While practically being restricted solely to the availability of affinity reagents, planar
array platform theoretically offers the possibility to spot tens of thousands of capture
reagents within one glass slide for a highly multiplex analysis. This can be considered
as the main advantage of planar affinity arrays, suiting the analysis of binding against
thousands of proteins, antibodies or complex mixtures of samples at once. Certainly, the
more features are spotted on the array surface increasing the multiplexing capacity of the
assay, the less possibility to create sub-arrays, where individual samples can be analyzed
on the same array surface, thus a lower sample throughput. Planar array platform can
therefore be considered as a suitable initial discovery platform suited for identification
of potential biomarker candidates by analyzing sample collections in the range of lower
hundreds. These can be verified further on technological platforms offering higher sample
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throughput capacity, such as the bead-based arrays discussed next. This strategy has been
demonstrated within Article I and Article II, where planar arrays of human protein
fragments, routinely generated within the Human Protein Atlas project based on the
previously described protocols (Nilsson et al., 2005, Sjöberg et al., 2012), were implemented
for a large-scale autoantibody profiling approach, followed by verification of findings using
bead-based arrays.

Bead-Based Arrays

The principle of bead-based arrays, or the so called suspension bead arrays, relies on
immobilization of capture reagents on distinguishable microsphere sets as solid supports
and detection of the captured targets on each microsphere set by means of a flow cytometric
read-out system. Microspheres utilized as solid supports carry functional groups, such as
carboxyl (–COOH) or thiol (–SH) groups, facilitating the immobilization of proteins and
antibodies. As demonstrated in Article III, microspheres pre-coupled with neutravidin
can also be utilized to immobilize biotin-containing capture reagents, which offers an
alternative for immobilization of e.g. synthetic, biotin-containing peptides to provide
adequate space from the microsphere surface.

The concept of utilizing microspheres as a solid support is in fact not as new as it is
generally anticipated (Kellar, 2002). Almost 40 years ago, the potential use of microspheres
for immobilization of antigens to identify antigen-specific antibodies in serum was described
by Horan and Wheeless (1977). A decade later, McHugh et al. (1988) demonstrated
this possibility by simultaneously detecting serum antibodies against herpes simplex and
cytomegalovirus antigens, which were immobilized on microsphere sets with different
diameters. Towards the end of 1990′s, embedding spectrally different fluorophores into
microspheres to prepare 64 spectrally distinct microsphere populations was demonstrated
(Fulton et al., 1997, Kettman et al., 1998). The letter work lay the foundation for the
multiplex microsphere array technology provided today by Luminex Corporation under
the name of xMAP® technology (standing for multi-analyte profiling).

Curently, the xMAP® technology is the most widely utilized bead-based platform. It is
built on the use of polystyrene microsphere sets, which are internally dyed with precise
amounts of two or three spectrally different fluorophores with distinct emission profiles.
Since each microsphere set can be distinguished by their spectral address, microsphere sets,
each linked to a distinct capture reagent can be combined within a single array, allowing
for a multiplex measurement. The first generation of these microspheres contained two
internal fluorescent dyes allowing for a multiplexing of up to 100 analytes, whereas the
next generation microspheres, introduced in 2010, contain three internal dyes allowing for
a multiplexing of up to 500 analytes. In addition to commercially available technologies,
it is also feasible to develop home-brewed protocols to generate spectrally distinguishable
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microspheres allowing to create a microsphere array as demonstrated by Wu et al. (2009),
where maleimide-derivatives of fluorescent dyes were used to generate 1,152 different
microsphere sets.

The Luminex 100/200™ and FLEXMAP 3D® analyzers are compatible with 100-plex or
500-plex bead arrays and offer a throughput of 96 or 384 samples in micro-titer plates,
respectively. In the flow cytometer-like analyzers, each microshpere is subjected to a 635
nm laser beam, which excites the internal fluorescent dyes in each microsphere and allows
for the deconvolution of the spectral address. A 532 nm laser beam excites the reporter
molecule (preferably R-phycoerythrin) bound to the analyte and enables for read-out in
terms of median fluorescence intensity (MFI) across each distinct microsphere set (Kellar
and Oliver, 2004). As demonstrated by Jacobson et al. (2006) and later by Won et al.
(2012), it is also possible to use the fluorescence measurements of individual microspheres
within each set and to perform more customized statistical analysis of individual binding
events.

The Microplex® microspheres, with a diameter of 5.6 µm are the standard non-magnetic
microspheres (Figure 4.1), whereas the MagPlex® microspheres of 6.5 µm diameter are
embedded with superparamagnetic particles (Angeloni et al., 2013), allowing for an
automated plate washing or magnetic bead transfer, which are very important aspects
contributing for a good recovery of microspheres and good assay reproducibility and a
reduced hands-on time and human error. Both non-magnetic and magnetic microspheres
are functionalized with carboxyl groups, allowing for covalent immobilization of proteins
or antibodies via their primary amine groups. As reviewed by Hsu et al. (2009), there
are several commercially available ready-to-use kits with current clinical diagnostic utility
for single- or multiplex analysis of e.g. cytokines and growth factors. Similarly, there are
ready-to-use kits for analysis of autoantibodies, such as anti-nuclear antibodies (ANAs),
where some kits for the latter obtained approval from US Food and Drug Administration
(FDA) (Shovman et al., 2005).

Several studies have evaluated and compared the performance of bead-based multiplex
sandwich assays to sandwich ELISA and reported usually very high correlations and similar
or even better detection sensitivities for multiplex measurement of cytokines (De Jager
et al., 2003, duPont et al., 2005, Elshal and McCoy, 2006) or human antibodies (Dasso
et al., 2002). Similar studies have been performed to evaluate the agreement between
measured serum autoantibody levels, such as ANAs (Martins et al., 2004, Venner et al.,
2013), or levels of antibodies against viral antigens e.g. from Epstein-Barr virus (Martins
et al., 2008), using ELISA and multiplex bead-based assays which reported equally
concordant performances. Offering less consumption of crude sample volume, less sample
processing time and multiplexing capacity while not compromising analytical sensitivity
and accuracy makes bead-based array platforms highly versatile tools with large number
of applications.
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Figure 4.1: Microplex® beads under the microscope.
Ultra-high resolution field emission scanning electron microscope micrographs of Microplex®
beads prior to (A) and after conjugation to a protein (B) and upon addition of a biotin-labeled
antibody and streptavidin-phycoerythrin (SAPE) for read-out (C), with microsphere diameters
of approximately 5.6 µm, 8.6 µm and 12.5 µm at each respective condition. Image adapted
from work by Liu et al. (2013).

Bead-based arrays offer also certain advantages over planar arrays, including no
requirement for laborious image analysis, direct collection of data, greater sample
throughout and a more flexible and customizable array content. An array facility to
generate and utilize planar arrays would require scanners, image analysis softwares and
sophisticated printing robots which can usually be operated by experienced users, whereas
a facility based on bead-based arrays might be established in less time-frames due to the
more user-friendly nature of the currently available bead-based technologies. However,
as indicated before, planar arrays offer a possibility to generate arrays with hundreds to
few thousands of proteins or antibodies per cm2, thus theoretically allowing for a greater
degree of multiplexing than offered by the most widely used bead-based platforms. As
demonstrated in one of the large studies included in this thesis (Article I-II), these two
array platforms indeed complement each other when efficiently utilized at different phases
of biomarker discovery studies, as well as when each platform is utilized to technically
verify the findings revealed by the other, as demonstrated in Article I and by Rimini
et al. (2009).

The investigations presented in this thesis all employed bead-based arrays either for
profiling proteins or antibody reactivities in body fluid samples. The protocols for the
immobilization of antibodies or antigens on beads were originally described by Schwenk
et al. (2008, 2007), and as later summarized by Drobin et al. (2013), a semi-automated
workflow for a parallel immobilization of up to 384 antibodies (or antigens) in micro-titer
plates has been established. As demonstrated in all the studies included in the thesis, the
open architecture offered by the bead-based arrays offers the possibility to develop and
continuously fine-tune home-brewed protocols to create arrays with a fully customized
content of proteins, peptides or antibodies. It enables to carry out different proteome
profiling tasks by addressing particular sets of targets in the context of various diseases.
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4.1.2 Assay Formats on Affinity Arrays

Although the nomenclatures are not very frequently used in practice, assays performed
on affinity arrays can be categorized in different ways. One categorization has been made
between forward-phase assays and reverse-phase assays (Caiazzo Jr et al., 2009, Hartmann
et al., 2009, Yu et al., 2010); another one has been proposed as functional assays, analytical
assays and reverse-phase assays (Hall et al., 2007, Kodadek, 2001, Wolf-Yadlin et al., 2009).

Forward-phase assays involve the immobilization of capture reagents, such as antibodies
on solid supports, either planar or bead-based surfaces, to capture and detect specific
proteins from a complex mixture of proteins. Forward-phase assays thereby enable to
obtain the protein profile of each sample across hundreds to thousands of capture reagents
in parallel. Forward-phase assay strategy is mainly applied when utilizing antibody or
other affinity reagent arrays for protein profiling purposes in complex samples, which I
will discuss in more detail in the following section. Assays carried out on antigen arrays
are also regarded as a special type of forward-phase assay, where the immobilized antigens
on a solid support serve as bait reagents, so that the antibodies present in a complex
sample, or interaction partners of the immobilized antigens, can bind to the antigens and
be detected in parallel. In the following sections, I will also describe in more detail antigen
arrays and their applications, with a focus on profiling autoantibody repertoires.

Regarding the second categorization of assay formats, in fact forward-phase assays assays
carried out either on antibody and antigen microarrays with the aim to profile complex
mixture of protein samples can be considered as analytical assays. Functional assays, on
the other hand, would mainly refer to the use of arrays of antigens, generally full-length
proteins or protein domains, for studying their biological activities by the analysis of
protein-protein (Zhu et al., 2000), protein-DNA (Boutell et al., 2004), protein-lipid (Zhu
et al., 2001), protein-small molecule or enzyme-substrate (MacBeath and Schreiber, 2000)
interactions.

Before limiting the discussion in the following sections to the forward-phase assays –or
analytical assays– on antibody and antigen arrays, I would like to provide a brief overview
of the reverse-phase assay format and its applications.

In reverse-phase assays, instead of the capture or bait reagents, minute amount of the
complex samples to be analyzed are themselves immobilized on solid supports. This is
mostly achieved by means of adsorption on nitrocellulose coated glass microscope slides
(Speer et al., 2007). Subsequently, the immobilized complex samples are interrogated in
parallel, using a single reagent specific for a target of interest. The term reverse-phase
array was coined within the seminal work by Paweletz et al. (2001), where the feasibility
of parallel analysis of lysates obtained from micro-dissected malignant prostate lesions was
demonstrated to elucidate cell signaling events. Several signal pathway profiling studies,
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including also the time course analysis of post-translational phosphorylation events by
employing phospho-specific antibodies have adopted the reverse-phase assay strategy for
parallel analysis of lysates collected mostly from cancer lesions in the context of various
cancer types (Grubb et al., 2003, Sheehan et al., 2005, Wulfkuhle et al., 2003). Development
of commercial reverse-phase assay platforms, such as the ZeptoMARK platform (Pawlak
et al., 2002), offered improved analytical sensitivity within tissue lysate applications. It
also broadened the application context of reverse-phase assays to other diseases, such as
for analysis of muscle tissue lysates within muscular dytrophies (Escher et al., 2010). In
addition to serving as a miniaturized equivalent to the classical immunohistochemistry
assays, the utility of reverse-phase assays has been also demonstrated for protein or
phospho-protein profiling in various studies analyzing different types of cancer cell line
lysates (Boyd et al., 2008, Chan et al., 2004, Chruscinski et al., 2013, Luckert et al., 2012,
Nishizuka et al., 2003, Sevecka et al., 2011, Ummanni et al., 2014), as well as intact cells
(Schwenk et al., 2002).

Not least of all, the reverse-phase assay concept has been also implemented to develop
serum arrays, allowing for a parallel analysis of several hundreds of serum samples
(Aguilar-Mahecha et al., 2009, Grote et al., 2008, Janzi et al., 2009a, 2005, 2009b).
However, due to the simple fact that only minute volumes of samples are spotted on the
array surfaces, there is an intrinsic analytical challenge regarding the analytical sensitivity
of reverse-phase assays, unless additional signal amplification strategies, such as application
of fluorescent vesicles (Bally et al., 2011), are employed. Thus, the targets of interest in
the serum applications have mainly been mid- or high-abundant serum proteins, such as
immunoglobulins or C3 in the context of immunodeficiencies. These allowed to analyze
targets present in serum at a concentration range exceeding the LOD of the reverse-phase
assay format, which is reported to be in the 500-700 ng/ml range (Aguilar-Mahecha et al.,
2009, Janzi et al., 2009b).

Application of reverse-phase assays for analysis of proximal body fluids has been generally
very restricted, with less than a handful of attempts such as by Gyorgy et al. (2010) for
analysis of CSF. General technical and analytical challenges and considerations regarding
the reverse-phase assay format, as well as a broader overview of its application range has
been discussed by Speer et al. (2007), Vanmeter et al. (2007), Korf et al. (2009) and Mueller
et al. (2010). Although the studies carried out within the frame of this thesis work have
not directly employed the reverse-phase assay format, I finally would like to underline its
potential for a simultaneous analysis of up to thousands of samples for an abundant target
of interest. This aspect renders the reverse-phase assay format a very valuable strategy in
the context of verification of identified potential biomarker candidates in extended sample
collections of thousands of body fluid samples.
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4.2 Antibody Arrays for Protein Profiling of Body Fluids

Whereas DNA chips use the natural
power of hybridization, protein
microarrays commonly harness
Nature’s own protein capturing
agents – antibodies.

Mitchell (2002)

Within section 2.3, I provided an overview of various types of affinity reagents, including
antibodies, recombinantly produced antibody fragments such as single-chain variable
fragment (scFv), as well as alternative, namely non-immunoglobulin affinity reagents
such as nucleic acid aptamers. These and similar affinity reagents can be utilized to
build affinity arrays, either in planar or bead-based format, which can be implemented
for the multiplex protein profiling of body fluids. Using such multiplex affinity arrays,
and exploiting their sample throughput capacities, comparative studies searching after
differential protein profiles in disease vs. health can be carried out.

Assay formats utilizing planar or bead-based affinity reagent arrays can be divided into
two categories: the single-binder assay format and the sandwich assay format. The
single-binder assay is based on interrogation of an affinity reagent array with a labeled
sample, followed by the detection of the labeled target proteins captured from the given
sample. As reviewed by Wingren and Borrebaeck (2008), samples can be labeled either
directly with fluorescent dyes, such as Cyanine dyes in a single-color or dual-color approach
and be subjected to assay read-out; or alternatively they can be labeled e.g. with the
small molecule biotin and be detected using streptavidin conjugated to a fluorescent dye by
exploiting the robust and very high affinity biotin-streptavidin interaction?. The pioneering
and early studies demonstrating the utility of single-binder antibody arrays employed
sample labeling strategies based on fluorescent dyes (Haab et al., 2001, Miller et al.,
2003, Sreekumar et al., 2001). These studies followed the tradition of DNA microarrays
and adopted a dual-color approach, where two different samples, one of them usually
applied as a reference sample for internal normalization (Andersson et al., 2005), could
be mixed and simultaneously analyzed per array. This approach is indeed still applied
(Alhamdani et al., 2010, Schröder et al., 2010, Srinivasan et al., 2014). Other studies,
such as by Knezevic et al. (2001), Gao et al. (2005) and Orchekowski et al. (2005)
utilized biotin-labeled samples. Later, using antibody and recombinant scFv fragment
arrays, respectively, Kusnezow et al. (2007) and Wingren et al. (2007) demonstrated

?As a side note, the dissociation constant Kd for the biotin-streptavidin interaction is ∼ 10-15, about
105-108 times lower than the Kd for antigen-antibody interactions which is typically in the range of
10-7-10-10 (Diamandis and Christopoulos, 1991).
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that a single-color approach employing biotin labeling outperforms a dual-color approach
employing fluorescent dyes. An assay protocol for single-binder bead-based assays has been
described by Schwenk et al. (2008), where biotin-labeled samples could be applied without
the removal of excess biotin, followed by a read-out using R-phycoerythrin conjugated
streptavidin, which has also been the adopted strategy within Article IV and Article V
of this thesis work.

The concept of multiplex sandwich assay format relies on interrogation of an affinity
reagent array with a sample, followed by detection of the captured targets using a cocktail
of second affinity reagents, where each detection affinity reagent is matched to one of
the capture affinity reagents. These assays therefore represent a multiplex version of
standard ELISA immunoassays. For signal generation, either each detection antibody can
be fluorescently labeled; a fluorescently labeled tertiary antibody specific for the species
of the detection antibodies can be utilized; or biotin-labeled detection antibodies can
be detected by fluorophore conjugated streptavidin. Several early examples of multiplex
sandwich assays in a planar array format have been described (Huang, 2001, Nielsen et al.,
2003, Tam et al., 2002, Wiese et al., 2001), demonstrating their utility for a multiplex
detection of various cytokines, where mostly less than a dozen of different targets were
analyzed. Multiplex sandwich assays have also been established on bead-based arrays
(De Jager et al., 2003, Hsu et al., 2008) and as mentioned previously, this array platform
became commercially mature for the analysis of cytokines and chemokines in a multiplex
sandwich assay format, with the availability of several ready-to-use kits.

As signal generation in sandwich assays depends on two antibodies binding their intended
target, rather than one, the selectivity of sandwich assays outperforms the selectivity
of single-binder assays. Similarly, sandwich assays in general offer a better analytical
sensitivity due to reduced background (Haab, 2005). However, sandwich assays are
more cost- and labor-intensive to develop. First, matching pairs of antibodies need to
be found. While antibodies with a multi-epitope nature, such as polyclonal, or affinity
purified mono-specific antibodies might be utilized both as capture and detection reagents,
establishing an assay based on monoclonal antibodies would require two different reagents
generated against different epitopes of each target of interest. Second, the detection
reagents need to be labeled, either with biotin or a fluorescent dye. Although protocols
for semi-automated and parallel labeling of affinity reagents are merging (Dezfouli et al.,
2014), accomplishing this step is still a very labor-intensive stage if labeling is performed
for dozens of affinity reagents. Finally, possible cross-reactive interactions between and
across detection and capture reagents need to be evaluated in detail and the array content
needs to adjusted prior to application on biological samples. Because of these practical
and technical reason, sandwich assays are usually quoted to have a multiplexing capacity
of lower than 50 targets (Haab, 2005), and the multiplexing limit of commercially available
assays do not even extend beyond 30 (Tighe et al., 2013). In contrast, single-binder assays
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in theory offer an unlimited multiplexing capacity as also underlined by (Haab, 2006,
Hoheisel et al., 2013), although their practical multiplexing capacity is certainly equally
restricted by the availability of affinity reagents.

As demonstrated in Article IV and Article V, single-binder assay strategies on affinity
reagent arrays can be regarded as highly suitable tools for flexible protein profiling
approaches geared towards discovery of potential biomarker candidates. With the growing
number of available affinity reagents, an increasingly larger fraction of the human proteome
can be explored using single-binder assay strategies. However, once potential biomarker
candidates are identified, more focused assay development efforts should be spent to
develop sandwich assays, which can offer improved assay performance characteristics and
thereby facilitate the introduction of identified biomarker candidates into clinical practice.

4.2.1 Technical Challenges and Considerations

Much fishing for biomarkers has been
tried in the shallow waters of the more
abundant proteins without much to
show for, further underlining the need
to now probe the depths.

Landegren et al. (2012)

In this section I would like to address technical and analytical aspects relevant for assays
carried out on affinity arrays. As I already discussed in section 3.2.1, one challenge when
analyzing especially blood-derived samples on multiplex affinity arrays is the vast dynamic
range of target concentrations. The fact that several potentially disease-related proteins
might be present at very low concentrations renders the analytical sensitivity as a cardinal
aspect. In recent years, "divide and conquer" strategies of the mass spectrometry field have
been adopted to address this challenge within affinity array field. This includes reduction
of the sample complexity by means of pre-fractionation (Ingvarsson et al., 2006, Slaastad
et al., 2011) or depletion of high abundant proteins, such as albumin or immunoglobulins
(De Jager et al., 2005). While several studies demonstrated the utility of depletion
strategies, others have proposed that affinity array-based methods do not necessarily
benefit from depletion steps due to co-depletion of low abundance proteins including
cytokines (Granger et al., 2005) and due to introduction of a bias in protein composition
(Schröder et al., 2010). As a result, the practice of pre-fractionation and depletion prior to
analysis remains a matter of technical discussion, although protocols allowing to by-pass
such pre-analytical steps are certainly preferable in regard to throughput and practicality.

Signal amplification by nucleic acid amplification strategies offers a direct approach to
address the analytical sensitivity of protein profiling assays and enhance the lower LOD.
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ImmunoPCR (iPCR), introduced by Sano et al. (1992), represents the first example of
such nucleic acid-assisted protein detection methods, benefiting from the intrinsic power
of polymerase chain reaction (PCR) for specific amplification of DNA by several orders
of magnitude (Saiki et al., 1988). To summarize the general concept of iPCR, antibodies
conjugated to DNA probes are utilized for detection of bound proteins and the DNA
probes are subsequently amplified by PCR. Although currently the amount of such DNA
products can be quantified in quantitative (or real-time) PCR (Heid et al., 1996), this was
not the case by the time when iPCR was introduced. In its original format, iPCR involved
a labor-intensive step for estimation of the amount of PCR product by gel electrophoresis.
Thus, despite its potential, iPCR has been so far underutilized, however there are recent
studies demonstrating its utility for sensitive detection of proteins (McDermed et al., 2012).

A similar signal amplification method is rolling circle amplification (RCA). Here, upon
capture of a target protein by a DNA probe-conjugated antibody, a circular DNA template
or a padlock probe (Nilsson et al., 1994) is added, which hybridizes to the DNA probe
on the antibody. Amplification by DNA polymerase results in a long, single-stranded
DNA product, which can be detected by complementary, fluorescently-labeled detection
probes. Several proof-of-concept studies utilizing RCA method reported three orders
of magnitude improvement in LODs (Schweitzer et al., 2002, 2000, Shao et al., 2003,
Zhou et al., 2004), and the concept of RCA has been applied within several biomarker
discovery-oriented studies as well (Kaukola et al., 2004, Mor et al., 2005, Orchekowski
et al., 2005, Sanchez-Carbayo et al., 2006). More extensive discussions regarding iPCR
and RCA can be found by Adler et al. (2008), Malou and Raoult (2011), Niemeyer et al.
(2005) and by Kingsmore and Patel (2003), Partyka et al. (2014), respectively.

At this point, I would like to open a parenthesis and touch upon the "ultra-sensitive"
immunoassay technologies, which have been emerging lately. One such technology is the
so-called digital ELISA on single-molecule arrays (SiMoA) (Rissin et al., 2010, Rissin and
Walt, 2006), which allows for detection of single antibody-protein complexes captured
on microspheres by confining them to femtoliter-well arrays. Simply, isolation of single
complexes captured on single microspheres into single reaction wells allows for a subsequent
digitalization of the detection of captured proteins by counting. In contrast to the
traditional method of signal generation where the total signal is an ensemble averaging
of fluorophore molecules, in this concept a single fluorophore molecule is often enough
to generate a signal over background, thus allowing for sensitive measurement of single
molecules, with a reported lower LOD of 6 fg/ml for PSA, for instance. This technology,
with a current multiplexing capacity of up to ten proteins, was made commercially available
by Quanterix Corporation recently. A similar single-molecule counting platform, with
similar levels of reported LODs, is the Erenna® immunoassay system offered by Singulex
Corporation. Here, upon capture of proteins by capture antibodies on microspheres,
fluorescently labeled detection antibodies are added, which are subsequently eluted for
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a single-molecule counting process in a capillary flow system (Todd et al., 2007, Wu
et al., 2006). There are indeed other attempts to implement single-molecule detection
concept on affinity arrays, such as demonstrated by Tessler and Mitra (2011), describing a
planar sandwich assay format using total internal reflection fluorescence (TIRF) imaging
for single-molecule counting.

Although these emerging technologies offer great analytical sensitivity, they are limited
in terms of multiplexing capacity, as any other technology based on sandwich-assay
format. Multiplexing is indeed an equally important aspect as sensitivity, especially when
considering discovery-oriented applications. By increasing the degree of multiplexing,
single-binder assays are mainly susceptible to an increased possibility of off-target
interactions between capture antibodies and proteins present in a given sample.
Namely, the cross-reactive interactions which might take place in single-binder assays
are mainly sample-driven?. In addition to such sample-driven off-target interactions,
multiplex sandwich assays are also susceptible to reagent-driven cross-reactive interactions,
namely the cross-reactive interactions between detection antibodies with other detection
antibodies, as well as with capture antibodies. As highlighted by Juncker et al. (2014), in a
sandwich assay for n target proteins, theoretically there are in total 4n(n-1) cross-reactive
interactions which might take place. Recently, various concepts have been suggested
to minimize such reagent-driven cross-reactive interactions in sandwich assays. In the
so-called bead-based sequential multiplex analyte capturing assay, Poetz et al. (2010)
demonstrated the possibility of analyzing the very same sample with different capture
and detection antibody panels related both to abundance and phosphorylation status of
different tyrosine kinases, thus reducing the reagent-driven cross-reactivity by a "temporal"
separation of the reagents. Similarly, in the so-called antibody colocalization microarrary,
Li et al. (2012), Pla-Roca et al. (2012) demonstrated the possibility of "spatially" separating
the reagents by spotting detection antibodies on corresponding capture antibody spots
upon sample incubation.

Proximity ligation assay (PLA), originally described by Fredriksson et al. (2002), is another
elegant approach essentially addressing the reagent-driven cross-reactivity, thus enhancing
the assay selectivity. In PLA, similar to iPCR, detection antibodies of a mostly polyclonal
source are conjugated to DNA probes. Yet, for each target, antibodies are conjugated
to not a single but two (or up to four) different DNA probes, which consist of both a
unique identifier and a common ligation sequence. Upon coincident binding of correct
pairs of detection antibodies, the probes come into close proximity to be joined by DNA
ligation. The ligation product serves as an amplifiable reporter molecule, which can be

?As a side note, in the investigation listed as the fifth in the related articles, a sequential capture assay
concept was developed to minimize the off-target interactions in single-binder bead-based assays. Briefly,
this assay concept relies on a first capture with a bead-based array, labeling of captured targets on beads,
elution of labeled targets and read-out using a secondary capture array.
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detected by qPCR. PLA was originally described as a homogeneous assay and was adopted
by Darmanis et al. (2010) for use on microspheres as solid support, where a multiplexing
capacity of up to 36 targets was demonstrated using this latter format (Darmanis et al.,
2011). Recent and more extensive discussions regarding PLA have been provided by Nong
et al. (2012) and Blokzijl et al. (2014).

Multiplexing is not only a challenging factor for the selectivity of affinity reagent-based
assays, but it potentially also restricts the linear dynamic range which can be achieved
for certain proteins present in a complex sample. Since each protein is present at a
different concentration and since each antibody-protein interaction has its own affinity
characteristics, ideally each protein might require for distinct assay conditions for a
measurement within a linear dynamic range. Thus, when utilizing arrays with several
affinity binders targeting different proteins simultaneously, a linear range might not be
achieved for all. This can be even more restricted in case of sandwich assays, depending
not only on one but potentially two different affinity characteristics.

As for any affinity-based technology, the quality and nature of affinity reagents utilized
on affinity arrays is of uttermost importance and the awareness about this is frequently
expressed in recent years (Marx, 2013, Perkel, 2014). Confirmation of the binding
specificity of utilized affinity reagents against their target proteins is a key issue, for which
various approaches can be taken including a Western blot analysis, as well as utilizing
generic binding assays such as the strategy employed within the Human Protein Atlas
Project, as I have discussed in section 2.3.1. Epitope mapping, for instance on high-density
peptide arrays (Buus et al., 2012, Forsström et al., 2014), can further contribute for a
confirmation of antibody specificity and a better understanding of the antigen binding
sites. Certainly, a mass spectrometry-based quality-control approach can also be taken to
verify that the utilized antibodies in a certain assay environment and sample context are
capturing their intended targets, as demonstrated e.g. by Neiman et al. (2013) for assays
on bead-based antibody arrays. The type and nature of immunogens utilized to generate
the applied antibodies also need to be considered when developing assay protocols. Several
commercially available antibodies, including the mono-specific antibodies generated within
the Human Protein Atlas project, are for instance raised towards peptides or protein
fragments. Utilizing such affinity reagents might require antigen denaturation e.g. by heat
in order to enhance the epitope retrieval, as it has been demonstrated by Schwenk et al.
(2008, 2010b) and applied within Article IV and Article V.

4.2.2 Applications of Antibody Arrays for Biomarker Discovery

Since their emergence in the beginning of 2000′s, antibody and other affinity reagent
arrays have been increasingly more utilized within discovery-oriented, disease-specific
proteomics studies. The vast majority of the early studies have been performed within
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the context of cancer (Gao et al., 2005, Hudelist et al., 2004, Miller et al., 2003, Mor et al.,
2005). Although cancer field continued to frequently employ array-based strategies for
discovery of disease-associated protein profiles (Kim et al., 2009, Orchekowski et al., 2005,
Sanchez-Carbayo et al., 2006, Shafer et al., 2007), the spectrum of diseases where affinity
reagent arrays are being applied has remarkably extended in recent years, including, but
not limited to metabolic diseases (Schwenk et al., 2010a); hyperinflammatory diseases (Hsu
et al., 2008); autoimmune diseases such as Sjöogre’s syndrome (Szodoray et al., 2004), SLE
(Bauer et al., 2006, Carlsson et al., 2011b) or autoimmune pancreatitis (Sandström et al.,
2012); neurodegenerative diseases such as Alzheimer’s disease (Britschgi et al., 2011, Hye
et al., 2014) or Parkinson’s disease, as well as infectious diseases such as malaria (Bachmann
et al., 2014) or tuberculosis (Nahid et al., 2014). The work presented in Article V
demonstrates a first application of antibody arrays for protein profiling in the rare disease
field, where plasma and serum samples were profiled on bead-based antibody arrays in the
Duchenne muscular dystrophy context. Similarly, the work presented in Article IV is
a first, large-scale application of antibody arrays for protein profiling in plasma within a
multiple sclerosis context.

The single-binder assay format constitutes the main strategy applied for discovery-oriented
protein profiling studies. There are indeed examples where a multiple sandwich assay
format has been utilized e.g. by Kaukola et al. (2004), Szodoray et al. (2004) and
Bauer et al. (2006), but these studies have mostly focused on profiling cytokines, growth
factors and soluble receptors, or they were investigating a previously identified candidate
protein biomarker in an extended sample collection for verification purposes (Qundos
et al., 2014). Studies adopting a single-binder assay strategy could investigate more
versatile hypothesis-driven sets of targets, including e.g. targets known to be expressed
in the affected tissue type or organ or known to be involved in cellular pathways
associated with the disease, as demonstrated in Article IV in muscular dystrophy
context. Furthermore, single-binder assay formats have also been used to profile entirely
hypothesis-free assembled sets of targets, as demonstrated e.g. by Bachmann et al. (2014),
Nahid et al. (2014), Sattlecker et al. (2014), as well as in Article V. There are also several
studies which have combined the single-binder assay format with a read-out based on
rolling circle amplification (Kader et al., 2005, Mor et al., 2005, Orchekowski et al., 2005,
Sanchez-Carbayo et al., 2006, Shafer et al., 2007).

Serum and plasma samples constitute the sample type which have so far been mostly
applied in discovery approaches using affinity reagent arrays, however there are example
studies utilizing tumor tissue extracts in cancer context (Mehan et al., 2012, Srinivasan
et al., 2014) and cerebrospinal fluid in the context of neurological diseases such as multiple
sclerosis (Häggmark et al., 2013). Current examples of affinity array-based studies utilize
both antibodies and recombinant antibody fragments. The single-binder, bead-based
protein profiling approach described by Schwenk et al. (2008) has been implemented
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within the context of several diseases, such as kidney disorders (Neiman et al., 2011),
small intestine neuroendocrine tumors (Darmanis et al., 2013), malaria (Bachmann et al.,
2014), muscular dystrophies (Article V) and multiple sclerosis (Article IV), where
mainly affinity-purified polyclonal antibodies generated within the Human Protein Atlas
have been utilized. The single-binder, planar-array based approach described by Wingren
et al. (2005) utilized the recombinant single-chain variable fragments (scFv) introduced by
Söderlind et al. (2000). This platform has been implemented in various protein profiling
studies within e.g. pancreatic cancer (Ingvarsson et al., 2008, Wingren et al., 2012),
breast cancer (Carlsson et al., 2008, 2011a) and B-cell lymphoma (Pauly et al., 2014).
Similarly, Ramirez et al. (2010) utilized scFv arrays in the context of ovarian cancer.
Protocols developed for single-binder, planar-array based analysis of tumor tissue extracts
(Alhamdani et al., 2010, Schröder et al., 2010) have also been utilized within cancer context
(Srinivasan et al., 2014), as reviewed by Hoheisel et al. (2013). In addition to antibodies
and recombinant antibody fragments, an assay based on aptamers has been described
by Gold et al. (2010) and Kraemer et al. (2011), which has recently been implemented
for protein profiling studies within tuberculosis (Nahid et al., 2014), Alzheimer’s disease
(Sattlecker et al., 2014) and lung cancer (Mehan et al., 2012).

4.3 Antigen Arrays for Profiling Autoantibody Repertoires of
Body Fluids

I’d like to see a future where people can
just think up an experiment, buy an
array, and do it.

Michael Snyder (Eisenstein (2006))

Antigen arrays, either in planar or bead-based format, are built of "bait" reagents, such
as proteins or peptides. Using antigen arrays, both analytical and functional assays
can be performed. In a functional assay format, the arrayed antigens are utilized to
decipher various binding activities such as protein-protein, protein-drug, protein-peptide
or protein-nucleic acid interactions, as reviewed e.g. by Zhu and Qian (2012) and Sutandy
et al. (2013). In an analytical assay format, arrays of antigens are used to detect and
characterize antibodies, either against self- or non-self antigens. In this section, I will frame
the discussion mainly to the analytical assays for antibody profiling on antigen arrays.
Although for this purpose other types of bait reagents, such as lipids or carbohydrates,
can be utilized as antigens, I will mainly discuss arrays of full-length proteins, or fragments
thereof, and arrays of peptides.
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Protein Arrays

There are two strategies to fabricate protein arrays: Proteins can be either immobilized
on planar or bead-based surfaces upon recombinant expression and purification, or they
can be expressed in situ, namely on spot (or on bead) using cell-free expression systems.
I would like to provide an overview of first the in situ protein array fabrication strategies,
followed by the examples of more conventional approaches.

The in situ array production strategy eliminates the need to separately express and
immobilize the proteins and relies on the synthesis of proteins directly on the array in a
cell-free manner. Here, DNA templates, either in the form of a plasmid or a PCR product
are utilized. The DNA template allows for protein synthesis in the presence of a crude
cell lysate, which contains all macromolecular components needed for the transcription
and translation machineries, such as ribosomes and initiation, elongation and termination
factors. These components are also externally supplemented with e.g. amino acids, salts
and cofactors. Cell-free protein expression is in fact not a recent concept; the feasibility of
such cell-free expression mechanisms was revealed by the work of Nirenberg and Matthaei
(1961) in the quest towards deciphering the genetic code. Cell-free protein expression
systems were traditionally made from E. coli, followed later by cells from eukaryotic species,
such as wheat germ cells, insect cells or rabbit reticulocyte cells (immature red blood cells),
as reviewed by Endo and Sawasaki (2006), Spirin and Swartz (2008), He et al. (2011) and
Carlson et al. (2012). Within the last decade, several in situ protein array production
strategies emerged upon the marriage between such commercially available cell-free protein
synthesis methods and the protein array technology.

A prototype strategy, the so-called protein in situ array (PISA), later also known as
DiscernArray™ (He and Taussig, 2003), was described by He and Taussig (2001). In PISA,
PCR-generated DNA constructs are designed to encode a protein or a fragment thereof,
while also including a tag sequence. The array surface is pre-coated with a tag capture
agent and after translation using an E. coli or rabbit reticulocyte lysate, the synthesized
proteins with the tag are directly captured on the array surface and the unbound lysate
material is washed off. The originally described method of PISA was however a "macro"
method based on 24 wells per array and required 25 µl of DNA-lysate mixture per well.
Angenendt et al. (2006) later miniaturized PISA further by utilizing a multiple spotting
technique, where first the DNA template and then the lysate were spotted, reducing the
required volumes to sub-nanoliter volumes and increasing the theoretical spot density up
to 13,000.

An alternative to PISA, the so-called nucleic acid programmable protein array (NAPPA),
was proposed by Ramachandran et al. (2004). As opposed to the original version of PISA
where protein synthesis took place in solution, the concept of NAPPA is based on spotting
the DNA template, in this case a biotinylated plasmid, encoding the protein of interest
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as a fusion with a GST tag (glutathione S-transferase). The array surface is pre-coated
with avidin, as well as an antibody targeting the GST tag is immobilized on the array.
Upon incubation of the spotted plasmid DNA array with the rabbit reticulocyte lysate,
the expressed protein with GST tag is immediately captured within each spot by the
antibody against GST tag. A next version of NAPPA was described by Ramachandran
et al. (2008), where planar arrays consisting of up to 1,000 proteins were generated and
later Wong et al. (2009) adapted the NAPPA strategy on a bead-based array platform.
One of the important concepts offered by the NAPPA strategy is the feasibility of storing
an array with the DNA template for a long term until usage. In turn, the protein spots
(or beads) are per se not "pure" since they remain co-localized with the DNA template
and the antibody against the tag.

A third in situ protein array strategy was described by Tao and Zhu (2006), relying on the
concept of fabricating protein arrays by capturing nascent polypeptides during translation
by puromycin. Here, cell-free expression takes place on streptavidin-coated arrays with
immobilized in vitro transcribed mRNA, which is hybridized to an oligonucleotide modified
with biotin and puromycin. Upon in situ translation, puromycin captures the nascent
protein facilitating its immobilization on array surface and removal of mRNA by RNase
leaves pure protein spots. Yet, as later discussed by Sutandy et al. (2013), the strategy
has not flourished due to difficulties to express proteins with a MW over 60 kDa, as well
as generally low protein yields. A fourth in situ protein array production strategy, the
so-called DNA array to protein array (DAPA) was described by He et al. (2008a) and
recently optimized further (Schmidt et al., 2013). The concept behind DAPA strategy
involves two slides and a permeable membrane in between. One slide is immobilized with
PCR-generated DNA constructs encoding tagged proteins, the other slide is immobilized
with tag-capturing reagents, and between the two slides the cell-free protein synthesis
is carried out within a filter membrane. The newly synthesized proteins on the first
slide diffuse through the membrane and become captured on the second slide. The main
advantage offered by the DAPA strategy is the possibility to reuse the same DNA array up
to 20 times to generate multiple copies of a protein array (He et al., 2008a). In comparison
to NAPPA, DAPA also allows to generate "pure" protein spots on a separate surface
than the DNA template. Yet, diffusion has been regarded as a potential limitation to
synthesize multimeric proteins. Similarly, the protein spots occupy a large area due to
diffusion effects; the so-far reported spot densities for DAPA strategy have been in the
range of 100 (Stoevesandt et al., 2011).

Taken together, the in situ array production strategies in principle avoid the need to
express, purify, and store individual proteins, thus also reduce the concerns about the
storage stability of protein arrays. When mammalian cell-free protein synthesis systems
are utilized, they also offer for an analysis of proteins with post-translational modifications.
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More detailed overview of the in situ protein array strategies have been provided by He
et al. (2008b), Chandra and Srivastava (2010) and Stoevesandt et al. (2011).

The more conventional approach of fabricating protein arrays is based on expression and
purification of proteins individually, followed by immobilization on a solid support. While
this is a challenging task in several aspects, the feasibility of fabricating arrays with
thousands of proteins have been demonstrated by the earliest pioneering studies in the
affinity array field. Zhu et al. (2001) demonstrated the practical feasibility of fabricating
an array containing approximately 80% of the yeast proteome by cloning, expressing
and purifying almost 6,000 yeast open reading frames as GST-His6 fusion proteins.
Using the same strategy, Chen et al. (2008) demonstrated the feasibility of fabricating
a whole-proteome array with over 4,200 E. coli proteins, representing 99.3% of the E. coli
genome. This approach originally described by Zhu et al. (2001) was commercialized by
Proteometrix Inc., subsequently acquired by Invitrogen™ (now Life Technologies), which
is using GST fusion proteins in its ProtoArray® product line. The current 5.0 version of
the ProtoArray® Human Protein Microarray hosts over 9,000 full-length human proteins
expressed in insect cells. Similarly, in one of the early protein array studies, Lueking et al.
(2003) fabricated arrays with 2,413 full-length human proteins expressed in E. coli utilizing
a human fetal brain cDNA expression library. This approach was later commercialized as
the UNIarray® platform by Protagen Diagnostics. More recently, Jeong et al. (2012)
reported an array with 16,368 human open reading frames as GST-His6 fusion proteins
expressed in yeast, representing 12,586 unique genes, thus 60% of the human protein-coding
genes. The latter framework has been recently commercialized by CDI Laboratories as
HuProt™ Human Proteome Microarray, containing 19,832 full-length human proteins in
its version 2.0, corresponding to over 75% of the human protein-coding genes.

The recombinant human protein fragments generated within the Human Protein Atlas
represent yet another approach, demonstrating the feasibility of large-scale expression and
purification of human antigens. Currently, Human Protein Atlas hosts approximately
46,000 sequence-verified human protein fragments, representing approximately 80% of the
human protein-coding genes. As I described in section 2.3.1, these 50-150 amino acid long
fragments are expressed in E. coli as recombinant fusion human protein fragments, which
are subsequently utilized within the Human Protein Atlas pipeline to generate planar
antigen arrays. These arrays consist of random sets of 384 human protein fragments and
are routinely utilized to characterize the binding specificity of newly generated Human
Protein Atlas antibodies (Nilsson et al., 2005, Sjöberg et al., 2012). As demonstrated
in Article I, the collection of these protein fragment arrays offers a valuable protein
array resource. More recently, protein fragment arrays with a larger content have been
fabricated as well. These arrays hosting 21,120 human protein fragments and representing
12,412 protein encoding genes were for instance utilized within Article II.
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Peptide Arrays

In addition to proteins or protein fragments, antigen arrays can be generated also by
utilizing synthetic peptides. The main disadvantage of synthetic peptides compared to
full-length proteins or protein fragments is that they are restricted to mimic discontinuous
epitopes and allow to assess continuous epitopes. Yet, peptides offer certain advantages
such as they might be relatively inexpensive to synthesize; they are physically and
chemically more stable than proteins thus offer more stability e.g. during storage and
they offer incorporation of certain post-translational modifications such as citrullination
or phosphorylation. Similarly, they allow for incorporation of non-natural amino acids
and other modifications for detection or immobilization, such as biotin or a histidine tag,
which can be introduced at any required position.

The emergence of peptide arrays dates back earlier than the emergence of protein arrays.
In fact, peptide arrays might even be considered to designate the emergence of the array
technology. The foundations for peptide arrays were laid when Robert Bruce Merrifield
(1921–2006) introduced the concept of solid phase peptide synthesis (Merrifield, 1963) and
automated peptide synthesizers (Merrifield et al., 1966). Adopting the solid phase peptide
synthesis concept, Geysen et al. (1985, 1984) introduced the early concept of peptide
arrays by parallel synthesis of peptides on plastic pins. Shortly thereafter, the so-called
SPOT™ synthesis approach was introduced by Frank (1992), Frank and Döring (1988),
which demonstrated the possibility of in situ synthesis of peptides on cellulose membranes.
The principle of SPOT™, applied in a further miniaturized way, is still utilized in currently
available commercial peptide array platforms such as PepSpot™ or PepStar™ provided
by JPT Peptide Technologies.

Around the same time as the emergence of the SPOT™ approach, Fodor et al. (1991)
reported another breakthrough in situ approach by combining the solid phase peptide
synthesis concept with semiconductor fabrication concept. Here, peptide arrays were
generated on glass slides using combinatorial synthesis based on photolithography. This
method relied on synthesis of peptides by repeated cycles of coupling of activated
amino acids and photodeprotection with a photomask. The strategy described by
Fodor et al. (1991) was in fact adopted for photolithographic synthesis of high-density
oligonucleotide arrays and this technology laid the foundation for the company Affymetrix
Inc. (Lipshutz et al., 1999). Regarding the synthesis of peptides, requirements such as
for individual synthesis of amino acid monomers with photolabile protection groups led to
further modifications of the photolithographic peptide synthesis approach. For instance,
Singh-Gasson et al. (1999) replaced the photomasks with digital micromirrors, which has
been utilized also in recent studies, such as by Shin et al. (2010) and by Buus et al. (2012).
A similar approach to the one described by Buus et al. (2012) was recently utilized by Roche
NimbleGen Inc. to fabricate an array with 2.1 million overlapping peptides representing all
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human protein coding-genes (Forsström et al., 2014). Mask-free photolithographic methods
have been also developed, such as by Gao et al. (2003), Pellois et al. (2000, 2002), who
fabricated peptide arrays on glass slides by photogenerated acid-based photolithography.
Using mask-free photolithography, Price et al. (2012) demonstrated the feasibility and
utility of peptide arrays using microprocessor-grade silicon wafers as solid support. In
addition to these strategies, particle-based peptide array fabrication methods have been
introduced as well. Relying on the basic principle of SPOT™, Beyer et al. (2007) developed
a combinatorial synthesis method utilizing electrically charged amino acid particles
positioned on a solid support by electrical field which is generated either by a computer chip
(Beyer et al., 2007) or a laser printer (Stadler et al., 2008). This technology is currently
commercialized by PEPperPRINT, providing PEPperCHIP® Peptide Microarrays.

The methods outlined so far exemplify the in situ peptide array synthesis approaches
and a more detailed overview has been provided e.g. by Gao et al. (2004), Henderson
and Bradley (2007), Breitling et al. (2009), Andresen and Grotzinger (2009) and Katz
et al. (2011). These approaches currently allow to generate high or even ultra-high density
peptide arrays. Certainly, it is also possible to fabricate peptide arrays by immobilizing
pre-synthesized peptides. This approach is more suited to generate arrays with a more
limited content geared towards more focused investigations, such as in Article III
which aimed to analyze antibody binding to citrulline- and arginine-containing peptide
pairs. Creating arrays with pre-synthesized peptides also allows to utilize peptides upon
assessment of their identity and purity, which is not feasible when generating peptide
arrays in situ.

4.3.1 Technical Challenges and Considerations

Our circulating antibodies tell the story
of what our immune system has seen
and how it responded. To extract
some of this information using antigen
microarrays, we need to decide which
epitopes we use for probing and how to
detect the binders.

Prechl et al. (2010)

Some of the technical and analytical aspects I have discussed with regard to antibody
arrays, such as analytical sensitivity, are also relevant for application of antigen arrays
for antibody profiling purposes. Indeed, the earliest applications of signal amplification
strategies such as RCA were applied on antigen arrays for detection of allergen-specific
IgE binding (Wiltshire et al., 2000). Similarly, prior to autoantibody profiling applications
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purification of immunoglobulins by means of protein A/G can be considered as a strategy to
enrich for immunoglobulins in body fluid samples. Yet, systematic evaluations addressing
the effect of such pre-analytical steps on array-based downstream analyses have so far not
been reported in detail.

Certainly, the most important consideration for antigen array applications is the type and
source of the antigens. Bacterial expression systems, such as E. coli are extensively used
and optimized for production of human proteins or fragments thereof, as also demonstrated
within the Human Protein Atlas. However, eukaryotic expression systems are needed when
aspects such as post-translational modifications, native folding and activity need to be
addressed. Certainly, the consideration regarding the type of expression system applies also
when in situ array production strategies are adopted. As a side note, folding and activity
of proteins expressed in eukaryotic systems might still be compromised by adsorption or
covalent attachment of the proteins to the surface of utilized solid support, which highlights
the importance of testing different array surfaces and related parameters for downstream
applications such as autoantibody profiling (Balboni et al., 2008). Such changes in antigen
structure might affect discontinuous epitopes that might be of relevance, but it can also
expose epitopes that otherwise are not accessible to antibodies as recently underlined by
Wang et al. (2013). In line with this and as I will discuss in the next section, there is no
established ultimate strategy in terms of the type and source of the employed antigens,
which can be utilized to explore the diversity of the autoantibody repertoire. There are
studies demonstrating not only the value of employing full-length proteins expressed in
eukaryotic systems, but also the value of recombinant protein fragments (as demonstrated
in Article I and Article II), synthetic overlapping peptides (Price et al., 2012) or even
random sequence peptides (Stafford et al., 2014) or peptidomimetics (Reddy et al., 2011),
each with their inherent biases and advantages. Thus, initial discoveries made with a given
type of antigen can be re-evaluated and verified using antigens of alternative types and
sources.

As highlighted by Prechl et al. (2010), for antigen array applications aiming to profile the
autoantibody repertoire in body fluids, the consideration regarding what to detect is as
important as what to immobilize as antigens. In a typical autoantibody profiling assay,
antigen arrays consisting of proteins, protein fragments, peptides or similar are incubated
with body fluid samples and autoantibody binding is detected using fluorescent dye labeled
secondary antibodies specific for human immunoglobulins. A majority of autoantibody
profiling investigations focus to determine antigens recognized by autoreactive IgG
antibodies only. Yet, the feasibility and potential value of detecting subclasses of IgG
(Graham et al., 2006, Papp et al., 2008a, Robinson et al., 2002) or different immunoglubulin
classes have been demonstrated (Hagedorn et al., 2010, Papp et al., 2008b). While
these and similar investigations utilized planar arrays, Article III aimed to develop a
bead-based assay allowing for a parallel analysis of antibodies of IgG, IgM and IgA classes.
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Especially in such applications, but also when analyzing only a single autoantibody class,
the specificity of the secondary detection antibody might be a factor to consider. For
instance, regarding the choice for secondary reagents to detect IgG autoantibodies, reagents
with specificity against both heavy and light chain or with specificity against only the Fc
portion of the IgG heavy chain can be utilized. Reagents specific against both heavy and
light chain might offer a broader epitope recognition than Fc fragment-specific reagents,
but they might react with other immunoglobulin classes since they share the same light
chain. Besides, depending on the quality of the reagent, Fc fragment-specific secondary
antibodies might still cross-react with other immunoglobulin classes. Therefore, secondary
reagents from different vendors with different specificities should preferably be evaluated
before a large-scale analysis of clinical samples. Besides, as demonstrated in Article
III, when serum samples at a low dilution rate are utilized for autoantibody profiling
applications, captured serum immunoglobulins building an antigen-antibody complex on
the array surface might activate the complement system, which might in turn mask
the detectability of captured immunoglobulins by secondary reagents. Thus, prior to
a large-scale analysis of serum samples, it might be beneficial evaluate different sample
dilution rates and the need to block the complement system by means of suitable assay
buffer additives such as EDTA.

Antigen array-based autoantibody profiling approaches using planar arrays mostly adopt
a single-color approach, where autoantibodies are detected using fluorescent dye labeled
secondary antibodies. Dual-color approaches have also been described for array-based
autoantibody profiling approaches. Hartmann et al. (2008) utilized a dual-color approach
for detection of both total immunoglobulin and antigen-specific autoantibodies. Kattah
et al. (2006) described the co-incubation of two different samples labeled with fluorescent
dye-labeled Fab fragments. Approaches like the latter might allow to incorporate a
reference sample for internal normalization, which can be a preferable strategy when
analyzing for instance longitudinal sample collections. As exercised in Article I, when the
utilized antigens have a tag, a dual-color approach can also be used to involve a secondary
antibody to detect the tag and this information can be utilized both for spot alignment
and for normalization purposes.

Upon identification of targets on autoantibodies, competition assays can add valuable
information regarding the degree of autoantibody specificity. Here, an assessment of the
reduction in antibody binding upon pre-blocking of samples with the identified target
would provide support for autoantibody specificity. This can be an especially important
point when proteins or protein fragments are expressed as fusion proteins in bacterial
expression systems, since body fluid samples from a subset of individuals might contain
antibodies reacting e.g. with the expression tag. In line with this, depending on the
antigen type and source, a pre-blocking of samples with the expression tag or a lysate
originating from the expression system should ideally be evaluated prior to analysis of
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large sample collections, as applied in Article I and Article II. A similar consideration
is relevant when utilizing peptide arrays for autoantibody profiling purposes. In several
peptide array applications, peptides are generated with a C- or N-terminal biotin and a
linker molecule, which allow to immobilize peptides on e.g. neutravidin-coated planar or
bead-based surfaces. Yet, as experienced in the investigation in Article III, body fluid
samples from a subset of individuals might contain antibodies reacting with neutravidin,
which might require a pre-blocking of samples.

4.3.2 Applications of Antigen Arrays for Biomarker Discovery

Antigen arrays, in the form of protein or protein fragment arrays, constitute an important
tool to characterize the binding specificity of antibodies or other affinity reagents, as
demonstrated e.g. by Jeong et al. (2012) using recombinant full-length proteins and by
Nilsson et al. (2005), Schwenk et al. (2007) and Sjöberg et al. (2012) using recombinant
protein fragments. Here, peptide arrays allow to further identify the epitopes either on
planar (Chiari et al., 2005, Forsström et al., 2014, Poetz et al., 2005) or bead-based
arrays (Hjelm et al., 2010, Larsson et al., 2009) utilizing overlapping peptides. As I will
discuss here, antigen arrays also offer a multiplex and high-throughput technology for the
investigation of the immune response in the context of several diseases and conditions.
As reviewed e.g. by Harwanegg and Hiller (2005) and Shreffler (2011), antigen arrays
of allergens can be utilized to characterize the immune response in allergy. Similarly, as
reviewed by Vigil et al. (2010) and Natesan and Ulrich (2010) and exemplified in works
by Zhu et al. (2006), Crompton et al. (2010), Vigil et al. (2011) and Price et al. (2013b)
among several others, antigen arrays of pathogens can be utilized to characterize the
immune response within various infectious diseases, which might help to develop vaccines
or monitor vaccine immunogenicity. By utilizing antigens representing human proteins
or peptides, autoimmune reactions against self-antigens can be studied in the context
of several diseases, including autoimmune diseases, as well as cancer. In the following
discussion I will mainly focus on this application area of antigen arrays for autoantibody
profiling.

Following the emergence of protein microarray technology, the first demonstrations of
the utility of antigen arrays for autoantibody profiling approaches were reported by Joos
et al. (2000) and by Robinson et al. (2002). Joos et al. (2000) generated arrays with 18
recombinant proteins well-known to be targets of autoantibodies in autoimmune diseases
such as Sjögren’s syndrome or rheumatoid arthritis and demonstrated autoantibody
binding in serum samples. Similarly, Robinson et al. (2002) created arrays with 1,152
features representing 196 different well-known autoimmune targets including peptides,
proteins and other molecules which were analyzed with serum samples from patients
with autoimmune rheumatic diseases. Joos et al. (2000) observed detection sensitivities
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comparable to ELISA and Robinson et al. (2002) reported four- to eight-fold improved
analytical sensitivity than ELISA.

Following these pioneering demonstrations of autoantibody profiling applications and
reviews highlighting their potential (Balboni et al., 2006, Fournel and Muller, 2003,
Hueber et al., 2002, Robinson et al., 2003b, Utz, 2005), antigen arrays have been used
in several hypothesis-driven studies, where selected sets of proteins or both proteins and
peptides were utilized to generate antigen arrays. Feng et al. (2004), Hueber et al.
(2005) investigated rheumatoid diseases; Fattal et al. (2010), Li et al. (2005), Price et al.
(2013a) investigated systemic lupus erythematosus; Balboni et al. (2013) investigated
juvenile dermatomyositis and Quintana et al. (2008, 2012) analyzed serum and paired
serum-cerebrospinal fluid samples in the context of multiple sclerosis, respectively. Besides
these autoimmune conditions, Britschgi et al. (2009) utilized peptide-based antigen arrays
within Alzheimer’s disease; Gnjatic et al. (2009) applied antigen arrays within non-small
cell lung cancer and Hagedorn et al. (2010) investigated serum samples from patients with
chronic rejection of lung transplantation. Recently, the utility of high-density peptide
arrays for autoantibody profiling applications has been also demonstrated e.g. by Price
et al. (2012) or Hecker et al. (2012) in the context of systemic lupus erythematosus and
multiple sclerosis, respectively.

There were also non-targeted, namely hypothesis-free, approaches exploring the
autoantibody repertoire in various diseases. Adopting the strategy originally described by
Zhu et al. (2001), arrays with 1,058 full-length liver proteins were generated by Hu et al.
(2007), which were later extended to contain a total of 5,011 human proteins and utilized
in the context of autoimmune hepatitis (Song et al., 2010). Similarly, Hudson et al. (2007)
utilized arrays with 5,005 full-length human proteins to identify tumor-associated antigens
within ovarian cancer. The strategy of utilizing human fetal brain cDNA expression
libraries to generate antigen arrays, originally described by Lueking et al. (1999, 2003),
was also applied in the context of dilated cardiomyopathy (Horn et al., 2006) and the
autoimmune condition alopecia areata (Lueking et al., 2005), where arrays with 37,200
redundant, recombinant human proteins were utilized. This setup, later commercialized
by Protagen Diagnostics, and containing 3,101 proteins or protein fragments was utilized
within multiple sclerosis for autoantibody profiling in cerebrospinal fluid (Beyer et al.,
2012).

The investigations in Article I also exemplify the hypothesis-free application of in-house
generated antigen arrays, where a total of 11,520 human protein fragments representing
7,644 protein-encoding genes were utilized for autoantibody profiling in a multiple
sclerosis-related sample collection. Similarly, in the fourth investigation listed under
related articles of this thesis, a hypothesis-free approach was taken. Here, 6,528
protein fragments representing 5,447 protein-encoding genes were utilized for autoantibody
profiling in a longitudinal plasma sample collection of pancreatic cancer patients who
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survived over five years after hematopoietic stem cell transplantation. All the studies
mentioned so far utilized antigen arrays in a planar-array format, implying that bead-based
antigen arrays have so far not been widely used for autoantibody profiling applications.
In Article I and Article II, the utility of bead-based antigen arrays for autoantibody
profiling in large sample collections was demonstrated.

Within the last few years, a majority of the hypothesis-free autoantibody profiling
applications have utilized the commercial ProtoArray®. It has been used in a very
broad spectrum of diseases, including chronic renal disease and renal transplantation
(Butte et al., 2011, Li et al., 2009); hematological disorders (Mias et al., 2013) and
autoimmune conditions such as rheumatoid arthritis (Auger et al., 2009), inflammatory
bowel disease(Vermeulen et al., 2011), type-1 diabetes (Koo et al., 2014) and primary
Sjögren’s syndrome (Hu et al., 2011), where all studies analyzed blood-derived samples
except the latter one demonstrating the analysis of saliva samples. Within cancer
field, ProtoArray® has been used to identify tumor associated antigens in the context
of colorectal cancer (Babel et al., 2009), bladder cancer (Orenes-Piñero et al., 2010)
and ovarian and pancreatic cancer (Gnjatic et al., 2010). While these cancer-oriented
studies focused on analysis of serum samples, Gunawardana et al. (2009) analyzed ascites
fluid in the context of ovarian cancer. ProtoArray® has also been utilized for serum
autoantibody profiling in neurological diseases such as Alzheimer’s disease (Nagele et al.,
2011), Parkinson’s disease (Han et al., 2012) and amyotrophic lateral sclerosis (May et al.,
2014), whereas Querol et al. (2013) analyzed cerebrospinal fluid in the context of multiple
sclerosis. While these studies reported disease-associated autoantibody reactivities, Nagele
et al. (2013) profiled serum samples from healthy individuals and highlighted that IgG
autoantibodies are ubiquitous in serum.

Antigen arrays generated by utilizing the in situ NAPPA strategy, originally described
by Ramachandran et al. (2004), have been also frequently implemented for recent
autoantibody profiling applications. The first studies utilizing NAPPA had a focus on
analysis of serum autoantibodies within breast cancer (Anderson et al., 2008, 2011). More
recently, NAPPA has been utilized in the context of autoimmune conditions, including type
1 diabetes (Miersch et al., 2013), anklosing spondylitis (Wright et al., 2012) and juvenile
arthritis (Gibson et al., 2012), where the latter study also demonstrated the analysis of
synovial fluid samples on NAPPA platform.

Besides protein and peptide arrays, there are also examples of phage arrays which
have been applied mostly within the cancer field for the identification of targets of
tumor-specific autoantibodies. This approach combines the phage display technology
with array technology. As described e.g. by Cekaite et al. (2009), a cDNA library is
constructed from mRNA isolated from cancer tissue and the cDNA library is inserted into
a phage vector to generate cDNA phage-display library. After several rounds of affinity
maturation, the library is enriched for page clones reacting e.g. with serum from patients.
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The library of enriched clones is immobilized on solid supports to create phage arrays for
further analysis of sample collections. This method has been applied for autoantibody
profiling in various cancer types, such as breast cancer (Cekaite et al., 2004); prostate
cancer (Wang et al., 2005); lung cancer (Chen et al., 2007, Zhong et al., 2005); ovarian
cancer (Chatterjee, 2006) and colorectal cancer (Babel et al., 2011); as well as in some
autoimmune conditions such as celiac disease (D’Angelo et al., 2013).

In addition to the use of antigen arrays for identification of autoimmune targets,
Papp et al. (2007, 2008b) demonstrated that antigen arrays can also be utilized for a
parallel measurement antigen-specific complement activation by detecting the deposited
complement C3 fragments on antigen array surfaces. Assessment of complement-activating
properties of autoantibodies, as well as their immunoglobulin classes, aims to generate more
immune function-related information on antigen-arrays. This strategy, reviewed more by
Prechl et al. (2012) was applied e.g. in the context of systemic lupus erythematosus (Papp
et al., 2012b). While the originally described strategy by Papp et al. (2007) and later
applications utilized planar arrays, the investigation in Article III aimed to implement
this strategy on bead-based antigen arrays.

4.4 Experimental, Statistical and Methodological Aspects

Scientific method is what working
scientists do, not what other people or
even they themselves may say about
it. [...] [The working scientist] is not
consciously following any prescribed
course of action, but feels complete
freedom to utilize any method or device
which in the particular situation before
him seems likely to yield the correct
answer. In his attack on his specific
problem, he is completely free to adopt
any course that his ingenuity is capable
of suggesting to him. [...] In short,
science is what scientists do, and there
are as many scientific methods as there
are individual scientists.

Bridgman (1955)

In this final section, I would like to reflect on miscellaneous aspects regarding study design
for discovery-oriented assays carried out on affinity arrays. I also would like to share
some personally collected observations and applied practices within the presented thesis
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work regarding experimental design and data and statistical analysis. Certainly, a fruitful
outcome of a study depends on the awareness of these, if not several more other aspects.

4.4.1 About Study Design: From Samples to Assays

Reason has so many forms that we do
not know which to choose – experiment
has no fewer.

Michel Eyquem de Montaigne

For a study aiming to identify differentially abundant proteins or autoantibodies as a
potential biomarker candidate for a certain disease, the choice for control samples is of
utmost importance. While several population-based control samples can be accessed easier
from a population register, such controls might not represent the relevant population under
the risk of becoming future cases. Hospital controls, especially those with other diseases,
might therefore represent a more relevant population, however they might not provide an
unbiased representation of a control group (Grimes and Schulz, 2005). Thus, it should be
evaluated in close collaboration with experts of the studied disease, whether population
controls or hospital controls are more suitable for the intended study outcome. In the
initial discovery studies carried out in Article I and Article IV, hospital controls with
other neurological diseases were utilized as controls and compared with multiple sclerosis
subtypes, whereas within the follow-up study (Article II) with the intention to analyze
a large sample collection, population-based controls were analyzed.

Certainly, control samples should ideally be matched in terms of demographic variables
such as age and gender, if not for other relevant variables as well (Bland and Altman,
1994). However, this might be difficult for some diseases, e.g. if the sample type is an
invasively collected body fluid or if the patients are very young or, which have been the
cases in Article IV and Article V, respectively. Similarly, when several disease subtypes
are compared, matching such subtype samples in terms of age can be a challenging task
since samples belonging to more advanced stages of the disease are per se older, as it has
been encountered within Article IV and Article V. Finally, while one view suggests
that one well-selected control group is better than two or more (Wacholder et al., 1992),
possibilities to involve well-selected sample collections of a related disease or of another
control set might still be worth to consider, especially if this can be allowed by the sample
throughput of the utilized array platform.

While there are strategies to statistically determine the theoretically required number of
samples per group, such as by the statistical power analysis (Levin, 2011, Skates et al.,
2013, Zhou et al., 2012a), analysis of as many samples as the utilized technology allows
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for would increase the chances for finding candidates that can be reproduced and verified
downstream. However, as recently also highlighted by Wallstrom et al. (2013), statistical
expertise should indeed be involved at the early stage of biomarker discovery studies,
which is not always practiced or feasible. As wisely expressed by Ronald Aylmer Fisher
(1890—1962), "to call in the statistician after the experiment is done may be no more
than asking him to perform a post-mortem examination: he may be able to say what
the experiment died of". If a subset of samples needs to be selected from a larger sample
collection to meet the sample throughput capacity of the array platform, then this selection
needs to be carried out in close collaboration with experts of the studied disease in order
to determine which disease subtypes or age groups might be prioritized in an initial
discovery analysis. Certainly, the sample preparation type and condition should meet
the requirements of the technical analysis to be carried out. For instance, serum and
not plasma samples, which have not been exposed to freeze-thaw cycles prior to analysis
are the suitable sample types for measurement of complement activation on antigen bead
arrays (Article III). More general considerations I have mentioned within section 3.2.1
regarding the choice of body fluid type are also applicable within study design.

Proteomic profiling approaches on affinity arrays very often employ a hypothesis-driven
approach for target selection. This involves selection of targets upon literature mining,
where existing knowledge, such as relation to affected tissue, organ, cellular pathways
associated with the disease, as well as mutation screening or expression profiling
information on transcript level can be taken into consideration to assemble a target
set. This has been the main approach within Article V, for instance. However, as
also argued for in the review article by Ayoglu et al. (2011), the increasing availability of
affinity reagent, as well as antigen collections, can allow for the adoption of hypothesis-free
approaches for protein profiling on affinity arrays. Thus, affinity arrays can also be
implemented within a true discovery framework, as demonstrated within Article I for
autoantibody profiling and in Article IV for protein profiling in multiple sclerosis, where
in the latter study hypothesis-driven and hypothesis-free strategies were combined.

4.4.2 About Experimental and Assay Design: From Assays to Data Points

The works must be conceived with fire
in the soul but executed with clinical
coolness.

Joan Miró

Basic but effective experimental design elements can help to estimate, isolate and eliminate
possible bias in protein profiling experiments. Randomization and replication are for
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instance, two basic but crucial concepts which were proposed as early as 1940′s by Ronald
Aylmer Fisher within his work regarding design of experiments (Fisher, 1942).

Randomization of samples protects against introduction of bias, which might be introduced
by uncontrollable assay- or instrument-related factors. Especially if assays will be carried
out on multiple slides or microtiter plates, samples can be applied in a randomized layout,
where even a balanced distribution across age, gender and diagnosis type of samples can be
applied by a stratified randomization (Altman and Bland, 1999), as applied withinArticle
V, which involved different blood preparation types collected at different clinical sites.
Replicating entire experiments can reveal day-to-day, namely inter-assay reproducibility;
including replicates of e.g. both sample-free assay buffer and a sample pool, distributed
within and across several slides or microtiter plates can reveal intra-assay reproducibility.
Utilizing the same sample pool as a replicate in segmented experiments carried out as
different batches can reveal the so-called batch effects (Leek et al., 2010), which can be
addressed during data processing.

Regardless of the robustness of a given assay protocol, relevant positive and negative
control analytes need to be included in each assay. Similarly, depending on the type
of antibodies, antigens or samples utilized, even well-established buffer compositions
should preferentially be fine-tuned: For instance, in protein profiling assays using mouse
monoclonal antibodies, human anti-mouse antibodies (HAMA) might interfere with the
assay; similarly, when performing protein profiling assays in samples from patients with
certain conditions, such as rheumatoid arthritis, the presence of rheumatoid factors might
interfere with the assay unless certain buffer additives are utilized (Kaplan and Levinson,
1999, Kricka, 1999).

Regarding the content of the antibody/antigen arrays, including more than one
antibody/antigen generated against/representing different regions of each target might
provide a better insight. However, this is certainly restricted by the multiplexing capacity
of the array format utilized and the availability of the affinity reagents. Finally, it is
beneficial to adapt assay protocols to be compatible with automated liquid handling
devices, which are becoming increasingly available and affordable. Randomization,
aliquoting and preparation of samples and/or affinity reagents should preferably be carried
out on such devices in order to reduce hands-on time and risk of human error. Reducing
or eliminating hands-on time as much as possible during assays is an important aspect for
a robust outcome especially within large-scale profiling studies on several samples and/or
for several targets, where experiments might need to be carried out by different operators
at different days.
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4.4.3 About Data Analysis and Statistics: From Data Points to Potential
Biomarker Candidates

Conducting data analysis is like
drinking a fine wine. It is important to
swirl and sniff the wine, to unpack the
complex bouquet and to appreciate the
experience. Gulping the wine doesn′t
work.

Wright (2003)

Data processing and analysis usually gets less attention than the aspects regarding study
and experimental design. Ironically, this stage of especially large-scale studies can require
equal, if not even more, amount of time, effort and planning as generating the data itself.
Although the discussion about data analysis and statistical tools applied for affinity array
data would be complex enough to fill another thesis, I will briefly summarize some basic
aspects.

While the assay read-out for bead-based arrays can be obtained directly from the analytical
instrument, there is an intermediate image analysis phase in order to obtain assay read-out
for planar array formats. Depending on the number of samples analyzed, the image
analysis phase can be very labor-intensive when utilizing planar arrays. It ideally requires
a visual inspection of the entire topography of each array surface in order to identify and
exclude array features affected e.g. by dust specks or scratches before overlaying a grid
and extracting the read-out from an image analysis software.

Once data is obtained, there are several basic inspections which can be made to assess
the quality of data, such as calculation of coefficient of variation (CV) values for the
technical replicates included in the assay or visualization of distribution of data points
in histograms. The latter implies whether data points should be transformed (e.g. by
logarithmic transformation) if common statistical methods making assumptions on normal
distribution would like to be later applied (Bland and Altman, 1996). As discussed e.g. by
van den Berg et al. (2006) and Hamelinck et al. (2005), there are no universally applicable
strategies for data transformation, scaling and normalization. In order to identify the
most suitable one, different strategies and their combinations might need to be evaluated
in each study having its unique composition of sample collection and its own research
question. Here, the suitability of each strategy can be evaluated e.g. by their impact
on technical CV values. Within the large-scale protein profiling works presented in this
thesis, namely within Article IV and Article V, the so-called probabilistic quotient
normalization (PQN), originally described by Dieterle et al. (2006), was adopted. The
suitability of this normalization method within antibody array-based protein profiling
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studies was previously assessed by Schwenk et al. (2010a) and Kato et al. (2011), where it
was demonstrated that PQN successfully accounts for possible technical dilution artifacts.
On the other hand, normalization by PQN was not considered as an equally indispensable
step for the type of data generated within autoantibody profiling studies (Article I-II).

Before applying statistical methods on the data for comparative analyses, it is a preferred
practice to apply exploratory data analysis steps to investigate the presence of any
systematic variation in the data set, which might not be disease but sample-related or
might have been introduced during the experimental procedure. Here, principal component
analysis (Ringnér, 2008) and unsupervised hierarchical clustering (Eisen et al., 1998) are
two useful tools to asses e.g. the presence of sample type, sample batch or sample origin
effects. These effects were for instance identified within Article IV and Article V. Such
analyses can also identify possible artifacts introduced during experimental procedure, such
as position effects within a microtiter plate or on a slide. These analysis tools furthermore
allow to decipher outliers in the data set, which might be necessary to be excluded before
further statistical analysis (Serneels and Verdonck, 2008, Shieh and Hung, 2009).

Prior to any statistical comparative analysis, it is also important to assess whether there is
any systematic variation between case and control groups. Such variation might either be
introduced due to differences in the pre-analytical chain of sample collection and storage,
or it might also reflect a true biological difference in the overall protein content of case
and control samples due to disease pathology, as demonstrated for CSF in the context of
multiple sclerosis (Häggmark et al., 2013). Such skewed trends can be reflected by the
presence of systematically positive or negative fold changes. This can be traced more
directly in experiments where target selection has been made in a hypothesis-free manner
but also in highly multiplex assays, where stochastically not every single target is expected
to be differentially abundant.

In biomarker discovery-oriented applications using affinity arrays, the ultimate aim is to
identify the "features", namely the antibodies or antigens, which reveal differences between
the compared sample groups. The identified features should be statistically validated using
either the available data set, or preferably using a data set generated for a new sample
collection. The feature selection methods utilized for this aim can be divided into univariate
and multivariate methods (Christin et al., 2013). For a univariate feature selection from
data generated on affinity reagent arrays, namely for protein profiling experiments, the
non-parametric Wilcoxon rank sum test (or the Kruskal-Wallis test for a multi-group
comparison) can be applied as alternatives to the parametric Student’s t-test (or ANOVA
test for a multi-group comparison). Here, the median (or mean) for a feature is considered
to differ significantly when the hypothesis testing statistics is smaller than the set value
for α, which is generally set to α=0.01. The data generated using multiplex affinity arrays
is though mostly high-dimensional, namely, not one but as many hypothesis tests are
performed as the number of targets. This increases the probability of committing a type
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I error, namely a false positive error. To address this, multiple testing correction methods
(Bland and Altman, 1995, Noble, 2009) can be applied to re-calculate the probabilities.

As demonstrated in Article I and Article II, for a univariate feature selection from data
generated in autoantibody profiling experiments, comparison of autoantibody reactivity
frequencies within the sample groups can be more insightful. Here, first thresholds need to
be defined for "positive reactivity", which can be set in a sample-specific or a target-specific
manner. Once the positive reactivity frequencies are calculated within each sample group,
then the non-parametric Chi-square test, or preferably a Fisher’s exact test, suitable
also for sample group sizes smaller than 20, can be applied upon cross-tabulation of the
frequency information (Winters et al., 2010).

It is also possible to utilize a multivariate feature selection strategy, which usually works
in concert with a classification method. There are several classification methods, such as
partial least squares discriminant analysis (PLS-DA) (Eriksson et al., 2006) applied within
Article I; support vector machines (Ben-Hur et al., 2008); logistic regression applied
within Article IV and Article V; classification trees and ensemble classifiers such as
random forest (Breiman, 2001). Once features have been selected either using a univariate
or a multivariate strategy, their performance can be estimated by a cross-validation, ideally
using new samples. Alternatively, the dataset can be split into training set and test
set parts and methods such as leave-one-out or k-fold cross-validation can be utilized to
asses the performance of a classifier. The performance measure of a classifier is given
by its diagnostic sensitivity and diagnostic specificity, which are usually plotted together
in receiver operating characteristic curve (ROC) and the performance is reported by the
area under the curve (AUC). An extended discussion regarding various statistical data
analysis tools and strategies relevant for clinical proteomics has been by provided by Smit
et al. (2008). It should be highlighted that each dataset generated within the context of a
certain disease has different characteristics and there is no universal data analysis strategy
applicable within all studies.

The identified features as outcome of a hypothesis-free investigation, can be subjected
further for a biological interpretation. Here, functional annotation tools, such as DAVID
(Huang et al., 2009), can be utilized to assess whether there are gene-ontology (GO) terms
significantly enriched for certain molecular functions, biological processes and cellular
compartments, as exercised within Article II. Furthermore, tools such as STRING
(Franceschini et al., 2013) can be utilized to identify whether the identified set of features
contains known protein-protein interaction partners, as exercised within Article I and
Article V. Integration of such sources of information might provide additional insights
about the potential and relevance of the identified biomarker candidates.
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4.4.4 From Potential Biomarker Candidates To Biomarkers

One never notices what has been done;
one can only see what remains to be
done.

Marie Skłodowska-Curie

Upon identification of potential targets as outcome of an initial discovery on affinity arrays,
extensive technical verification steps should be taken. Here, reproducibility of the study
outcome should be confirmed within and across multiple experiments and preferably using
an orthogonal technical platform. As an initial step, different array platforms, namely
bead-based or planar arrays can be utilized, as demonstrated within Article I in the
context of autoantibody profiling in multiple sclerosis.

For protein profiling studies using single-binder assays, affinity reagents from other
sources, preferably raised against different epitopes of the same target protein can be
collected. Such focused affinity reagent sets should first be characterized for their specificity
by means of a Western blot, immunostaining and/or immunoprecipitation and mass
spectrometry-based analysis, as well as by epitope mapping to identify the binding sites for
each reagent, as demonstrated within Article IV. They can be subsequently utilized for a
re-analysis of the original sample collection to confirm the initially discovered differential
protein profiles. At this step, a simultaneous effort should be put on developing a sandwich
assay format resembling a sandwich ELISA format, which still remains the clinical-grade
assay type for in vitro diagnostic applications. This in turn means a thorough evaluation
of the reagent-driven cross-reactivity for the focused set of affinity reagents, followed
by identification of matching antibody pairs for each target by using the information
generated during epitope mapping analysis. Furthermore, in order to establish future
clinical adaptability of the assay, the utilized affinity reagents should be renewable, namely
monoclonal. This, in turn, might require generation of such reagents de novo, adding also
a time- and cost-intensive dimension.

For autoantibody profiling studies, a similar initial approach can be taken where either
protein fragments or peptides representing different parts of the target antigen can be
utilized to gain better understanding of the binding site of autoantibodies. Certainly, for
initial discoveries made using protein fragments or peptides, an intuitive first step should be
to assess whether such autoantibody reactivity patterns can be revealed from a full-length
representation of the target protein. It needs to be considered though that producing the
full-length version of certain types of proteins, such as transmembrane proteins, might
render an additional challenge.

A technical verification stage with the co-development of an assay with improved analytical
performance and utilizing clinically relevant reagent types should be followed by a
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"biological" verification stage. The main purpose of the biological verification stage is to
demonstrate the validity of the initially identified protein or autoantibody profiles in new
and independent sample collections, preferably from different geographical locations. At
this stage, the diagnostic specificity and sensitivity of the initially identified set of targets
should be assessed, as well as the positive predictive value and negative predictive value.
The latter are measures combining the prevalence characteristics of the given disease with
the diagnostic sensitivity and specificity (Füzery et al., 2013).

If successfully accomplished, the steps I have described so far, starting with a single or
a small set of potential biomarker candidates would lead to technically and biologically
verified biomarker candidates. At this stage, the intended use of the biomarker candidates
should be clearly defined and the degree to which the use of these new biomarker candidates
would lead for an improved diagnosis or monitoring should be clear. However, this stage
of the biomarker discovery pipeline is also when commercial partners with resources and
diagnostic expertise might need to be involved, because access to thousands of samples
for design and logistics of extensive studies calls for a considerable amount of human
and financial resource. Certainly, the decision making criteria for commercial partners
closely, if not solely, depends on factors such as a foreseeable and reasonable return on
their investment (Vitzthum et al., 2005). Thus, as I have highlighted within section 3.1, a
biomarker candidate is still several steps far from becoming a biomarker. Indeed, this
perspective strongly argues for the strategy I have described above, which integrates
the discovery and a full characterization of potential biomarker candidates as part of a
thorough pre-clinical discovery process. In the following present investigation section, I
will briefly discuss four such affinity-array based discovery-oriented investigations within
multiple sclerosis and muscular dystrophies, as well as an assay development study, which
have been carried out during this thesis work.
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5 Present Investigations

As the title chosen for this thesis work implies, the investigations included in this thesis
are about developing assays for affinity arrays and utilizing them for profiling proteins and
autoantibody repertories in body fluids. The overall ambition was to identify potential
biomarker candidates for diseases, where there is an unmet need to support disease
diagnosis or monitoring.

In Figure 5.1, the five investigations I have selected to include here as an article are
summarized. To this aim, I dissected each investigation into six "building blocks":
affinity reagents; studied disease and related sample collections provided by a biobank;
the sample type; profiling approach; array platform; and objective and methodology. I
consider collections of quality-assessed affinity reagents and well-characterized samples as
the main enablers of a successful application of affinity arrays in the quest towards potential
biomarker candidates. In Figure 5.1, I accordingly depicted samples as the "foundation"
of these investigations and the affinity reagents as the "roof". As demonstrated in this
thesis work, upon availability of affinity reagents and samples, several investigations can
be carried out, addressing different aspects of a given disease or applying the same technical
approach across different diseases.

The affinity reagents utilized in almost all the presented investigations were generated
within the framework of the Human Protein Atlas, which I briefly discussed in section 2.3.1.
In Article I and Article II, recombinant human protein fragments and in Article IV
and Article V, affinity purified polyclonal antibodies were used. The assay development
study presented in Article III made use of mainly short synthetic peptides.

Utilizing these antigens or antibodies, arrays were built, either in a planar or a bead-based
format. In Article I, several batches of in-house generated planar arrays each with a
different antigen content were initially utilized, whereas bead-based antigen or antibody
arrays were created to be applied within all investigations including Article I. Using
antigen arrays, Article I and Article II aimed to study the plasma autoantibody
repertoires, as well as Article III, which further aimed to study not one but several
immunoglobulin classes for autoimmune reactivity and for their complement activating
property. Single-binder assays on antibody arrays were utilized within Article IV and
Article V for protein profiling applications.
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Figure 5.1: Overview of investigations presented in this thesis work.
Six elements can be considered as common "building blocks" for the presented investigations
in this thesis. These are i) affinity reagents - antibodies or antigens; ii) studied diseases and
access to disease-oriented biobank collections; iii) which provide different sample types such
as plasma, serum, cerebrospinal fluid (CSF) or tissue; iv) the profiling approach - protein,
autoantibody or complement profiling; v) suitable array platforms for this aim - either planar
or bead-based arrays and vi) the methodology. Based on these conceptual building blocks,
each investigation has been depicted.

Utilizing antigen arrays, multiple sclerosis-related plasma sample collections were analyzed
in Article I and Article II for their autoantibody reactivity profiles. Article IV, on
the other hand, investigated protein profiles in a multiple sclerosis-related plasma sample
collection by means of antibody arrays. Within Article IV, cerebrospinal fluid as well
as brain tissue sections were also investigated as additional sample sources. In Article
III, a rheumatoid arthritis-related serum sample collection was chosen to demonstrate the
utility of the developed bead-based antigen array protocol for a co-profiling of autoantibody
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reactivity and complement activation. Utilizing antibody arrays, Article V investigated
both plasma and serum protein profiles within muscular dystrophies.

While the main focus within Article III was on assay development, the other
articles primarily aimed to identify potential diagnostic biomarker candidates, using a
hypothesis-driven (targeted) or a hypothesis-free (non-targeted) approach, as well as both.
Article I can be considered as a proof-of-concept study, where first assay protocols were
developed and fine-tuned for implementation of arrays of human protein fragments for a
hypothesis-free autoantibody profiling approach within multiple sclerosis. This entirely
hypothesis-free discovery study presented in Article I continued as a more focused
verification study within Article II. Article IV also had an entirely hypothesis-free
starting point for protein profiling in multiple sclerosis, which was subsequently combined
with a hypothesis-driven strategy. Article V represents a hypothesis-driven discovery
study, where protein profiles for pre-selected targets with potential relevance to muscular
dystrophies were generated.

In the following sections, I will provide more insight into each of these investigations,
where as a main contributor I performed experimental planning, laboratory work, data
analysis, data interpretation and manuscript preparation. The articles describing each
of these investigations in detail can be found in the appendix. Here, upon providing a
brief background, I will focus on the main aims and most significant findings of each
investigation. I will also reflect upon the main possibilities which were exploited, the main
challenges which were experienced and the main conclusions which can be drawn.

5.1 Autoantibody Profiling in Multiple Sclerosis using Antigen
Arrays – Article I & Article II

Aims of the Investigation

Multiple sclerosis (MS), first described by Jean-Martin Charcot (1825–1893) in 1860′s, is
characterized by multifocal demyelination and axonal loss in the central nervous system
(CNS) and is the leading cause of chronic neurological disability among young adults
(Karussis, 2014, Milo and Miller, 2014). MS has a heterogeneous nature with various
subtypes and manifests itself through a wide range of neurological symptoms (Compston
and Coles, 2008). As reviewed by Olsson (1992), Steinman (1996), Sospedra and Martin
(2005), McFarland and Martin (2007) among several others, there are several indications
supporting the autoimmune nature of MS. Based on animal models of MS, autoantibodies
against a number of targets, primarily myelin compounds such as myelin basic protein or
myelin oligodendrocyte glycoprotein have been shown to be involved in lesion formation,
as discussed by Archelos and Hartung (2000), Vincent et al. (1999). In recent years,
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several targets other than myelin antigens have been proposed in the context of MS,
as recently reviewed by Schirmer et al. (2014). In this regard, antigen arrays have been
utilized to investigate the increased diversity of autoantibody responses in MS, presumably
caused by epitope spreading mechanisms (McRae, 1995). However, such approaches
have mostly utilized dedicated lipid arrays (Brennan et al., 2011, Kanter et al., 2006)
or myelin compound arrays (Quintana et al., 2008, 2012, Robinson et al., 2003a), adopting
a hypothesis-driven approach.

UNTARGETED
DISCOVERY

BIOLOGICAL
VERIFICATION

TECHNICAL
VERIFICATION

Clinical
Diagnosis [n]

OND MS
29 61 117 259

Set of
Antigens [n]

CONT MS
1104 1106

11520 384 115 252+

OND MS

Planar arrays Bead-based arrays

Set of Unique
Proteins [n] 7644 384 51 145+

TARGET
SELECTION

TARGET
SELECTION

Article I Article II

Figure 5.2: Overview of study design within Article I and Article II, where antigen
arrays were utilized for autoantibody profiling within multiple sclerosis.
Starting with a hypothesis-free assembled set of 11,520 antigens, Article I identified a
technically verified set of 51 targets within a representative set of MS-related plasma samples.
In Article II, these 51 targets were used for autoantibody profiling within an independent
plasma sample set of 1,106 MS cases and 1,104 non-diseased controls. In these investigations,
recombinant human protein fragments generated within the Human Protein Atlas were utilized
as antigens. Figure taken from Article II.

Within Article I, an entirely hypothesis-free approach was taken to explore the diversity
of autoantibody repertoire in MS. As a discovery tool, planar arrays were chosen, which
consisted of recombinant human protein fragments generated within the Human Protein
Atlas. For this aim, first assay protocols were developed and fine-tuned to utilize the
in-house generated antigen arrays for autoantibody profiling purposes. Subsequently,
an initial plasma sample collection from 90 individuals was analyzed for IgG reactivity
against a total of 11,520 antigens, representing 7,644 unique Ensembl Gene IDs. Upon
development and fine-tuning of assay protocols, multiplex bead-based arrays were utilized
for an extensive technical verification in an extended collection of 376 samples. As a
result, a set of 51 antigens was identified, revealing platform-independent and differential
autoantibody reactivity frequencies across various MS subtypes and controls with other
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neurological diseases (ONDs). This target set served as the starting point for Article
II, where using bead-based arrays IgG reactivity against these 51 targets, as well as over
100 additional targets selected upon literature mining, were evaluated in an independent
collection of plasma samples from a total of 2,210 individuals (Figure 5.2).

Summary of Findings

Profiling autoantibody repertoires for 11,520 antigens within Article I revealed that the
number and diversity of plasma autoantibodies varied greatly between individuals and was
mainly irrespective of their disease status. As shown in Figure 5.3, there were over 1,500
antigens, which were recognized by plasma autoantibodies of only single individuals. In
contrast, there were only a handful of "shared" antigens which were recognized by plasma
autoantibodies of a larger proportion of individuals. Thus, one of the main observations
of this hypothesis-free investigation was that the autoantibody repertoire in plasma might
be under the influence of various individual-driven factors and human plasma presumably
hosts autoantibodies toward hundreds, if not thousands, of autoantigens.
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Figure 5.3: Diversity of the autoantibody repertoire as revealed within Article I.
In the discovery stage of Article I, a representative collection of 90 plasma samples were
analyzed for their IgG reactivity profiles against 11,520 antigens. Out of these, 1,539 were
recognized in plasma of not more than single individuals, whereas a small number of antigens
were recognized in up to 64 individuals. Figure adapted from Article I by Ayoglu et al.
(2013).
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Despite the heterogeneity, a set of 384 antigens were selected for further evaluation within
Article I, and experimentally verified on a planar array format. This was followed by a
technical verification utilizing a bead-based array format, which allowed for an analysis
of an extended collection of 376 plasma samples. As outcome of this cross-platform
verification approach and competition assays to assess autoantibody specificity, a subset
of 51 antigens was revealed with statistically significant differences in reactivity frequency
across the MS subtypes and controls with ONDs.
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Figure 5.4: Plasma autoantibody reactivity against the protein fragment
representing anoctamin 2, identified in Article I and verified in Article II as a
potential autoimmune target candidate within MS.
(A) The barplot represents the median fluorescence intensity (MFI) values for plasma reactivity
against ANO2 amino acid region [79-167] within 1,104 non-diseased controls and 1,106 MS
cases. (B) The dotplot represents the MFI values for plasma reactivity against ANO2 [79-167]
within the MS cases and non-diseased controls. TheWilcoxon rank-sum test p-value is reported
below the plot. (C) The barplot represents the positive reactivity percentages for ANO2
[79-167] within the MS cases and controls and the respective Fisher′s exact test p-value. Figure
adapted from Article II.
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Article II primarily aimed for a dedicated analysis of autoantibody reactivity against
this set of 51 antigens in an independent and much larger collection of plasma samples
(Figure 5.2). Comparison of IgG reactivity in plasma from 1,106 MS patients and 1,104
non-diseased controls revealed anoctamin 2 (ANO2), a calcium-activated chloride channel
also known as transmembrane protein 16B, as a prominent autoimmune target candidate,
which originated from the set of 51 targets identified within Article I. A statistically
significant difference in positive reactivity between MS cases and non-diseased controls was
found in particular for the intracellular, N-terminal region of ANO2 between amino acids
[79-167] (Figure 5.4). A preliminary immunofluorescence analysis with antibodies against
N-terminal region of ANO2 on human post-mortem MS brain tissue revealed moderate
staining in neuronal cell bodies from healthy appearing areas and a clear increase in
staining in the form of small cellular aggregates near and inside MS lesions.

The antigen set in Article II included also protein fragments representing previously
proposed autoimmune targets in the context of MS, such as the potassium channel KIR4.1
(Srivastava et al., 2012). However, the differences revealed for ANO2 outperformed other
such targets including KIR4.1. A protein fragment representing interferon beta 1 (IFNB-1)
was included as well in the antigen set, which is an immunomodulatory protein and drug
used for treatment of MS patients, where however a subset of patients develop antibodies
against IFNB-1 and thereby experience reduced therapeutic efficacy (Giovannoni et al.,
2002). As shown in Figure 5.5, the reactivity profiles for IFNB-1 protein fragment revealed
a significant difference between IFNB-1 treated and untreated cases. This allowed for
further identification of IFBN-1 reactivity for a particular drug subtype, namely IFNB-1b
type known to be more immunogenic (Hemmer et al., 2005). This finding, in turn,
demonstrated the utility of the human protein fragments generated within Human Protein
Atlas, being most unique representations of their full-length versions.

Conclusions and Outlook

In Article I, a hypothesis-free discovery strategy was adopted to study the plasma
autoantibody repertoire in MS on planar arrays consisting of human protein fragments.
The potential of this strategy, as well as the utility of human protein fragments as antigens,
and the efficiency of using two complementary array platforms for a technical verification
has been demonstrated. Article I revealed the potentially very diverse nature of the
autoantibody repertoire. However, a set of 51 targets could be identified differing in their
recognition frequencies among the different MS subtypes. In Article II, these 51 targets
were evaluated further in over 2,000 samples. Here, reactivity against the protein fragment
representing ANO2, a calcium-activated chloride channel, revealed a significant difference
between MS cases and non-diseased controls. ANO2 is therefore suggested as a potential
autoimmune target candidate within MS.
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Figure 5.5: Antibody reactivity against the protein fragment representing IFNB-1
in IFNB-1 treated and untreated MS plasma samples analyzed in Article II.
(A) The dotplot represents MFI values for plasma reactivity against IFNB1 amino acid
region [24-101] within MS cases treated with IFNB1-type drugs (including Betaseron, Avonex
and Rebif) and within MS cases which were either untreated or treated with other type
of drugs. (B) The dotplot represents the MFI values for plasma reactivity against IFNB1
[24-101] within MS cases dissected further into various treatment categories and drugs. In
particular those MS cases treated with IFNB-1b type drug Betaseron revealed presence of
binding antibodies against IFNB-1, whereas MS cases with binding antibodies against IFNB-1
were rare among those treated with IFNB-1a type drugs (Avonex and Rebif). Figure adapted
from supplementary material of Article II.

Ongoing investigations include a continuation of immunostaining analyses on human brain
tissue sections; as well as an investigation of the association of the ANO2 reactivity profiles
with HLA allele and other risk factor metadata available for the screened sample collection.
The protein fragment representing ANO2 has also been utilized for immunization of
two different strains of MS animal models, where collected serum sample series will be
analyzed utilizing bead-based arrays in addition to histopathological analysis of the brain
tissue. In order to determine the binding site of plasma autoantibodies to ANO2, an
epitope mapping study utilizing peptide arrays will be carried out. It is a challenging
task to express a full-length representation of the transmembrane protein ANO2, yet as a
start, the entire intracellular domain will be expressed and a planned analysis of plasma
autoantibody reactivity in over 17,000 samples will allow for a further evaluation of ANO2
as a potential autoimmune target in MS. Related future efforts, such as investigation
of other related proteins of anoctamin family (Schreiber et al., 2010) or investigation
of autoantibody profiles for ANO2 in other related neuroinflammatory conditions, will
reveal a more complete picture regarding the relation and contribution of ANO2 to disease
pathogenesis in MS, as well as regarding its diagnostic potential.
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5.2 Complement Activation on Antigen Arrays: Towards More
Functional Antibody Profiles – Article III

Aims of the Investigation

As demonstrated in the previous investigation, antigen arrays represent a powerful tool
to identify the targets of autoantibodies or antibodies against infectious agents. Yet, this
information can be enriched further by investigating more than one immunoglubulin class
-as IgG is mostly the only investigated immunoglobulin class-, as well as by investigating
the effector functions of antibodies, including their complement activation properties.
Regarding the latter, measurement of antigen-specific C3 fragment deposition offers an
efficient approach to monitor the degree of complement activation via all three complement
activation pathways described in section 2.1.2. Such assays for a parallel and multiplex
analysis of antigen-specific antibody reactivity and complement activation have been
previously developed (Papp et al., 2007, 2012a, 2008b) and implemented in the context
of autoimmune diseases such as systemic lupus erythematosus (Papp et al., 2012b).
However, these previous studies utilized arrays in a planar format, resulting in a lack
of established bead-based assay protocols for studying antigen-specific antibody reactivity
and complement activation in a single assay. This has been addressed within Article III,
which primarily aimed to develop an assay for parallel analysis of antibody reactivity and
immune-complex induced complement activation on bead-based antigen arrays.

The developed assay workflow outlined in Figure 5.6 was used in the context of rheumatoid
arthritis (RA). RA is a chronic, inflammatory disease of presumed autoimmune etiology,
affecting approximately 0.5-1% of the world population (Silman and Pearson, 2002).
Although not exclusive for RA, circulating rheumatoid factors, namely antibodies directed
against the constant region of immunoglobulins of IgG class, are present in nearly 80% of
RA patients (Firestein, 2003). Another group of autoantibodies, targeting proteins such as
filaggrin (Simon et al., 1993) or fibrinogen (Masson-Bessière et al., 2001), have been more
recently associated with RA. As proposed by Schellekens et al. (1998), these antibodies
target epitopes where the amino acid arginine is converted into citrulline as a result of
a post-translational modification. Thus, this group of RA-associated autoantibodies are
referred to as anti-citrullinated protein antibodies (ACPAs). The utility of the developed
assay protocol was demonstrated by analyzing a serum sample collection from 41 RA
patients and 40 non-diseased controls using a bead-based antigen array. The array
consisted of citrulline- and arginine-containing peptide pairs derived from filaggrin and
fibrinogen beta chain, as well as other analytes, which allowed for a multiplex profiling
of antibody reactivity and complement activation in the context of ACPAs, rheumatoid
factors, as well as the viral antigen EBNA-1. Using the developed assay protocol, the
levels of IgG, IgM and IgA reactivity, along with their complement activating properties
against various antigens could be analyzed in the context of RA.
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Figure 5.6: Overview of the developed workflow within Article III for a parallel
analysis of antigen-specific IgG, IgM and IgA reactivity and their complement
activating property.
(A) Serum samples are diluted 1:10, either in a Ca2+-Mg2+ containing assay buffer for
detection of complement activation, or in an EDTA containing assay buffer for antibody
detection. (B) The serum samples are pre-adsorbed against neutravidin-specific antibodies
(This step is applicable when the antigen array contains biotinylated peptides, which are
immobilized on neutravidin-coated beads.) (C) A mixture of beads coupled to various antigens
is distributed into a 384-well plate and the pre-adsorbed samples are added to the bead array.
(D) Complement activation driven C3 deposition and the three different antibody classes are
detected in parallel with fluorescently labeled secondary antibodies dispensed into individual
wells of each quadrant of the 384-well plate. Figure taken from Article III by Ayoglu et al.
(2014b).
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Summary of Findings

Assay optimization efforts within Article III initially identified the most suitable serum
sample dilution rate allowing for measurement of complement activation. A buffer
supplemented with physiologically equivalent concentrations of Ca2+ and Mg2+ provided
the optimal buffer composition for measurement of complement activation. However, this
buffer composition did not allow for an equally efficient detection of bound antibodies due
to extensive complement fragment deposition, masking in turn the bound antibodies and
diminishing their detectability by secondary detection reagents (Figure 5.7). Thus, an
assay buffer supplemented with EDTA was identified to suit detection of serum antibodies
captured on antigen-coupled beads, as EDTA chelates Ca2+ and Mg2+ cations needed for
complement activation.

A B

Figure 5.7: Article III revealed the masking effect of complement activation for
detection of antibodies.
Beads coupled with human IgG or the viral antigen EBNA-1 were incubated with a serum
sample, where the assay buffer was supplemented either with Ca2+ and Mg2+ (lines with
dots) or EDTA (lines with stars). (A) When utilizing the buffer composition promoting
complement activation (Ca2+-Mg2+ buffer), the detectability of human IgG coupled on beads
(grey line with dots) was entirely diminished due to substantial complement activation (black
line with dot). (B) Also a remarkable effect on detectability of antigen-IgG complexes was
observed when EBNA-1 coupled beads were incubated with a seropositive sample (grey line
with dots). These observations indicated the need to utilize an assay buffer supplemented with
complement-blocking EDTA for detection of serum antibodies captured on antigen-coupled
beads. Figure adapted from Article III by Ayoglu et al. (2014b).

Using the developed assay protocol, serum samples from 41 RA patients and 40
non-diseased controls were analyzed. Samples from RA patients revealed the presence
of significantly higher levels of IgG-specific IgM and IgA rheumatoid factors, which also
contributed for a significantly higher degree of complement activation in serum from RA
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p-value < 0.001

p-value < 0.001

p-value < 0.001

C

Figure 5.8: Complement activating properties of rheumatoid factors and
autoantibodies against citrullinated peptides analyzed using the assay workflow
developed in Article IIII.
(A) When incubated with human IgG coupled beads, serum samples from RA patients
revealed significantly higher levels of IgG-specific IgM and IgA rheumatoid factors, which
in turn resulted in a higher level of C3 fragment deposition in serum of RA patients. (B)
Compared to the arginine-containing form, the citrulline containing peptide derived from
fibrinogen beta chain revealed higher levels of IgG, IgM and IgA autoantibodies, as well as
higher complement activation in serum samples from RA patients (red). The level of IgG
and IgA autoantibodies against the citrulline-containing fibrinogen beta peptide and level
of complement activation were also significantly higher in RA patients than non-diseased
controls. (C) Both arginine- and citrulline-containing peptide derived from filaggrin revealed
the presence of IgM autoantibodies, and complement activation by them, in serum from both
RA patients and non-diseased controls. However, an IgG and IgA reactivity against the
citrulline-containing filaggrin was only detected in serum from RA patients. The significance
of difference between RA patients and non-diseased controls for the citrulline-containing forms
of peptides is indicated by (***) for p-value<0.001, (**) for p-value<0.01, (*) for p-value<0.05
and (n.s) for non-significant differences. Figure adapted from Article III by Ayoglu et al.
(2014b).
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patients than the non-diseased controls (Figure 5.8-A). The utilized antigen array included
citrulline- or arginine-containing 15-mer peptides representing fibrinogen beta chain amino
acid region [60-74] and 5-mer peptides representing filaggrin amino acid region [454-458].
These peptide regions were previously demonstrated to be the most dominant epitopes
for fibrinogen beta and filaggrin, e.g. by Sebbag et al. (2006) and by Babos et al. (2013),
respectively. The parallel analysis of autoantibody classes and their complement activation
revealed the presence of IgM autoantibodies against both arginine-containing native form
and citrulline-containing form of filaggrin peptide, and a complement activation caused by
these autoantibodies in serum samples from both RA patients and non-diseased controls
(Figure 5.8-C). Regarding fibrinogen beta, there was a significant difference between
RA patients and non-diseased controls in IgA reactivity against the citrulline-containing
fibrinogen beta peptide and C3 deposition (Figure 5.8-B). Yet, the IgG reactivity against
both the citrulline-containing fibrinogen beta and citrulline-containing filaggrin peptides
revealed the most significant differences and they were exclusively observed in serum from
RA patients and not in non-diseased controls. These findings illustrated the possibility
of measuring antigen-specific antibody reactivity of various classes and antigen-specific
complement activation within the same assay and in a multiplex format.

Conclusions and Outlook

This investigation focused on developing an assay protocol for bead-based arrays, where
antigen-specific reactivity of different antibody classes against self-antigens or viral
antigens, along with their complement activation property can be measured in parallel
and in a multiplex format. In the context of RA, availability of tools for a parallel
measurement of rheumatoid factor classes (Jónsson and Valdimarsson, 1993), as well as
ACPAs (van der Woude et al., 2010) has a clinical relevance. An additional parallel
investigation of complement activation might promise an even more complete picture
regarding the pathology of diseases such as RA, where autoimmune responses are involved.

The developed assay workflow in Article III can certainly be exploited further by analysis
of much larger sample collections in the context of several other autoimmune diseases, as
well as infectious diseases. Besides, as an alternative to different antibody classes, different
subclasses of IgG can be detected, along with an assessment of their complement activating
properties. In line with this, investigation of the complement activating properties of
the serum autoantibodies against ANO2, the highlighted target within Article I and
Article II, would offer a more functional picture of the ANO2 antibodies within multiple
sclerosis. In conclusion, the developed assay protocol and workflow within Article III can
be regarded as a useful addition to the toolkit of antigen arrays, allowing for potentially
more insightful antibody profiles within autoimmune and infectious diseases.
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5.3 Protein Profiling in Multiple Sclerosis using Antibody Arrays
– Article IV

Aims of the Investigation

As demonstrated in Article I and Article II, antigen arrays allow for a hypothesis-free
exploration of the plasma autoantibody repertoire in multiple sclerosis (MS) and for
identification of potential autoimmune target candidates. Antibody arrays offer an equally
powerful approach, in this case to investigate plasma protein profiles for identification of
targets with a biomarker potential. Yet, antibody or other affinity reagent arrays have
so far not been widely utilized in the context of MS. As reviewed by Farias et al. (2014),
attempts within MS to identify differentially expressed proteins in plasma or cerebrospinal
fluid (CSF) have adopted gel-based and shotgun mass spectrometry-based strategies,
relying on an analysis of mostly very limited number of samples. In line with this,
Article IV aimed to investigate plasma protein profiles in MS generated on antibody
arrays, while the sample throughput and multiplexing capacity of bead-based arrays was
combined initially with a hypothesis-free screening approach and then with a more targeted
analysis.

As summarized in Figure 5.9, using a single-binder assay format first a representative
set of plasma samples were profiled by 4,595 antibodies, all generated within the Human
Protein Atlas. Next, 56 of these antibodies were combined with antibodies targeting 296
other proteins selected upon literature mining. The resulting array, including antibodies
towards proteins both with a hypothesis-free and hypothesis-driven origin, was utilized to
analyze plasma samples from 172 individuals. This set included samples from patients with
all subtypes of MS, such as relapsing remitting MS (RRMS) and secondary progressive MS
(SPMS), as well as the patients exhibiting the early form of MS called clinically isolated
syndrome (CIS), patients with other neurological diseases (ONDs) and ONDs with signs
of inflammation (iOND). The potentially interesting targets revealing differences mainly
between patients with CIS and SPMS were assembled in a new array with 101 antibodies.
Using this focused antibody array, an extended collection of 443 plasma samples, as well
as a collection of 573 CSF samples from a majority of the plasma sample donors were
analyzed. Finally, a refined list of five antibodies were investigated on human brain tissue
for their staining patterns.

Summary of Findings

The initial hypothesis-free screening approach, followed by analysis with two smaller and
more targeted antibody arrays revealed differences in plasma for five protein profiles
(Figure 5.10-A). These were interferon regulatory factor 8 (IRF8), zinc transporter solute
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Figure 5.9: Overview of the protein profiling approach within Article IV, where
different sample types were analyzed in the context of multiple sclerosis.
Using bead-based arrays and adopting a hypothesis-free approach, 3,450 unique proteins were
profiled in a representative set of 16 plasma samples from MS cases and 6 from non-diseased
controls. Subsequently, 384 antibodies against 344 targets, including 48 proteins that had
been selected from the initial screening, were used for a targeted discovery in plasma from a
total of 172 individuals diagnosed with MS, CIS or OND. To confirm the preliminary findings,
46 proteins targeted by 101 antibodies were evaluated in a collection of 443 plasma and 573
CSF samples. These analyses resulted in a list of candidate targets, which were evaluated by
immunofluorescence analysis of post-mortem brain tissue sections from MS patients. Profiles
for one these candidates, IRF8, was further investigated in an independent set of 50 plasma
samples and the utilized antibody targeting IRF8 was characterized by Western blot analysis
and epitope mapping. Figure taken from Article IV.

carrier family 30 member 7 (SLC30A7), interleukin 7 (IL7), growth associated protein
43 (GAP43) and methyltransferase-like protein 14 (METTL14), where in fact the latter
onoriginated from the hypothesis-free set of 3,450 targets. In plasma, all these five targets
revealed differential profiles between the SPMS and CIS patients (Figure 5.10-A). For IRF8
and IL7, this was mainly due to higher levels in SPSM patients, whereas for the other
three targets, it was due to lower levels in SPMS patients compared to the CIS patients
(Figure 5.10-B). Upon analysis of a small and independent plasma sample collection, the
differences revealed for IRF8 between SPMS and CIS patients, as well as between SPMS
and RRMS patients could be verified (Figure 5.10-C). Subsequently, the specificity of the
utilized antibody against IRF8 was confirmed by Western blot analysis and by epitope
mapping on high-density peptide arrays.
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Figure 5.10: Overview of protein profiles for five targets, which revealed differences
within an MS-related plasma sample collection in Article IV.
(A) Summary of the univariate analyses performed across CIS, subtypes of MS and controls
with ONDs, which revealed significant differences for IRF8, IL7, METTL14, SLC30A7 and
GAP43 in plasma. Out of these, only GAP43 revealed significant differences in the analysis
of CSF samples. (B) Boxplots representing the normalized MFI values for the five highlighted
targets in plasma, where the main differences were observed between the SPMS and CIS
patients. (C) Boxplot representing the MFI values for IRF8 in an independent and relatively
small plasma sample collection from patients with CIS, RRMS and SPMS, where the elevated
levels of IRF8 in SPMS patients compared to RRMS and CIS patients could be verified. Figure
adapted from Article IV.
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5.3 Protein Profiling in Multiple Sclerosis – (Article IV)

In CSF, significant differences were revealed only for GAP43 out of these five highlighted
targets (Figure 5.10-A). Interestingly, protein profiles in matched plasma and CSF samples
did in general not reveal correlating trends. Besides, when investigating the correlation
of the protein profiles between the five identified targets, plasma and CSF revealed
different correlation relationships among these five targets. Finally, the five antibodies
which revealed differences in plasma were used for immunostaining analyses on human
post-mortem brain tissue with MS pathology. The main findings of the immunostaining
analyses included staining of neurons (for IRF8, METTL14, IL7 and GAP43) or glial cells
(for IL7 and METTL14) in the proximity of MS lesions by the respective antibodies.

Conclusions and Outlook

The investigations within Article IV adopted an affinity-based protein profiling approach
within multiple sclerosis, where three different types of sample material, namely plasma,
CSF and brain tissue were analyzed. This strategy allowed to identify potentially
MS-related protein profiles in plasma, followed by assessment of the relation of these
profiles with those from CSF and tissue. The initial stage of this investigation
employed a hypothesis-free strategy, where over 4,500 antibodies were utilized to generate
protein profiles in plasma. Out of these, the protein METTL14 remained in the
refined list of five potential biomarker candidates. Considering that currently little is
known about this protein and its function, let alone about its potential relation to
MS, the supportive immunostaining patterns for this target highlight the potential of
large-scale hypothesis-free investigations to suggest novel targets to be followed up in new
investigations. This also underlines that an assessment of immunostaining patterns in the
related tissue might offer support for the disease relevance of identified targets in body
fluids, as demonstrated in this investigation. The observed lack of correlation between
protein profiles in plasma and CSF, on the hand, highlights the need to ideally study both
blood-derived samples and proximal fluid samples in discovery studies.

As illustrated in Figure 5.10-B for the five highlighted targets, the spread of MFI values
across individuals with different MS subtypes implies the heterogeneity of protein profiles
within MS, thus the need to analyze large collections of body fluid samples for identification
of potential biomarker candidates in MS. In this regard, the bead-based antibody array
format is a suitable tool in terms of its sample throughout capacity. While this investigation
highlighted IRF8 as the main target of interest, all the five targets merit an analysis of a
larger collection of plasma samples on bead-based antibody arrays. Ongoing investigations
include such an analysis, as well as an investigation of the protein profiles for these five
targets among other neuroinflammatory diseases in order to assess the specificity of these
profiles for MS.
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5 Present Investigations

5.4 Protein Profiling in Muscular Dystrophies using Antibody
Arrays – Article V

Aims of the Investigation

Duchenne muscular dystrophy (DMD), named after Guillaume-Benjamin-Amand
Duchenne (1806–1875), is a rare, X-chromosome linked muscular disorder, with an
incidence rate between 1:3,600 and 1:6,000 (Bushby et al., 2010). It occurs due to
mutations in the dystrophin gene, leading to the absence of or defect in the dystrophin
protein (Hoffman et al., 1987), which in turn causes progressive muscle degeneration.
Boys affected by DMD present in the first years of life with muscle weakness and delayed
motor functions. Progressive muscle weakness leads to loss of ambulation and complete
wheelchair dependence before their teens and if untreated, further cardiac and respiratory
complications emerge, limiting the life span down to early twenties (Bushby et al., 2010).
Becker muscular dystrophy (BMD), named after Peter Emil Becker (1908–2000), is a milder
form of DMD, which is caused by alteration in the size or a reduction in the amount of
the dystrophin protein. BMD patients usually remain ambulant until or even after age
16. Diagnosis of DMD and BMD relies on genetic testing for mutation detection in the
dystrophin gene and muscle biopsy analysis for the expression of dystrophin protein, as
well as elevated levels of creatine kinase (CK) protein in serum (Manzur and Muntoni,
2009). Elevated CK levels are however not specific for muscular dystrophies (Brancaccio
et al., 2010) and the invasiveness of muscle biopsy renders the currently available tools not
ideal for assessments of disease severity and monitoring of disease progression in young
patients.

As I briefly reviewed in section 4.2.2, antibody arrays are being applied in a broad spectrum
of diseases, aiming to identify potential biomarker candidates in body fluids to support
disease diagnosis and monitoring. Despite the prominent need for such protein biomarkers
in muscular dystrophies, such attempts, as in other rare diseases, have been entirely
lacking, mainly due to the scarcity of sample collections allowing for discovery-driven
protein profiling approaches. In Article V, access to a unique assembly of plasma
and serum collections from four different clinical sites in three different countries allowed
for implementation of antibody arrays for protein profiling within muscular dystrophies.
Adopting a hypothesis-driven approach, a list of 315 target proteins with a potential
relevance to muscular dystrophies was assembled. A total of 384 antibodies generated
against these proteins within the Human Protein Atlas were utilized to create bead-based
antibody arrays. Using a single-binder assay format, a total of 345 plasma and serum
samples of DMD, BMD patients, non-diseased controls and female carriers, all collected
within the EU project BIO-NMD, were analyzed for their protein profiles (Figure 5.11).
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5.4 Protein Profiling in Muscular Dystrophies – (Article V)
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Figure 5.11: Overview of the protein profiling approach within Article V in the
context of muscular dystrophies.
(A) Using a multiplex single-binder assay format, bead-based arrays were utilized to analyze
345 serum and plasma samples collected at four different clinical sites in three different
countries: UCL (London-UK), UNEW (Newcastle-UK), LUMC (Leiden-Netherlands) and
UNIFE (Ferrara-Italy). The array consisted of 384 antibodies, targeting a pre-selected set
of 315 proteins. (B) The obtained protein profiles were dissected to identify targets with
differential profiles across diagnosis groups, as well as those revealing an association with
disease development and clinical parameters, such as ambulation or ventilation status. Figure
taken from Article V by Ayoglu et al. (2014a).
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5 Present Investigations

Summary of Findings

The sample collection analyzed within Article V included both plasma and serum
samples. As shown in Figure 5.12-A, an exploratory data analysis revealed global
differences in serum and plasma protein profiles, which supported previous findings by
several other reports as I discussed in section 3.2.1. Furthermore, especially within the
plasma collection, a subset of samples derived from one of the clinical sites varied from
the other two plasma sample collections (Figure 5.12-B). These observations, in turn,
dictated to dissect the data into each sample preparation type and clinical site, followed
by a statistical analysis within each sample subset.
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Figure 5.12: Principal component analysis (PCA) revealed sample preparation
type and sample origin effects in Article V.
(A) PCA showed that the protein profiles across all plasma and serum samples grouped mainly
by the blood preparation type (B) Furthermore, a slight effect of sample origin was observed
where the plasma samples originating from Ferrara, Italy varied from the ones collected in
London or Newcastle, UK. Figure adapted from supplementary material of Article V by
Ayoglu et al. (2014a).
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5.4 Protein Profiling in Muscular Dystrophies – (Article V)

CA3
ETFA
MYL3
MDH2

A

B
DMD vs Control Groups

0.0 0.2 0.4 0.6 0.8 1.0

1−Specificity

Se
ns

iti
vi

ty

0.0

0.2

0.4

0.6

0.8

1.0

UNEW Plasma (AUC = 0.94)
UNEW Serum (AUC = 0.96)
LUMC Serum (AUC = 0.98)
UNIFE Plasma (AUC = 0.94)

ETFA
MDH2
MYL3
TNNT3
CA3
ENO3

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.2

0.4

0.6

0.8

1.0

1−Specificity

Se
ns

iti
vi

ty

UNEW Plasma (AUC = 0.98)
UNEW Serum (AUC = 0.98)
UCL Plasma (AUC = 0.91)

C E
Ambulant vs Non-Ambulant DMD

D

Figure 5.13: Overview of protein profiles identified within Article V, which were
associated with disease phenotype and severity in muscular dystrophies.
(A) List of antibodies for which the protein profiles revealed differences with p-value <0.001
(dark blue) or p-value <0.01 (light blue) in various group comparisons. (B-C) Venn diagrams
showing the number of proteins revealing significant differences (p-value <0.01) in samples
of different preparation type and origin for the comparisons between DMD vs. control
and ambulant vs. non-ambulant DMD, respectively. (D-E) ROC curves demonstrating the
classification power of the antibody panels shown in Venn diagrams for the classification
between DMD vs. control and ambulant vs. non-ambulant DMD, respectively. Figure adapted
from Article V by Ayoglu et al. (2014a).
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5 Present Investigations

The outcome of this investigation was a set of eleven potential biomarker candidates
(Figure 5.13-A). In the comparisons shown in Figure 5.11-B, profiles for these eleven targets
revealed concordant differences for samples originating from more than one clinical site
and for both blood preparation types. The identified targets included carbonic anhydrase
III (CA3) and myosin light chain 3 (MYL3), both known to be specifically expressed
in slow-twitch muscle fibers, and two mitochondrial proteins, malate dehydrogenase 2
(MDH2) and electron transfer flavoprotein A (ETFA). As shown in Figure 5.13-B and D,
a panel of these 4 protein profiles could differentiate DMD cases and controls. Similarly,
with contribution of enolase 3 (ENO3) and troponin T type 3 (TNNT3), ambulant and
non-ambulant DMD patients could be differentiated (Figure 5.13-C and E). In summary,
the protein profiling investigations within Article V generated a refined list of eleven
proteins differing across different phenotypes of muscular dystrophies, as well as between
patients presenting different degrees of disease progression.

Conclusions and Outlook

The protein profiling approach demonstrated in Article V underlines the potential of
multiplex and high-throughput antibody array platforms for the identification of potential
plasma biomarker candidates in rare diseases. The eleven protein targets identified in
this investigation were independent of sample origin and preparation type and now merit
dedicated studies to further verify these protein profiles. This, in turn, emphasizes the
need for establishment of multi-national muscular dystrophy biobanks. As experienced in
this investigation, despite harmonized sample collection, handling and storage protocols
adopted within the BIO-NMD consortium, effects of sample origin, as well as sample
preparation type could be found and required a separate assessment of protein profiles
within each sample preparation type of different origin. In this particular study, consistent
protein profiles could still be identified due to moderate size of sample subsets. However,
this might in general render a challenge, thus underlining the the need for adoption of
internationally standardized sample collection efforts.

Ongoing investigations include protein profiling for this set of eleven targets in a
longitudinal sample collection originating from two of the four clinical sites. This will
reveal in more detail the relation between these identified targets and disease progression.
Reverse-phase plasma/serum arrays are also being generated to investigate the highlighted
targets. CA3, for instance, has an average concentration in normal serum around 10
ng/ml compared to around 250 ng/ml in DMD serum (Mokuno et al., 1985, Ohta et al.,
1991), thus analytically allowing for adoption of a reverse-phase assay strategy to analyze
hundreds of samples simultaneously. Besides this, efforts will be spent to develop a
bead-based sandwich assay upon testing several more antibodies towards the highlighted
targets with the aim to identify matching antibody pairs, in line with the strategy I
described in more detail in section 4.4.4.
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Conclusions and Perspectives

Knowing is not enough, we must apply.
Willing is not enough, we must do.

Johann Wolfgang von Goethe

While putting down the words for it, I became interested in the numbers behind this thesis
work - the number of data points, the number of samples, antigens and antibodies. I made
a calculation limiting it to Article I-II-IV-V, as well as the fourth article in the related
articles list. These investigations represent biomarker discovery-oriented studies where
affinity arrays were applied for a multiplex and high-throughput profiling of proteins or
autoantibody repertoires. It turned out that over 2.7 million data points were generated
within these five investigations. Around 18,500 antigens were used for autoantibody
profiling and almost 5,400 antibodies were used for protein profiling. Altogether, affinity
arrays were utilized for the analysis of almost 4,300 samples. Calculating these numbers
explained the sense I sometimes experienced during these investigations - the sense of
searching for a meaning in an ocean of data. However, I also remembered the driving
force I frequently experienced during these investigations: The idea that hiding within
this ocean might be the small piece of information, which could eventually make a change
in the life of a patient, who might be a family member, a close friend or maybe myself.

Goethe’s words quoted above summarize my perspective regarding the motive behind the
investigations presented in this thesis work. "Willing" to identify protein biomarkers is not
enough, so is having a solely critical and discouraging standpoint regarding the possibility
of identifying them, as sometimes expressed by experts of the field. We should instead
exploit the available tools at hand to generate the maximum information we can generate
by means of data. At the end, the price of "doing" and "applying" is probably less than
the cost of assuming that it is not possible to identify useful protein biomarkers.

The investigations presented in this thesis suggest that if affinity reagents, sample
collections and multiplex and high-throughput array platforms are available and accessible,
opportunities for biomarker discovery studies can be created and not only sought after.
Article I and Article II can be considered as a good example to support this point. In
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Article I, the availability of a large number of human protein fragments within Human
Protein Atlas allowed to identify a set of potential targets of autoantibodies in multiple
sclerosis. In Article II, these findings could be followed up owing to the availability of a
new sample collection with over 2,000 samples and owing to the availability of a bead-based
array platform allowing to analyze a sample collection of this size even by a single operator.
Three of the targets highlighted as the outcome of Article II will now be investigated
in over 17,000 samples utilizing bead-based arrays and the outcome of such a large-scale
analysis will reveal the biomarker potential of these targets.

This example underlines several other points. First, affinity arrays are not only tools
allowing to investigate limited sets of proteins selected by making educated guesses.
Affinity arrays can indeed be applied as discovery tools to generate a hypothesis. Second,
it highlights the importance of bead-based arrays: As revealed by the overview I have
provided in section 4.2.2 and 4.3.2, affinity arrays are in fact applied in the context of
several diseases. However, a majority of these discovery studies used planar arrays by
analyzing mostly not more than 100 samples and the identified sets of targets were usually
not investigated and verified further in extended sample collections. In few cases, this
can certainly be due to limited availability of further clinic material, but in several cases
it is presumably due to no access to bead-based array platforms, which offer a higher
sample throughput than planar arrays for a multiplex analysis of the identified targets
as a panel. In this regard, bead-based arrays should be considered as an essential part
of the affinity array-based biomarker discovery and verification investigations in the near
future. Although frequently expressed, an important detail to highlight is also the low
sample consumption offered by affinity arrays. For instance, by consuming only 10 µl of
a crude plasma or serum sample, the assays described in Article IV and Article V can
be used to generate protein profiles with 100 different sets of bead-based antibody arrays,
each containing 384 different antibodies; thus offering a possibility for protein profiling
across 38,400 antibodies. In short, the marriage between comprehensive collections of
affinity reagents, such as in the Human Protein Atlas, and multiplex and high-throughput
array technologies allows to explore a significant fraction of the protein or autoantibody
repertoire of body fluid samples for biomarker discovery applications.

As I emphasized within the thesis, there is a benefit to adopt a more meticulous
nomenclature regarding biomarkers. Although there is not much confusion about the
definition of a biomarker, the term currently does not have the same meaning when used
by researchers involved in biomarker discovery efforts and by clinicians working bedside
and needing these biomarkers. The outcome of very initial biomarker discovery efforts
is not biomarkers, but potential biomarker candidates. From a clinical point of view,
these are in several cases not more than lists with protein names – unless the findings are
verified in new and large sample collections, where also clinicians might start to recognize
any potential use. The latter point should also help to develop a perspective regarding the
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consequences of overstated early claims within biomarker discovery studies. A surplus of
prematurely declared discoveries in the biomarker discovery field might potentially lead to
a decay in interest, investment and funding within this field. Thus, an increased awareness
about this risk should guide for more critical examination of findings, tools, reagents and
methods regarding biomarker discovery efforts. In line with this, there is a great benefit
to structure proteomic biomarker discovery studies to integrate an initial discovery phase
with a verification phase. This perspective might be the key to transform the "lists with
some protein names" to "potential biomarker candidates". Certainly, such a refinement
is also key to identify those targets having a true potential to become biomarkers, which
would merit time- and cost-intensive further studies.

Immunoassays are not perfect and there are several challenges shared by immunoassay-
and mass spectrometry-based methods due to the complex nature of the human proteome,
especially the blood proteome. Yet, immunoassays are still considered as the clinical-grade
assay types. Mass spectrometry-based approaches are certainly very powerful and in
near future will become technically even more powerful upon further improvement of
aspects such as analytical sensitivity. However, the perception is widely shared that mass
spectrometry is not sufficient alone to meet the needs for a routine use in the clinical
diagnostics. Discoveries made using mass spectrometry-based approaches therefore usually
seek for a verification on immunoassay platforms. In several cases, translation of mass
spectrometry-based findings to immunoassays renders a great challenge and results in a
gap phase between discovery and verification. This might be considered as one of the
reasons for why there are few protein biomarkers in use despite the great number of
potential biomarker candidates reported as outcome of mass-spectrometry based profiling
approaches. In this regard, affinity array-based discoveries offer an advantage as translation
of affinity array-based discoveries is more straightforward to clinical-grade assays. It is
therefore worth to underline that affinity arrays are efficient tools suited for both discovery
and verification stages of the biomarker discovery pipeline.

Regarding the different technologies for biomarker discovery and verification, the most
important perspective might be to focus on understanding and evaluating the strengths
and limitations of each technology. This would allow to gain the full benefit from the
existing technologies by combining them at relevant stages of the proteomic biomarker
discovery efforts. A technology allowing to identify 10,000 proteins in 100 samples might
be considered as a good discovery tool. A technology allowing to measure 100 proteins or
autoantibody reactivities in 10,000 samples might be an equally good discovery, as well
as a verification tool. Taking into consideration the inherent variability across human
populations and the heterogeneity of diseases, the latter approach might in fact offer a
significantly more efficient route for biomarker discovery and verification. Thus, the current
and future technology development efforts within proteomic biomarker discovery should
maybe not only focus on improving the sensitivity and selectivity of assays. Since biology
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and its degree of complexity will remain irrespective of the existing or future technologies,
an equal emphasis should be put on developing efficient assay strategies, workflows and
automation procedures allowing for robust analysis of thousands of samples. However, one
important aspect to address here is that investigations involving thousands of samples will
require more sophisticated statistical analysis strategies, as well as more organized and
standardized data documentation, handling and storage frameworks. In order to turn the
large amount of data into insight, efforts will be needed to develop efficient strategies for
analysis and maintenance of data within such large studies.

The tremendous dynamic range of protein levels in body fluids such as plasma renders
protein profiling approaches an analytical challenge. Efforts dedicated to improve the
analytical sensitivity of antibody array-based protein profiling assays are therefore very
valuable. It might be beneficial for instance to develop new assay procedures by merging
the different array platforms with the evolving signal amplification methods. Regarding
the unmet needs in terms of technical and analytical developments, sensitivity is however
not the only aspect to be addressed. Another important challenge to be recognized is
related to antibody cross reactivity and off-target interactions affecting the selectivity
of antibody-based protein profiling assays. This aspect by itself receives relatively less
attention than development of new assay technologies with improved analytical sensitivity.
However, the obstacles for developing better protein profiling assays reside as much in
the compromised assay selectivity as in analytical sensitivity. Fortunately, the awareness
regarding the quality of affinity reagents is increasing. Findings of protein profiling
investigations depend on the assay context and the quality of the utilized antibodies or
other types of affinity reagents. In this regard, efforts are crucial to use orthogonal methods
to further characterize the utilized antibodies which have led to discoveries. Here, various
strategies can be taken including more conventional methods such as a Western blot, as
well as epitope mapping utilizing peptide arrays or mass spectrometry-based approaches
such as a targeted mass spectrometry analysis. This point highlights the importance
of combining the powerful aspects of different proteomics tools and the importance of
the interplay between affinity array-focused and mass spectrometry-focused proteomics
fields. As recognized within the Human Protein Atlas, there is also a potential benefit
in generating more than one affinity reagent per protein target. Availability of such
collections encompassing several affinity reagents per target can play a significant role
for early development of sandwich assays directly upon initial discoveries.

Regarding the application of antigen arrays for autoantibody profiling purposes, it is
foreseeable that the antigen arrays will continue to be exploited in the near future. The
need remains to unravel the characteristics of autoantigens and the role of autoantibodies
in both health and disease. Therefore, antigen arrays are currently very valuable
"fishing expedition" tools, regardless of the type and source of antigens utilized and
regardless of whether continuous or discontinuous epitopes are examined. Arrays
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composed of full-length proteins, protein fragments, synthetic peptides, peptidomimetics,
carbohydrates or lipids are currently all needed and should be utilized more to first increase
the understanding about the autoantibody repertoire in body fluid samples. Generating
more information will clarify the relevance and clinical value of each type of antigens, as well
as the relevance of analysis of autoantibodies directed against continuous or discontinuous
epitopes. Studies utilizing arrays with an unbiased content can provide a particularly
good starting point to unravel the common features of autoantigens being recognized
in body fluid samples both in the context of diseases, as well as in health. In near
future, there is also a great benefit in focusing not only on what the autoantibodies are
binding to but also what kind of autoantibodies are binding to the self-proteins. More
systematic studies shifting the focus to differences in immunoglobulin class frequencies
might provide valuable clues about whether certain set of antigens sharing certain features
related to e.g. structure or localization co-determine the antibody class, thus the effector
functions such as complement activation. The assay workflow described in Article III
for a parallel analysis of autoantibody classes and antigen-specific complement activation
provides a good example for such coming efforts. Regarding the needs in terms of technical
developments for antigen arrays, analytical sensitivity can be considered an area to spend
further efforts, as for antibody arrays. Utilizing detection methods beyond the conventional
fluorescence-based strategies and experimenting with more novel label-free or label-based
detection technologies on different antigen array platforms is an area open for development
of new assay types on antigen arrays.

An overview of the studies mentioned in section 4.2.2 and 4.3.2 applying affinity arrays
reveals that a vast majority of the biomarker discovery studies focus at a single disease and
perform a comparative analysis utilizing samples from patients with the related disease
and non-diseased controls. Such studies certainly contribute to the understanding of
each individual disease on a molecular level. There is still an existing need for such
studies in several conditions, which could not yet fully benefit from the possibilities
offered by multiplex and high-throughput proteomics technologies. Rare diseases such
as Duchenne muscular dystrophy, which was investigated in Article V, can be considered
as an example. On the other hand, certain disease types such as cancer have been studied
extensively, mostly involving a comparison between samples from advanced cancer patients
and non-diseased controls and often highlighting e.g. inflammation-related proteins as
biomarker candidates. For such study areas, it might be more beneficial to shift the
focus from single cancer types and design studies involving several cancer types. Such
multi-disease screening approaches might help to identify more disease-specific biomarker
candidates. Certainly, the same approach can also be beneficial for other disease groups
such as neurodegenerative disorders or systemic autoimmune diseases. Similarly, more
studies involving longitudinal sample collections or matched body fluid sample collections
might enrich the information generated for potential biomarker candidates. Such studies
might help to assess whether the identified potential biomarker candidates are able to
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assist disease monitoring and to co-evaluate the biomarker potential of identified proteins
in different body fluids, respectively. As shown in Article II and Article IV, there is also
a potential to be realized by extending the analysis of body fluid samples for an expression
profiling of identified targets on the affected tissue. Such integrative and collaborative
approaches, where immunohistochemistry investigations can be carried out in tandem
with affinity-array based discoveries will certainly allow to gain more biological insight at
an early stage of discoveries and thus help to assess the relation of identified targets to
disease pathogenesis.

As demonstrated in Article V, when possible there might also be a great benefit in
adopting a multi-center study design approach within biomarker discovery investigations.
The use of multi-center sample collections early in the discovery phase significantly helps to
identify those targets which are less sensitive to variations in sample collection, handling,
storage and transfer. Such discoveries based on "portable" evidence have an increased
chance to survive the gradually more challenging verification stages of the biomarker
discovery pipeline, which usually involve multi-center sample collections.

Regarding the latter point, one aspect worth to highlight again is the importance of
sample quality. Samples are the starting point of the proteomic biomarker discovery
pipeline, no matter which tools are utilized. The awareness about the importance of sample
quality, form and standardization is fortunately increasing, so does the awareness about
the need for more dedicated biobanking efforts. Standardization of sample preparation,
handling, storage and transfer procedures might currently not be there yet. But this
does not mean end-users like ourselves have no responsibility or possibility to make a
change. It is our collective responsibility not to rely on the quality of samples which
can be conveniently obtained from local institutions, but to increase awareness and to
propose relevant requirements to be adhered. Local institutions or even established
biobanks should not be expected to take the significant strides only by themselves. When
establishing new collaborations on local or international level, end-users could proactively
share experienced or foreseeable challenges or impracticalities for downstream analyses
and suggest improvements regarding sample or metadata transfer formats. If biobanks,
clinicians and researchers performing proteomic biomarker discovery studies will work more
in tandem, it will be possible to gain full benefit from the analyses of good quality and
well-characterized sample collections.

In fact, such collaborative and synchronized efforts are required not only to guarantee
sample quality but also during the planning, initiation and progress of biomarker discovery
projects. Ideally, a multi-disciplinary expertise should be involved in all steps of
such projects, including the researchers performing the analysis, statisticians but most
importantly the experts of the disease. Any collaborative gaps upon transfer of samples
from clinical sites to research laboratories for a proteomic analysis might cause projects to
be designed and performed not under optimal clinical expertise, which might cause further

114



challenges in data analysis and interpretation. In order to deliver results in an efficient
manner, projects should be initiated and carried out within multi-disciplinary teams
involving the clinical colleagues at all stages of the biomarker discovery process. Efforts
addressing the challenges within biomarker discovery field should therefore not only aim
for more powerful technologies and should not only focus on technical limitations. Future
efforts should also realize that there is room to improve the organization of biomarker
discovery projects by involving continuous networking and cross-disciplinary expertise
providing medical, technical and biological insight.

The day when this doctoral thesis will be defended, it will be the twentieth birthday of
the proteome concept, which was introduced by Marc Wilkins in the first Siena Meeting
held between 5–7 September 1994. Similarly, protein and antibody arrays are nowadays
celebrating their almost fifteenth birthdays. Predicting the future of proteomics, efforts
in generating affinity reagents, affinity arrays and affinity array-based biomarker discovery
field is not easy. Yet, things which can not be envisioned can not be reached at all. As
I have aimed to argue for in this thesis, affinity arrays are not at their infancy anymore
and they can be envisioned as capable tools to address the need for the sought-after
biomarkers. There is now enough evidence to appreciate the role of affinity arrays in
the quest towards biomarkers and this appreciation is needed to provide a momentum
for further technological improvement within the affinity array field. If there were two
conclusions to be drawn from this thesis and the investigations performed, the first one
would be that affinity arrays can and will contribute for the immense accumulation of
valuable information regarding possible molecular mechanisms behind several diseases.
The resulting complexity of this information will require an even closer interplay between
researchers from various fields including molecular biology, statistics, computer science,
engineering and last but not least, medicine. Similarly, a stronger cooperation between
different sub-disciplines of proteomics and with other omics fields will be needed. The
second conclusion would therefore be that if biomarkers are ever to be found and
established, then this will be accomplished in such a multi-disciplinary climate. The road
of proteomic biomarker discovery is long, iterative and frequently ends in frustration. It
therefore might resemble the myth of Sisyphus, relentlessly rolling a boulder to the top of a
mountain and then watching its descent. But by applying the tools at hand and adopting a
productive and collaborative perspective, the struggle for biomarkers is worth and it serves
for a very good purpose. As Albert Camus (1913–1960) concludes: "The struggle itself
toward the heights is enough to fill a man’s heart. One must imagine Sisyphus happy."
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