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Till min lilla familj

"Good judgement comes from experience.
Experience comes from poor judgement."

- Mulla Nasrudin



Abstract

This thesis is about protein profiling in blood-derived samples using suspension bead ar-
rays built with protein affinity reagents, and the evaluation of binding characteristics and
potential disease relation of such profiles.

A central aim of the presented work was to discover and verify disease associated protein
profiles in blood-derived samples such as serum or plasma. This was based on immobiliz-
ing antigens or antibodies on color-coded beads for a multiplexed analysis. This concept
generally allow for a dual multiplexing because hundreds of samples can be screened for
hundreds of proteins in a miniaturized and parallelized fashion. At first, protein antigens
were used to study humoral immune responses in cattle suffering from a mycoplasma infec-
tion (Paper I). Here, the most immunogenic of the applied antigens were identified based
on reactivity profiles from the infected cattle, and were combined into an antigen cocktail
to serve as a diagnostic assay in a standard ELISA set-up. Next, antibodies and their em-
ployment in assays with directly labeled human samples was initiated. This procedure was
applied in a study of kidney disorders where screening of plasma resulted in the discovery
of a biomarker candidate, fibulin-1 (Paper II). In parallel to the disease related applica-
tions, systematic evaluations of the protein profiles were conducted. Protein profiles from
2,300 antibodies were classified on the bases of binding properties in relation to sample
heating and stringent washing (Paper III). With a particular focus on heat dependent de-
tectability, a method was developed to visualize those proteins that were captured to the
beads in an immunoassay by using Western blotting (Paper IV). In conclusion, this thesis
presents examples of the possibilities of comparative plasma profiling enabled by protein
bead arrays.

Keywords: Affinity proteomics, protein array, suspension bead array, antigen, antibody,
biomarker discovery, serology, selectivity, sensitivity, serum, plasma.
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Preface

Imagine a visit to the doctor in a close future. As a part of a health care initiative focused
on early detection of diseases, with resulting benefits for both patient prognosis and health
costs, you take part in a routine blood sampling every year throughout life. Your blood
sample will not be sent to the lab immediately as when you are sick. It will be stored in
a freezer until about 500 samples from your age group have been acquired. Then these
samples will be tested for a multitude of risk factors at once, using a panel of affinity
reagents towards biomarkers of specific interest for your age group.

This is the vision we are working towards, we who profile body fluids using protein arrays.
For the vision to come to life, more biomarkers with relation to disease states are needed
and, more importantly, thorough evaluation of normal, disease related and age related
levels of each marker. Previously, protein science technologies have not enabled these large
scale studies to take place, but now such initiatives are feasible. This thesis contains work
that could be seen as a small contribution towards the vision.

My work for the last years has been performed to evaluate and enhance the existing tech-
nologies for plasma profiling by applying protein arrays on blood derived samples and to
show the versatile spectra of biological and medical questions that could be handled. This
thesis is structured to give you an overview of the field (affinity proteomics), the technolog-
ical platform (protein microarrays), the sample type (blood) and the purpose (biomarker
discovery) of my performed studies (present investigations). I really appreciate working
with the technical aspects of medical science. Technical problems can be split into small
steps where each step is possible to climb within days, even though the long term objectives
could be decades away. This means a working day full of small Eureka moments and that
is why I do research.

Maja Neiman
Stockholm, 18 January 2013
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Chapter 1

Affinity proteomics

Bead based protein profiling in blood. The study of protein contents in blood-derived sam-
ples, such as serum or plasma, for increased knowledge about normal or disease associated
levels, modifications or functions of proteins. Studying proteins by the use of a technology
developed around micrometer-sized beads, demands protein-specific capture molecules as
a functional link between the beads and the target proteins. These molecules are known
as affinity reagents and the field is denoted affinity proteomics.

Affinity proteomics describes the approach to study a proteome by the use of affinity
reagents. Affinity reagents are molecules capable of selective recognition and affinity driven
binding of proteins in this case, and the proteome refers to the complete set of proteins
present at a given timepoint in a specific species, organ, cell or biological sample.

Figure 1.1: One genome but different proteomes through life’s phases.
(Idea: Gert Auer.)

Organism-wide spanning technologies (with the suffix -omics) were initiated by genomics
that by measuring the genetic code of an organism could be described as an approach to
measure what the cell may do. Transcriptomics could be said to measure what the cell
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Affinity proteomics

wants to do and proteomics could be seen as an approach to measure what the cell actually
does (adapted from Roman Zubarev).

In the next chapter, blood and its extreme wide span in protein abundance will be pre-
sented. Considering this technical challenge, finding a low-abundant protein among billion-
fold more abundant molecules has been compared to finding one individual person among
the population of the entire world [1]. This might seem intimidating at first, but with
the name and phone number of that person at hand (and perhaps even information about
where she lives and where she works), the task no longer seem impossible. Which is why
the idea of affinity proteomics, ideally performed with a specific affinity reagent to catch
each protein, is such a nice approach [2]. As with most aspects, reality is not as simple and
straightforward as the theory, and the aims of this chapter is to clarify some issues with
which the theory needs to be refined to suit empirically achieved results.

Box 1.1 - How to reach a protein. The analogue of protein capture
to phone numbers to reach a certain person, as presented above, could be
regarded as a stable and unique connection to a protein. However, calling
a phone number usually means reaching the phone, but not necessarily the
person who owns the phone and to whom contact was intended. In the same
way, an affinity reagent recognizes a substructure of another molecule, the
epitope, and targeting of an epitope does not always mean connection to
the intended protein. Epitopes could be shared by other molecules as well,
as phone numbers without local codes could reach several persons. Affinity
based interactions could also be compared to radio contact where the signal
could get weak and disrupted by interference and the frequency could overlap
with that of a non-inteded walkie talkie.

Proteomes

A proteome is a very dynamic feature that has to be defined with a time. A butterfly
would through the life stages of egg, larva, pupa and adult hold the same genome (the
blueprint) but present different proteomes (the building blocks) in the different states.
Could you ever then talk about a butterfly proteome without specifying at what time? Or
does a butterfly proteome mean the cumulative sum of all proteins the butterfly will go
through in a lifetime? The human proteome is often used with the cumulative definition,
but when addressing subproteomes, such as the human plasma proteome, the time aspect
is even more important. The plasma proteome has been said to potentially include all

12



Affinity proteomics

human proteins at different time points, due to active secretion, turnover or leakage from
cells [1].

Sequencing of the human genome revealed 3 billion nucleotide bases [3, 4]. Of this, only a
small fraction codes for proteins while the rest are regulatory sequences and sequences of
unknown function [5]. The protein coding sequence is divided into approximately 20,500
protein coding genes, with the exact number changing withe every update of the genome-
wide databases (20,476 coding genes according to version 69 (Oct 2012) of the Ensembl
database [6], and 20,226 reviewed entries in version 11 (Nov 2012) of the Uniprot database
[7]). Simplified for nomenclature, one can say that each gene codes for one particular
protein, with a structure and function determined by the primary sequence of amino acids.
This gives a gene-centric definition of proteins. However, the mRNA transcribed from one
gene could be alternatively spliced into several different mRNA versions of the primary
sequence. The translated protein molecule could be further processed by post translational
modifications which results in several variants of a protein. Large proteins could also be
assembled from several gene products (subunits), meaning that the translation of several
genes are required for the functionality of one protein specimen.

"What’s in a name?
That which we call a rose

by any other name would smell as sweet."
- Shakespeare

What is then a unique protein and what is a version or a substructure of a protein? The
counting of every variant of every protein would quickly become overwhelming as reports
have suggested a million different and distinct forms of the plasma protein fibrinogen
alone [8]. The gene-centric definition of proteins is a straightforward and comprehensive
approach that will be applied here.

Proteomics

Numerous biological and medical questions are tackled by proteomic efforts. Proteins could
be studied to reveal their structures, localizations, amounts, modifications and interactions,
most of which helps to understand every protein’s biological function. Within medical
science, the same approaches could be made on healthy and disease patients in parallel,
to reveal differences that could aid in understanding mechanisms of disease. The different
approaches of proteomic technologies determines what questions could be answered. For
many people, proteomics is equivalent to mass spectrometry (MS) based explorations of
complex samples [9].
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Typically in MS analysis, molecular weights of ionized peptides resulting from a protease-
digested sample are determined by such accuracy that the data can be used to determine
the protein from which they were derived. The arsenal of MS-based methods and sample
preparation techniques is vast and goes beyond the scope of this thesis, but a few highlights
are briefly mentioned here. Shotgun MS, which means liquid chromatography coupled to
tandem MS, allowing sequencing of peptides, has been applied for discovery proteomics
and could detect thousands of proteins within one sample [10]. Targeted MS, with selected
reaction monitoring, give detailed, sensitive and reproducible information about a few, on
beforehand selected, proteins [11], and was selected Method of the Year by Nature Methods
2012 [12]. Labeling of samples with heavy isotopes enable relative quantification with high
accuracy [13,14]. All in all, advancements on MS based explorations are coming closer and
closer to full proteome coverage of complex samples, as long as the sample is fractionated
and each fraction evaluated thoroughly [12].

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

- Stoevesandt and Taussig

Affinity proteomics means applying many binders to study many proteins, which can trans-
late directly into protein array technologies, which will be addressed in the next chapter. In
a recent review article, the protein scientists Stoevesandt and Taussig raised the question
of when use of antibodies becomes affinity proteomics [15]. As an answer, they refer to
the use of parallelization, miniaturization and automatization that make any affinity-based
protein detection method to qualify as affinity proteomics if the ambition of the effort is
to study a close to complete proteome. The Human Protein Atlas, which applies single
protein detection methods in a systematic and high throughput fashion to determine pro-
tein localization in tissues and cells [16] have been mentioned as a paradigm considering
the impressive amounts of data generated with what is regarded as classical methods [15].
With more than 50% of the gene-centric proteome covered by antibodies and mapped in
cells and tissues [17], the Human Protein Atlas have shifted the view of cell-specific pro-
teomes. Rather than cell type-specific sub-proteomes, it appears as it is a delicate balance
of protein levels or protein modifications that create the diversity of cell types throughout
a body [18].

Affinity based studies require affinity reagents, and affinity proteomics as a field did not
exist before the large scale efforts of protein binder generations were initiated. The pro-
duction and use of antibodies as well as antigens as affinity reagents will be handled in
subsequent sections. My work has been performed both within and in close connection to
the Human Protein Atlas project, which means a focus on protein antigens denoted Protein
Epitope Signature Tags (PrESTs) which are selected parts of proteins based on sequence
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dissimilarity. These PrESTs are produced recombinantly in Escherichia coli (E. coli), and
further used to generate antigen-affinity purified polyclonal antibodies [19].

Antibodies as tools to study target proteins

Antibodies, as a protein class, are amazing in their collective diversity of binding speci-
ficities to a plethora of targets that represent basically all types of structures and fea-
tures. Within life science research, antibodies are applied as selective capture and detection
reagents in what is denoted immunoassays - analytical methods based on molecules from
the immune system. To better understand the function of these binders and how they are
applied to study antigens in biological samples, we will in the following go through the
structures and some of the inherent features of the antibody molecules.

Typically, naturally occurring antibodies are multimeric proteins assembled from a number
of different chains [20]. Figure 1.2 presents three alternative approaches to envision the
structure of the most commonly used antibody isotype: immunoglobulin G1 (IgG1). The
molecule consist of two identical heavy chains (red and yellow) and two identical light chains
(green and blue), as shown schematically in figure 1.2A. Figure 1.2B shows a simplification
of the molecular surface structure of the same molecule, with the chains colored according
to the schematic. The light chain may come in one of two possible two variants ( and �)
while the heavy chain comes in five main variants (↵ (IgA), � (IgG), � (IgD), ✏ (IgE) and
µ (IgM)) that determine the effector functions of the antibody. By simplicity, antibodies
are most often depicted as Y-shaped molecules, with one stem and two arms. The arms
are denoted Fab for Fragment antigen binding while the stem is called Fc for Fragment
crystallizable.

A B C

Figure 1.2: Three ways of presenting the structure of IgG molecules. A)
shows the domain and chain organization schematically, B) is a simplified
sketch of a molecular structure image and C) is the Y-representation for
simplicity.
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As mentioned above, different classes of antibodies, or isotypes, such as IgG, IgA, IgM, IgD,
and IgE, have different heavy chains and thereby different effector functions. They are also
localized differently in the body and appear at different times during an immune response to
a given immunogen. Briefly, IgA is the primary line of humoral defense in mucosal surfaces
and IgM is the first isotope in a humoral immune response in plasma, which undergoes
class switching into IgG during the course of an immune response. IgG will dominate in
titre in long term immunity and is the most commonly used antibody class in life science
research. IgE is associated to allergic responses and activation of histamine releasing mast
cells while the function of IgD still is somewhat unknown [20]. The separate isotypes also
have different appearances. For example, IgA molecules may be linked as dimers with
two antibodies held together by a peptide linker, while IgM molecules generally appear as
more or less planar pentamers that mostly resembles five-armed snowflakes. The effector
functions, summarized very brief by complement activation, Fc receptor binding avidity
and serum half life [21], are important for the natural functions of antibodies as part of
the immune system, but are not the most important feature when applying antibodies as
tools in research.

Figure 1.3: One of the two antigen binding sites of a mouse IgG
molecule, where the six loops that comprise the complementary deter-
mining regions are visible at the top of the structure. The heavy chain
is pink and the light chain is green. Image adapted from Protein Data
Bank structure 1IGT.

The magic is in the hands

The purpose of the humoral immune response is to produce antibodies that bind to a
typically foreign or non-self molecule that enters the body. The capability of the immune
system to raise different antibodies to different targets is enabled by random recombination
of genetic segments and somatic hypermutation, leading to a vast diversity in the amino
acid sequence of certain parts of the immunoglobulin chains (both heavy and light), called
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the complementary determining regions (CDRs). Although they sequence-wise are situated
apart from each other in both the heavy and light chain, upon folding the CDRs come close
to each other and construct the "hands" of each antibody [22]. See figure 1.3 for a close
up of the variable regions of one heavy and one light chain of a mouse IgG2A [23].

Detailed structural analyses of antibodies binding antigens have shown that the CDRs
can be relatively mobile elements, forming six finger-like structures that to some extent
can adapt to antigen epitopes upon binding, denoted induced fit. In general, the bind-
ing topography of antibodies binding to globular protein antigens have been reported as
relatively planar, while binding to DNA or peptides is associated with ridged interfaces
of the paratope and binding of small haptens with a concave surface of the antibody [22]
(figure 1.4). However, antibodies cannot grip an antigen as the hand analogy could imply.
It is rather that B-cells that display antibodies with maximum contact to an antigen, and
thereby maximizing the binding strength, are favored in the clonal selection.

Figure 1.4: In the analogue of an antibody paratope as a six-fingered
hand capturing the antigen, the size of the antigen determines the struc-
tural arrangement of the grip. Small antigens such as haptens are bound
in concave structures, peptides and nucleotide stands are entrapped in
clefts while large proteins display flat surface interactions.

As both hands will show the same specificity, antibodies are bivalent affinity binders. This
may, depending on the assay format, have implications in the form of co-operative avidity
effects on the measured affinity and binding kinetics of antibodies.

Polyclonal, monoclonal or synthetic?

There are several alternative antibody or antibody-based reagents that can be used as
binding tools, but one way to summarize this section is that everything is complementary.
Most oftenly, the scientific interest lies in the target and not which type of binder is used.
However, the type of reagent could drive which type of information is able to be extracted
from an experiment, so a selection might be necessary.
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Regardless of which type of binder generation strategy is selected, the choice of what type
of antigen that is used to create or select a binder is crucial as well. The alternatives
include full-length proteins as antigens, separate domains, folded or denatured structures,
peptides with or without modifications, and the corresponding list of potential outcomes
is long [15].

Polyclonal antibodies

The first alternative for antibody generation is applying nature’s way, which corresponds to
the polyclonal antibodies generated in an immunized animal, often rabbits. Then you take
advantage of the sophisticated in vivo affinity maturation and you also get a full spectrum
of antibodies of different clonal origins (from different B-cell clones), which increases the
chance of achieving a useful reagent. However, two rabbits, even if they are inbread,
immunized with the same antigen will not produce the exact same composition of antibodies
in regards of epitopes and affinities [24, 25]. This means that the obtained antiserum
containing the polyclonal pool of antibodies is a finite resource, and that producing a new
batch is associated with an uncertain product quality all over again.

Antisera from immunized animals could be used directly if applying antibody-specific sec-
ondary reagents, but most often a purification of the antibodies is recommended. Purifica-
tion could be done using the same antigen that was used for immunization, meaning that
the antibodies will be purified on the the basis of their recognition and affinity towards
the antigen (as done for example in the Human Protein Atlas workflow [19]), resulting in
a pool of antibodies that all show (more or less) recognition to the antigen. Alternatively,
purification could be done based on the constant regions of antibody molecules, applying
for example bacterial proteins with natural affinities towards the constant regions of some
mammalian antibodies, such as protein A [26] and protein G [27]. This would result in a
pool of antibodies that target different proteins.

After purification, an evaluation of each polyclonal batch of antibodies is necessary to en-
sure proper target recognition, which could be done by antigen microarrays [19]. Using the
same recombinant antigens both for immunization, purification and selectivity evaluation
could results in generating antibodies specific of a certain feature of the antigen that is not
inherent in the native target protein. To reach antibodies functional to detect native pro-
teins, a dream scenario would be to apply different version of antigens for immunization,
purification and selectivity evaluation [15], but generally the effort to generate only one
well tested and validated antigen is large enough.
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Monoclonal antibodies

The second approach involve monoclonal antibodies from hybridoma, corresponding to
a single genetically defined antibody species originating from a single B-cell clone. This
procedure also starts with the immunization of an animal, often mice, where the in vivo
affinity maturation will take place. Then, instead of purifying secreted antibody molecules,
B-cell clones from the spleen are collected, fused to immortal cancer-derived cells to form
hybridoma cells [28]. Each clone will be isolated into one in vitro container where the
monoclonal cells will start their engineered immortal life with the ability of secreting an-
tibodies into the cell culture supernatant over and over again. The cell cultures could be
frozen and saved for years, the cultures could be split and amplified resulting in monoclonal
antibodies being a renewable resource.

The antibody product of each clone will have to be thoroughly evaluated for selectivity
and affinity to the target protein since there is a very small chance all clones will produce
effective antibodies. This binding screening is often a rather tedious task preferably done
in multiparallel, but the benefit when finding a really good clone that potentially could
produce antibodies forever, makes the effort worth while. Just as for the polyclonal an-
tibodies, the choice of reagent for both immunization and the selectivity determination is
crucial.

Besides this classical approach published the first time in 1975, there have been some
technical advancements in the generation of monoclonal antibodies. Shotgun generation of
monoclonal antibodies involves an immunization with a complex antigen pool followed by
isolation of hybridoma clones and the use of high density protein microarrays to elucidate
the binding specificity for each clone afterwards [29–31]. A benefit of this approach is the
unbiased expectation of specificity, meaning that the antibody batch is not assumed to
bind a target until a target binding have been proven.

Monoclonal antibodies are believed to have an advantage in the absence of the complex
serum proteome that is a part of a polyclonal antisera. Interestingly, fetal bovine serum
is a popular additive to the culture media of hybridoma (probably to make the blood
derived cells feel "at home"), with the consequence that the supernatant will contain a
serum proteome, including bovine immunoglobulins, that needs to be taken into account
when purifying monoclonal antibodies using general antibody reagents such as protein G
or protein A [32].
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Syntetic antibodies and antibody derivatives

For recombinant production of antibodies, smaller fragment than the full immunoglobulin
molecules are desirable (see figure 1.5). The recombinant production and in vitro selection
technologies allow for a greater control than with immunization based approaches [33],
and binders can be generated recombinantly towards substances that would be toxic if
immunized into an animal [15]. Based on variable immunoglobulin gene repertoires from
either immunized or non-immunized animals, or using genes from entirely synthetic sources,
numerous libraries of so called single chain variable fragments (scFv) have been produced
[34, 35]. Using a selection technology, such as phage display or ribosome display, the
potential binders could be displayed and challenged with the desired target protein and
following a number of rounds, high affinity binders could be selected.

Even smaller antibody derivatives are the variable domains of heavy chain antibodies
(VHH) or nanobodies. They consist of a single variable domain from a class of cameloid an-
tibodies that, unlike other antibodies, only consist of heavy chains. These nanobodies have
been shown to be well expressed in E. coli and from different types of libraries, molecules
have been selected that show nM to pM affinities to a range of targets [36]. Because of
their small protruding paratopes, essentially dictated by a long CDR3, these molecules are
able to interact with concave surfaces, and their small size and molecular stability makes
them suitable as probes within cells.

Fab

scFvNanobody

DARPin

Affibody

Antibody

Figure 1.5: Approximate relative sizes of the presented affintiy reagents.

Alternative affinity scaffolds

Besides immunoglobulin chains as basis of creating molecules for affinity applications, other
scaffolds have been shown promising as well. Alternative scaffolds recognize different sur-
face architectures of antigens and are thereby a welcome complement to immunoglobu-
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lins [15]. The affibody molecules are based on a small 6 kDa three-helix bundle domain
from staphylococcal protein A. By the use of combinatorial protein engineering on thirteen
amino acid positions, libraries have been created from which binders have been selected to
a variety of targets [37, 38]. Another domain of bacterial origin that with combinatorial
engineering can bind non-native targets with high affinities, are derivatives of the albu-
min binding domain of streptococcal protein G [39,40]. The so called DARPins consist of
four or five ankyrin repeat motifs that are linked by loops and function in analogy with
complementary determining regions of an antibody. The molecules are small (14-18 kDa)
but with the large distance between the separate binding sites, only conformational epi-
topes are reported to be reached [41]. Aptamers, which are protein binding DNA or RNA
molecules generated from libraries of variegated DNA or RNA [42], and the related second
generation somamers (slow off-rate modified aptamers) [43] have been presented with high
affinities for native proteins.

Sensitivity and selectivity of antibody binding

The definitions and usage of the, for immunoassays essential, words sensitivity and selec-
tivity, have been quite a controversy [44,45]. Armed with the argument that any technical
definition of a word should be as close as possible to the word’s conventional meaning,
which for sensitivity was condensed to "the ability of an instrument or person to sense or
perceive, and to respond to, a small stimulus..." [44], Ekins strongly suggests the definition
of sensitivity to be based on the limit of detection and not dependent on dose-response
curves. An evaluation of an assay sensitivity would then answer: At what lowest concen-
tration of target protein in a particular sample could the assay still give rise to a signal
that is detectable above a common background? Or what slight addition of target protein
could be perceived by the assay from a stable baseline?

"The meaning of the term ’sensitivity’...
is not a trivial semantic issue

of interest only to theoreticians,
but is fundamental to analytical science

and of major practical importance."
- Roger Ekins

The selectivity of a binder or a method is a measure of its ability to determine one specific
target protein without interference from other proteins that may be present at consider-
ably much higher concentrations than the intended target protein. Often this is termed
specificity, but the International Union of Pure and Applied Chemistry (IUPAC) strongly
discourages the use of specificity since "specificity is considered as an absolute term, and
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thus cannot be graded... Few, if any, methods are specific." [45].

"Specificity is the ultimate of selectivity"
- IUPAC

Both of these measures, sensitivity and selectivity, together determines the antibodies
applicability as a tool to capture and detect specific proteins and both of these measures
are determined by the antibodies interaction strength to a particular target.

Chemical features of antibody binding

What determines how an antibody behaves in a given experiment? Even though I like to
consider them to, antibodies have no souls, no feelings and no temper. They do not get
offended by certain conditions and refuse to bind a target to instead bind something else in
pure protest. It is more likely that the total free energy of the system at a certain condition
favors one or another state of antibody antigen binding. A study published in two papers in
Science 1987 described the chemistry and mechanisms of antibody binding to a protein [24,
46]. Rabbit antisera from seven rabbits immunized with the protein myohemerythrin were
evaluated for binding to peptide homologs to determine the antigenicity of substructures
of the protein. In short, the authors claim the whole surface of the target protein being
antigenic, but with hotspots in three-dimensional elements of high local mobility, convex
surface shape and associated with a negative electrostatic potential. Replacing one amino
acid at a time, creating peptide analogs, the binding was evaluated to distinguish single
amino acid replacements at certain essential positions. Residues determined to be critical
based on reactivity from one rabbit were found to be critical for other responding rabbits
as well, although some rabbits did not show reactivity towards that part at all. This
implies that although different rabbits create different responses, the reactivities created
follow certain stereochemical properties of the target protein. It was found that several
hotspots contained one or more critical side chains protruding the surface of the protein
and one or more critical residues buried deeper in the structure. Since affinity binding
of antibody antigen is non-covalent, relying on the so called weak forces of especially van
der Waals interactions and hydrogen bonds, the antibody-antigen binding was found to be
driven to maximize the hydrophobic contact areas in the buried binding interface. As a
conclusion, the authors suggested the three-step mechanism of antibody-protein binding
which consists of recognition, induced fit and binding.
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Affinity

Both sensitivity and selectivity of an antibody assay are determined by its affinity towards
the specific target in relation to the affinity to other competing interaction partners. Affin-
ity is a measure of the strength of the molecular interactions, mainly hydrophobic and
electrostatic, which are the same interactions that stabilize native folding of proteins [21],
but also entropy effects are important when two molecules interact. A major contribution
to the free energy of protein folding comes from hydrophobic interactions with water. In
the interface of antibody-antigen, water molecules have been shown to stabilize the bind-
ing both by filling cavities and by forming hydrogen bonds [47]. Water molecules, being
functional dipoles, could create indirect salt bridges between charged residues both within
a structure and between proteins upon binding [46]. The antigenicity of a protein to an
antibody will also be determined by the energy cost of freeing bound water from the two
protein surfaces that will interact upon binding [24], or the energy gain of de-solvatizing
water molecules bound to hydrophobic regions [48]. All in all, the effect of freeing wa-
ter molecules on the free energy of protein interaction is a balance between entropy and
enthalpy, with the result dependent on each specific protein-protein structure [48].

There are several ways of measuring the affinity between an antibody and the antigen,
relying on either equilibrium or kinetic measurements [49]. The overall affinity is usually
expressed by the affinity constant Ka (M�1). A more practical unit to describe the overall
affinity is by the dissociation constant, kd (1/Ka, M), since a rule of thumb implies that
an antigen incubated over an antibody-coated surface at equilibrium, with a concentration
corresponding to the kd value of the interaction, will occupy half of the antibody binding
sites. Typical values of kd for an antibody-antigen interaction is in the interval 10�7 to
10�10 M [50]. With an assumed target protein of about 50 kDa, this concentration range
corresponds to a target protein concentration of µg/ml to ng/ml.

Considering the bivalency of antibody molecules, the affinity measure gets more complex.
While monovalent binding of antibody-antigen (paratope-epitope) could give a measure of
the intrinsic affinity, the functional affinity is the multivalent counterpart, determined by
the intrinsic affinity and possible avidity effects [21]. Binding strengths of the interactions
are also dependent on physical properties as temperature and pressure, as well as the
chemical composition of the solution namely the concentrations of ions, target molecules
and interfering molecules [21].

As discussed earlier, applying antibodies as capture reagents for profiling complex protein
samples such as plasma, the relative affinity of the antibody to different proteins (i.e. the
intended target and competing targets, respectively) and the relative concentrations of
those proteins are important factors determining the selectivity of the binder.
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Evaluating sensitivity and selectivity of different immunoassay formats

The considerations about selectivity and sensitivity that needs to be taken into account
when performing immunoassays are even more important when applying several binders
in parallel to profile the target proteins in directly labeled samples [51].

Direct labeling of complex samples means that a biochemical label, often biotin or a fluo-
rophore, with a protein reactive functional group, is applied to the sample with the ambition
of labeling most proteins present in that sample [52, 53]. The degree of labeling will be
affected by the accessibility of the reactive group on the protein (e.g. amines) that the
functional group on the label (e.g. carboxyl) targets.

Figure 1.6: Antibodies immobilized on a surface can be used to study
proteins in a biological sample. Either the complex sample is directly
labeled, or a labeled secondary antibody is used for detection.

Labeled samples allow for immunoassays that rely on one single antibody-antigen inter-
action, the capture event, to generate a signal. This interaction is independent of which
protein is captured, whether it is the intended target protein or another protein (off target
binding). In contrast, sandwich assays rely on a dual interaction to give a signal, since
one antibody captures the target protein and another target selective antibody is used to
detect the captured target protein. There is a slight risk that two antibodies generated
towards a protein to be cross reactive towards the same wrong protein, but there is still
an added value in the number of recognition events. A sandwich assay thereby gives an
increased reliability of the protein being correctly detected because of this dual recognition
requirement to generate a signal.

Sandwich assays are able to be multiplexed, and commercial kits of multiplex sandwich
assays are available. However, the development of such assays require large efforts. While
the presence of several capturing antibodies immobilized on a surface are not believed to
interfere with each other, adding several detection antibodies to the same solution is a
delicate matter. Antibodies are prone to cross react and the binding of one antibody to
another would interfere with both of their abilities to detect their target proteins. Thorough
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optimizations are needed to find suitable antibody mixtures with minimal interference
to the desired signals. Due to this risk of cross reactivity among detection antibodies,
multiplexed sandwich assays are only suitable for a limited number of targets [54].

To enable screenings of hundreds and potentially thousands of proteins simultaneously
with arrays of capture antibodies, direct labeling is considered a requirement. Sceptics
of the direct labeling approach claim that the aim of really large antibody arrays cannot
be reliable regardless of the quality of the generated antibodies, since direct labeling of
complex samples never can achieve the required specificity [51].

The sensitivity of an immunoassay is dependent on the assay system, the read out technol-
ogy and the affinity of the antibody. Determined through a limit of detection in the form of
a concentration of a target, the sensitivity could be evaluated in three ways: i) The target
molecule could be spiked into a complex sample resembling the finally intended situation
(e.g. serum from another species), in a dilution series, to evaluate the effect of less and less
target in a stable complex environment. It is difficult, though, to find a complex sample
that resembles the natural environment of the protein, but that does not contain the pro-
tein or a homologue that could interfere with the experiment. ii) The target molecule could
be spiked into a non-complex solution such as a buffer or a protein solution (e.g. phos-
phate buffered saline with bovine serum albumin, a simplified representation of plasma).
This gives a technical limit of detection but could be a misleading representative of a true
complex situation. iii) The limit of detection could be translated into a limit of dilution
where the full complex sample is diluted into a buffer or a protein solution and diluted
until the signal is no longer distinguishable from the background (pure dilution solution).
Most often, thorough sensitivity determinations are made on singleplex antibody-antigen
interactions. For the multiplex format, targeting several proteins in parallel that each have
different concentrations in the complex sample, with different antibodies that each show
different affinities towards each respective target, the third alternative of limit of dilution
is the practical alternative for sensitivity evaluations.

For evaluating the selectivity of an antibody within direct labeling approaches, inhibition
experiments which consist of challenging the interaction by an unlabeled representative
of the antigen, are useful. Here, the representation of the antigen in relation to the na-
tive protein is of crucial importance to keep in mind when evaluating the results. Ideally,
the selectivity of protein capture from a complex sample would be though MS-coupled im-
munoprecipitation, also known as pull-down assays. In this approach, the captured protein
is withdrawn from the complex environment, released from the antibody and identified by
protein identification methods such as MS. This type of evaluation is further discussed in
present investigations, in relation to Paper IV.
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Box 1.2 - The matrix effect. When performing dilution series to evaluate
binding characteristics and assay sensitivity, a common and troublesome effect
is when a higher concentration gives rise to a lower signal and further dilutions
of the complex sample raises the signal. This is denoted the matrix effect and is
apparent when profiling directly labeled plasma. For immunoassays in general,
it is recommended to dilute plasma at least four times to reduce this effect [55],
but applying directly labeled complex samples on bead based antibody arrays,
a dilution factor over 200 is necessary to avoid signal reduction (data not
shown).

The Triple A rule

To sum up the section of antibody-based interactions it can be concluded that inherent
properties of proteins binding proteins means that there is not always a straight line be-
tween a signal and a target protein concentration. Phrased in the Triple A rule (idea:
Jochen Schwenk): The signal from an affinity protein assay is dependent on Abundance,
Affinity and Accessibility. Abundance, because the target protein needs to be present in a
sample to be detected, and it needs to be present in such a concentration that the captur-
ing of it exceeds the noise level of the method. Affinity means that capturing of a protein
is dependent on the interaction constant of the binder to the specific target. In complex
samples, it is the relative affinity of the antibody to the target protein compared to the
affinity of other reactivity towards other more highly abundant molecules that determines
which protein that will be captured. Accessibility means that the epitope of the target
protein should be free from modifications (natural or by labeling procedures) or present
on the surface of the folded structure, and that the paratope of the antibody should be
equally accessible for binding after immobilization or modification.

Antigens as tools to study antibodies

Immobilized protein antigens can be used to study i) autoantibody responses [56], ii) im-
mune response of an infection [57], iii) selectivity and epitope recognition of antibodies [58]
as well as iv) protein functions, modifications and interactions to other proteins [59].

In this thesis, emphasis is on the use of proteins attached to a non-biological surface to
study the humoral immune response resulting from an infection, as investigated in Paper
I. This section on antigen-based profiling is intentionally more brief than the discussions
on antibody-based profiling, in relation to the time and efforts spent on the two separate
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approaches during my studies. The major concern for antigen-based antibody profiling is
weather the produced antigen is a similar-enough representation of the native antigen to
allow natural occurring antibodies recognize it. Just as the produced antigen needs to be a
similar enough representation of the native antigen to make antibodies generated against
the produced variant recognize naturally occurring antigens for antibody-based protein
profiling.

Figure 1.7: Antigens immobilized on a surface can be used to study the
antibody responses in biological sample. A labeled secondary antibody is
used for detection.

Serology

The term serology refers to the general study of serum, but in practice the word is used
when studying the humoral immune response, mainly antibodies. Profiling antibody levels
resulting from an infection can be used to detect, monitor and understand the disease
progression and the pathogenic mechanisms, to develop diagnostics for the infection or to
monitor the effects of a vaccine [60].

When screening patients humoral immune responses in the selection of immunogenic anti-
gens to create a new diagnostic test, it is important to consider at what time during the
path of infection the sampling was performed. Especially when using immunoglobulin spe-
cific secondary reagents, as antibody class switching occur during an immune response.
Early responses are best monitored by IgM-serology, while the immunological memory is
related to IgG molecules. Alternative sample types from mucosal areas, such as saliva and
nose swabs, are best combined with IgA-monitoring since this is the main antibody present
in mucosa.
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Naive antibody repertoires are estimated to contain B-cell receptors (cell anchored anti-
bodies) with around 10 million different specificities [1]. However, only activated B-cell
clones that have undergone affinity maturation and proliferation into antibody secreting
plasma cells will secrete soluble antibodies (see Chapter 3 for a brief overview of the im-
mune response). The antibody titer is defined as the highest dilution of serum that still
gives a detectable signal when the antibody binds its antigen [50]. This definition is of
course very rough, as different immunofluorescent assays show very different limits of de-
tections, but in a comparative way it is possible to distinguish specimens with different
relative antibody titers.

Generation of antigens

To generate antigens to study antibody responses in samples such as plasma or serum, the
representation of the antigen, the purity of the antigen and the presentation of the antigen
in the final serological assay are important factors to consider. All of these aspects could
be faced already in planning the antigen production workflow.

Recombinant antigen production refers to cloning a target gene into a host cell which
thereby is asked to express the protein, followed by purification and verification of the pro-
tein product. There are numerous alternative approaches to decide upon when perform-
ing recombinant protein production, and most alternatives affect the outcome of protein
yield [61]. Which type of cells should be used for expression? Which vector and cloning
strategy should be selected? Should the complete protein or a fragment be produced?
How should the protein be purified and evaluated? Is there a need for a fusion protein or
a purification tag, and in that case, which one? A thorough review of typical approaches
and pitfall have been presented as a combined effort of some of the largest protein pro-
duction efforts that in 2007 had produced thousands of recombinant proteins [61]. The
overall conclusion was (as so often) that every protein is unique and requires a certain
procedure. However, in the big picture, a majority of proteins may still be generated with
common, streamlined approaches that mainly included expression in E. coli, hexahistidine
purification tags for purification by metal ion chromatography followed by mass spectro-
metric evaluation of the protein product [61]. Within the Human Protein Atlas project for
example, thorough optimization have been conducted to produce human antigen fragments
in E. coli [62], and more than 36,000 antigens have been produced.

"... in any individual case, the methods will fail
more often than they succeed."

- Structural Genomics Consortium

It is important to consider to which extent the recombinant antigen could be interpreted
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as a representation of a native protein. One main limitation in the use of recombinant
versions of human antigens is the lack of postranslational modifications, such as glycosy-
lations, phosphorylations and acetylations, that could be the key to protein function and
recognition. A theoretical alternative would be systematic purification of human native
antigens, but this has to my current knowledge not been applied in any large scale. Con-
sidering the requirement of a protein-selective affinity molecule for an efficient purification,
the requirement creates a circular reasoning. To get to the protein, you need the binder.
To get the binder, you need the protein. Instead, recombinant production in eucaryotic
cells (e.g. yeast) are a reasonable and successful approach to get closer-to native proteins
than when applying bacterial hosts, but with high yields in cells that are easy to grow and
process [63].

The purification of antigens will determine the subsequent information that could be
extracted from analyses. Every protein immobilized to a bead, a planar slide or a reaction
well wall, could reveal reactivity, and especial bacterial proteins from prokaryotic host cells
could pose a problem in serological monitoring. Most antigens do not naturally share a
common domain between each other, as for example antibodies do. So for streamlined
purification strategies in high throughput, the use of fusion proteins or purification tags
are indespensable [64]. Although most tags are introduced for purification strategies, but
fusion proteins have show advantageous for solubility, yield and folding of recombinant
proteins as well [64, 65]. The Human Protein Atlas utilizes a dual affinity tag, based
on the albumin binding domain of streptococcal protein G for enhanced solubility and
immunogenicity [66] with a hexahistidine tag for purification [67].

Affinity tags can be cleaved off after purification if a protease cleavage site is introduced
in the gene sequence. However, the tag may also serve a purpose in assay developments.
Orientation directed immobilization could be directed towards a tag [68], and degree of
immobilization can be monitored by the use of a tag-specific detection reagent [69].
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Chapter 2

Protein microarrays

An array is a representation of entities in an ordered manner so that each entity could
be traced back to unique information. Either everything is ordered with a fixed position,
or unique tags could be associated to the entity with the possibility to mix it up and
sort it out later with the help of the tag. The positioning and the tagging are the bases of
planar arrays and bead arrays, respectively. Microarrays refers to a size requirement, where
spot or bead sizes should range between 1 and 1000 µm. Smaller spots will create nano
arrays, and considering reaching the size of molecules (an antibody is about 10 nm high
and wide), nano arrays have different requirements on assay set ups and read out methods.
Larger spots would move away from the theoretical benefit of small spots, referred to as
the ambient analyte theory which will be explained below, and would in the range of mm
be what is applied in micro titer plates in classical enzyme linked immunosorbent assay
(ELISA) settings [70].

"Order and simplification are the first steps
toward the mastery of a subject."

- Thomas Mann

Arrays as technical platforms were first suggested and developed for immunoassays already
in the 1980s [71], although it was the use of nucleic acids such as DNA and RNA that
proved the utility of the format [72–74]. The usefulness of nucleotide arrays, where single
stranded DNA probes are printed or synthesized on a surface and the signal depends on
the binding of a complementary strand of DNA from the biological sample, depends on
two aspects: First factor is the "simplicity" of how DNA molecules can be synthesized
with high reliability and the second is the fact that different DNA species bind their
correspondent complementary strand with approximately the same affinity and kinetics.
Neither of these aspects apply for proteins. In the year of 2001, Haab and colleagues showed
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the possibility of printing proteins for comparative profiling of differently labeled samples,
as a direct mimic of DNA hybridization arrays [75], while Zhu and colleagues presented the
first functional protein array of an, both at that time as well as today, impressive number
of 5800 yeast proteins [68].

Although the inherent biochemical properties of protein binding makes them much more
difficult to interpret than nucleotides, a new era emerged. The quest for systematic evalu-
ation of the protein functions followed as a consequence of the completed sequence of the
human genome in 2001 [3,4]. This is about when systematic efforts of generating antigens
and antibodies in large scales started which is the major requirement of creating dense
protein microarrays [76].

Coupling of proteins to solid supports

Protein microarrays are dependent on high quality protein binders and the necessity to
attach proteins to a solid support without interfering with their structure. Classical ELISA
[70] depends not on active coupling of proteins but undirected adsorption onto the plastic
surface of a microtiter plate well wall. The adsorption, although surprisingly effective, could
give problems in multiplex array settings if protein species at a specific site would detach
and re-adsorb at another site. Covalent coupling of proteins onto surfaces is thereby a
popular approach. Most coupling chemistries targets functional amines on proteins (either
lysine side chains or the N-terminal amine of the peptide backbone) since they have the
potential of forming peptide bonds with carboxyl groups. Targeting primary amines, of
which there often are several within a protein, results in proteins attached in a variety of
orientations on the solid support.

For antibody arrays, this means a risk of antibodies being coupled "hands down" onto a
surface when applying amine coupling reactions. Especially since the N-terminal amines
of the antibody’s heavy and light chains are all located in the same region as the paratope.
However, considering the large number of lysine residues in a typical IgG molecule, as
seen in figure 2.1, the chance of all molecules binding hands down have to be considered
minimal.

An alternative approach is to link proteins in a directed orientation. For antibodies, the use
of for example protein G, a bacterial protein with natural affinity to IgG constant region
[27], could work as an intermediate of the binding. If this specific orientation of antibodies
is desired together with a covalent link, this could be achieved by using synthetic affinity
probes targeting immunoglobulin constant regions with incorporated photoactivable cross
linkers [77]. Binding of recombinant proteins in a directed orientation could be achieved by
the application of Ni-slides onto which hexahistidine tagged proteins could be attached [68].
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Figure 2.1: Structure of mouse IgG. Protein surface colored according
to immunoglobulin chains with lysine residues highlighted in red. Adapted
from protein data bank entry 1IGT.

Although the metal ion-histidine interaction is not covalent, it is a strong interaction that
is also used for purification of recombinant antigens [19].

Ambient analyte theory

Microarray technologies are based on a principle termed the ambient analyte theory [71].
This theory describes the advantage of small amounts of immobilized capturing reagents
to analyze minute amounts of biological material. Based on the law of mass action, which
describes chemistry reactions in equilibrium, it has been shown that small spots with few
but densely packed capturing agents, maximize the fractional occupancy of the reagents
and capture target molecules in a local high concentration without depleting the biological
sample of the molecule and thereby interfering with the concentration and the chemical
equilibrium (see figure 2.2). This implies that small amounts of capture reagents gives an
advantage in assay sensitivity compared to higher amounts.

"Assays in the ambient analyte region were insensitive to
changes in volume and the number of particles"

- Zaheer Parpia

Ambient analyte limits are estimated to be reached if less than 0.1/Ka of target molecules
get captured, where Ka is the affinity constant of the antibody-antigen binding reaction
[71,78,79]. Approximating the dissociation constants for immunization derived antibodies
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A B C

Figure 2.2: The benefit of small spots of capturing molecules means
that captured proteins could reach a high local concentration (A) in com-
parison to (B) without depleting the sample of the target molecule (C).

to kd = 10�9M, this limit is reached if spot sizes are less than 100 µm2 containing capturing
reagents in the range of 106 to 108 molecules [50, 80]. A recent evaluation of bead based
immunoassays validated the theory in a way that a lower limit of detection was achieved
when the assay was performed within ambient conditions [79]. Theoretical implications of
the ambient analyte theory are that the generation of a signal is independent of both the
concentration of the immobilized antibody as well as the reaction volume of the sample,
enabling miniaturized assays with low reagent consumptions. Signals insensitive to changes
in reaction volumes further imply that precise volumes of sample are not needed to be
applied, which was shown by Parpia and colleagues [79], and that gives implications in the
benefit of using minute immunoassays in point-of-care settings.

Beads are a girls best friend

In the point of view of molecules, a slightly curved surface on a bead is as much a flat
surface as that of planar arrays on a microscope glass slide. Microbeads covered in affinity
reagents could be seen as free flowing microspots. This means that the between-spots
surface of a planar array have been removed and that every spot have been cut out and
made into a sphere that flow in solution. This evades the problem of protein adsorption
to the between-spots surface. Handling of small color coded magnetic beads that could be
combined to form arrays in numerous ways, that can be collected in a test tube and stored
in a pocket and that can be diluted and concentrated repeatedly, is a blessing. One by one
these beads are invisible for the human eye, but combined a couple of thousand they can
be collected into a small visible pellet. A bead collection of 384 bead identities (IDs) with
500’000 beads of each ID (192 million beads) form a pellet as large as an unpopped popcorn
seed and suspended in 3 ml buffer, the suspension mostly resemble brown mud.
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Microbeads have the ability to move around in suspension that planar arrays cannot. If
left unattended, the beads will sediment to the bottom of the tube or reaction well, but any
mixing procedure can lift them up again. It is misleading to assign microbeads the ability
of in solution kinetics, since beads cannot diffuse in liquid but only follow the turbulence
of the surrounding solution or succumb to gravity and sediment. Still, with two mobile
phases, the beads and the molecules, there is a greater chance of interaction to occur, than
with one non-mobile phase (planar arrays, ELISA-plates etc).

It was in 1977 that Horan and colleagues proposed flow cytometry analysis of bead im-
munoassays [81]. Two years later, simultaneous detection of two different analytes using
different sized beads was proposed by the same team [82]. Size separation proved hard to
multiplex further than four, but the color coded separation presented by Fulton and col-
leagues in 1997 [82] was easier to expand. These beads are nowadays part of a commercial
system with differentially dyed microspheres, a flow cytometer-based read out instrument
and a comprehensive software for simple data analysis. The technology was created by
Luminex corporation and was called the xMap technology [83].

Figure 2.3: The ratio of fluorescent dyes creates spectrally distinct
identities for each bead. The first generation of the xMap technology
contained 100 bead identities, which has been scaled up into 500 unique
bead identities.

Several other versions of microbeads have been developed, united by the dimension of mi-
crometers in diameter. Dynabeads offer one alternative without inherent tagging systems.
Some scientists create tagging systems of them own, combining fluorescent dyes, sizes and
other features that instruments could separate bead identities on. The highest multiplexity
reported up to date are 1725 "home-made", separable microbead identities presented by
Lund-Johansen and coworkers in 2011 [84].
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Color coded beads

The beads that have formed the basis of this thesis are the color coded paramagnetic
microspheres from Luminex Corp called MagPlex beads. In more detail, these microspheres
are 6.5 um in diameter and composed of a polystyrene resin coated with paramagnetic
flakes [85]. The color is incorporated into the beads by a process termed "swell and
shrink" [86]. Uncolored beads are immersed into a solvent containing a precise ratio of two
fluorophores. Due to the solvent, the polystyrene resin will swell, making the beads porous
and thereby allowing dye molecules to enter the beads. When the beads are transferred
into a neutral solvent, the beads shrink and the dye is trapped within each bead. The
specific ratios of two fluorophores creates a ten-by-ten matrix of color identities, giving 100
spectrally distinct beads which was presented in 2005. Five years later, the next generation
of multiplexing was created by generating this ten-by-ten matrix in five different layers,
thus creating 500 spectrally distinct beads (figure 2.3).

Upon analysis, the beads are aspirated into a fine needle that with a "suck and spit"-
technology creates a suspension of the beads. Passing through thinner and thinner capil-
laries, the beads line up one by one to pass two lasers. The first laser, with a wavelength of
635 nm [85], excites the two internal fluorophores whose emission wavelengths are recorded
by a detector. If the measured dual fluorescence falls within specific limits, denoted the
bead cloud, the passing object will be assigned a bead identity for the software to register.
If the fluorescence is not within the specific ranges of a bead cloud, the passing object will
be disregarded. Subsequently, the beads pass the second laser, with a wavelength of 532
nm [85], that will excite the reporter fluorophores captured on the surface of the bead as
a consequence of the conducted assay. When enough beads have passed the detector, the
median of this external fluorescence will be reported as the median fluorescence intensity
(MFI) for all beads registered with each bead identity. Besides the default exported MFI,
individual bead data can be extracted and used for more detailed studies of sub-populations
of the coated particles [87].

Recommendations from the manufacturer say to add 5000 beads per ID into each well,
and to count at least 100 beads of each ID. However, statistical analyses have reported
a mathematically stable median signal if at least 34 beads of each type are counted [88].
To reach at least 34 beads as registered events, the assay procedure (such as bead losses
within washing steps) and the multiplexity of the bead array (since more beads stabilize
each other, regardless of ID) determines how many beads that needs to be applied. This
number of beads have to be determined empirically and subjectively. Reports have stated
that more beads give a more stable MFI value [87], while fewer beads per well is an
economical preference.
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Figure 2.4: MagPlex beads are internally and uniformally dyed with a
distinct ratio of two fluorophorees and coated with magnetic iron flakes
and carboxyl groups. Primary amines of a protein, present either in
lysine side chains or in the N-terminus of the peptide chain, could react
with the carboxyl groups and form a covalent peptide bond. If a protein
have several functional amines, the orientation of the protein on the bead
will be sporadic.

Several versions of surface functionalized color coded beads are available. These beads

could be modified with antigens, antibodies or oligonucleotides to create multiplex as-

says specifically for a purpose. Ready-made kits of beads with quality controlled affinity

reagents already coupled onto them are available for the scientific community for more

directed studies. Using carboxylated beads, proteins can be attached through a carbodi-

imide coupling procedure creating a covalent peptide bond between the bead and primary

amines of the protein (figure 2.4).

Within the Human Protein Atlas, color coded beads with immobilized antigens have been

applied for evaluation of antibody specificities [89], beads coated with peptides have been

applied for epitope mapping of antibodies [90–92] and beads coated with both antigens

and antibodies have been applied for protein profiling of plasma and serum in various

aspects [93].

Protein arrays going deep, wide or personal

With functional protein arrays at hand, there are several alternative approaches on defining

in which direction to evolve. Increasing assay sensitivity would reach deeper into the plasma
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proteome and presumably detect target proteins that have not yet been able to be detected.
Increasing the protein density on the arrays could potentially enable full proteome studies
while increasing the throughput of samples could reveal the individual signatures that
are supposed to form a bases of personalized medicine. Interaction mapping is another
approach that potentially could enable more detailed biological information about disease
mechanisms.

Improved sensitivity

Enhanced sensitivity of any immunoassay could be achieved in three phases, as formulated
by Shi and colleagues [94]. Efforts could be made pre-detection, to enhance the detectabil-
ity of molecules that are present but invisible to applied methods, by for example heat
induced antigen retrieval as discussed in Chapter 3. Efforts on the detection phase could
be performed to reach a better resolution of small differences in captured molecules or am-
plification of the post-detection phase, exemplified by enhanced substrates for enzymatic
readout systems or nucleotide reagents that are able to be amplified.

Advancements in readout systems for microarray assays have promised increased sensitivity
into attomolar concentrations (sub-fg/ml of proteins with molecular weights between 20
and 200 kDa) with a linear range in six orders of magnitude. One of these is the magnetic
nano sensor technology [95, 96] that claims matrix insensitive assays since no biological
fluid have a detectable magnetic background. With the application of measuring binding
kinetics of antibodies to immobilized antigens, the read out system enabled detection of
as low as 50 zeptomoles of solute (30 000 molecules, 7 pg IgG) [97]. Another approach
of enhancing the detection step involved a novel nano structured plasmonic gold film as
solid support for planar arrays giving a 100-fold enhancement of the fluorescent signals.
This enables femtomolar detections (corresponding to sub-pg/ml) with a workflow that is
compatible with common fluorescent instruments of a microarray lab [98].

Opposite of the ambient analyte theory, Duffy and collegues have created a single molecule
detection ELISA based on the assumption of the Poisson distribution, where an excess of
capture antibodies on beads and minimal detection reagents translate into a digital single
molecule read out (on or off) [55]. The on state reflects one target protein detected by one
enzyme label while the vast majority of beads will be off, empty. Providing an impressive
sensitivity of subfemtomolar detection of human PSA spiked into bovine serum as a complex
matrix [55](corresponding to low fg/ml of PSA with a molecular weight of 28 kDa [99]),
with a six order of magnitude linear detection range when combining the digital read out
with a common analogue median intensity readout of each bead [100], the assay proves
useful for well validated systems and clinical application or for investigating theoretical
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aspects of bead based immunoassays [101]. However, the lack of multiplexity and low
throughput hinder the applicability of this particular approach for screening attempts and
discoveries of previously unknown markers.

Post detection strategies to enhance a signal can utilize read out systems based on nu-
cleotides, that enable enzymatic amplification. Rolling circle amplification have been com-
bined with immunoassays with resulting improved sensitivity [102] and combined with the
approach of proximity ligation, which requires three target selective antibodies to gener-
ate a signal, further adds reliability and relative sensitivity to the detection [103]. Other
approaches that associates immunoassays with DNA-labeling of antibodies utilizes what is
denoted immuno-PCR [104].

Towards proteome wide coverage

To create high density protein arrays, reaching numbers that bridges true microarray pro-
teomics (targeting a substantial fraction of a proteome with a microarray), efforts could
either be made in high throughput antigen fabrication followed by immobilization, or in-
novative approaches of DNA-to-protein array technology [105].

Figure 2.5: A surface area of 2 cm2 would theoretically fit 2,000,000
peptides (here exemplified by 36 spots).

Protein microarrays are crucial tools to evaluate binding specificities in large scale. The
Human Protein Atlas utilizes 384-plex interchangeable antigen arrays to evaluate the se-
lectivity of each antibody [69]. A similar approach has been conducted to evaluate shotgun
generated monoclonal antibodies on a close-to proteome wide level. A protein array con-
sisting of 16,368 full length human proteins produced recombinantly in yeast cells, have
been produced by printing purified proteins onto a single glass slides. The resulting hu-
man proteome array covered more than 60% of the annotated proteome and can enable
selectivity evaluations and functional studies on a massive scale [31]. Peptide arrays have
an advantage for high density array fabrication, in that the solid phase peptide synthesis
technology enables peptide chains to be produced directly on the array surface [58]. Ap-
plied for epitope mapping of polyclonal antibodies, an ultra high density peptide array was
constructed, representing more than 74,000 different peptides. The theoretical maximum
of such an approach was evaluated to be around 2,000,000 peptides on a 2 cm2 surface area
(see figure 2.5) [58].
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Considering high density antibody arrays, the numbers are far more modest. Planar arrays
of 810 antibodies targeting 741 cancer-related proteins have been created [106] and applied
for the study of 24 pancreatic cancer cell lines [107]. Our group currently analyzes 384-
plex antibody bead arrays on a regular basis, but the up-to-date greatest multiplexity of
antibody arrays, as well as bead identities as already mentioned, is the 1725-plex by Lund-
Johansen and coworkers [84]. With 1725 commercially available antibodies, they analyze
fractionated cell samples with flow cytometry.

Towards personalized medicine

Considering the growing number of analyses and the potential high throughput of samples,
microarray technologies are promising tools for personalized medicine, where a selection of
treatment or dose could be preceded by a screening determining the suitability of a treat-
ment strategy for each patient [108]. Sample throughput is an important aspect to gain in-
sight of the vast diversity of protein levels in individual patients, and such individual-based
knowledge is a prerequisite to bring protein profiling towards personalised medicine.

Although the field of protein microarrays is quite young, and the large scale applications on
large patient cohorts still lies predominantly ahead, efforts on the medium throughput of
samples (around 100) have been made. Wingren and colleagues have developed a procedure
based on selected scFv targeting mainly immunoregulatory proteins and immobilized on
planar arrays [109]. These arrays have been challenged with multiple medical questions and
multi-protein signatures have been discovered that were discriminating disease states within
pancreatic cancer [110], breast cancer [111] and functional for screening the complement
proteins [112].

Where would we want to go?

A dream method for proteomics would be an assay combining the selectivity of affinity
reagents with the multiplexity of array methods and the distinct protein identification
possibility of mass spectrometry.

There have been several advances within this field, although the multiplexity and high
throughput often falls behind. The advancements of selective reaction monitoring greatly
increased the sensitivity in MS analyses and the combination of such approaches with the
selective enrichment by antibodies have been suggested as a way for MS to target the low
abundant plasma proteome [113]. Protein complexes can be resolved by immunocapture
and MS-analysis which has been presented by Dyson and colleagues alongside a strategy
for developing suitable binders for this type of capture [114]. The combination of antibody
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array capture and MS read out has been proposed using hydragels as reaction chambers,
unfortunately without evidence of multiplexity [115]. A variant of the immunoenrichment
of target proteins is the use of anti-peptide antibodies onto which a sample is exposed after
trypsination, that will enrich specific peptides instead of proteins. To reduce the number
of required antibodies for a full proteome coverage, antipeptide motif antibodies have
been designed that target short amino acid sequences typically shared by some hundreds
of proteins. By this approach, a limited set of antibodies theoretically can cover the
complete proteome [116, 117]. This peptide clean-up have been suggested to yield a two
to three-fold enhanced detection limit in mass spectrometric analyses because of reduced
complexity [15].
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Chapter 3

Blood

Simply speaking, a body of a multicellular organism, such as humans, could be described
as built up of three sorts of components; cells, extracellular matrix and body fluids. For
proteomics studies of an organism, all three components could be applied.

The cells are often considered as the most important features of a body. There are numerous
types of cells with very different appearances and processes, but uniting the cells is a specific
structure of a membrane incapsulated content of organelles. Much of the cell is constructed
of proteins and much of the functions performed by the cell are carried out by proteins.
Proteins are amino acid chains with specific structures that determines their functions.
The function could be everything from energy conversion, catalysis of reactions to rigid
support. Other molecules are equally essential for the structure and function of each cell:
lipids are crucial for membrane formation, nucleic acids store the code of life in the double
helix deoxyribonucleic acid (DNA) and translates it into proteins through ribonucleic acid
(RNA) and not to forget water, sugars and salts that are essential for life, both per se and
to stabilize protein structures.

The second type of component is the extracellular matrix that surrounds the cells and
together with them constitute organs (e.g. brain, liver, heart, muscles etc). Some organs
have cells packed very densely leaving little room for extracellular matrix (e.g. skin), while
other tissues have the vital cells more disperse and thereby a larger fraction of extracellular
matrix (e.g. cartilage). Although living constantly in the scientific shadow of the cells, the
extracellular matrix has been shown to be very important for the function and structure
of everything present on the outside of the cells. The matrix is constructed of a network
of fibrous proteins, mainly collagen, encapsulating a lot of water, cells and molecules. The
extracellular matrix of a human adult contains about 17 liters of fluid but is practically
unsampleable [1].
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Figure 3.1: Cells and extracellular matrix construct tissues that build
up organs of a body.

The third component, which is what this thesis is mainly about, consists of the body fluids
such as blood, lymph, cerebrospinal fluid, synovial fluid, urine, tears, saliva, gastric juice
etc. These fluids flow within tissue structures such as the blood vessels, lymph vessels and
central nervous system. The fluids are mostly comprised of water but contains circulating
cells and soluble proteins, fatty acids, carbohydrates and salts. Some of these free flowing
proteins have known functions in circulation and will be handled below. Some of these
proteins have unknown functions but reside in a concentration much higher than would
be expected if their presence was unintentional [118]. There is also a general belief among
protein scientists that most proteins, if not all, are likely to appear in circulation at some
time point, due to active secretion or leakage from cells [119].

What is in a drop of blood?

Blood is a systemic body fluid meaning that it circulates the whole body and functions as
the main transportation system (see figure 3.2). Not only oxygen and carbon dioxide are
transported by the blood, but also nutrients, metabolites, vitamins and signaling molecules
such as hormones. Although some molecules flow freely in circulation, the use of carrier
proteins to transport certain molecules is tremendously important. By binding to plasma
proteins, hydrophobic substances such as lipids can be held in solution and small molecules
such as ions and certain drugs can evade renal excretion [120]. Oxygen needs transportation
by the red blood cells (erythrocytes) in which the protein hemoglobin binds the oxygen and
delivers it from the lungs to all cells of the body. Besides the purpose of transportation,
blood also maintains the body temperature and create a biological buffering environment
of proteins and electrolytes. It has the ability of coagulation to avoid loss of blood when
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a vessel is wounded, and it contains the cells and proteins of the immune system that
comprises the body’s defense agains invading pathogens.

A human adult carries about 4-5 liters of blood [120]. Of this, about half the volume
is plasma and the rest is constituted by blood cells. The combined amount of soluble
protein in the plasma fraction is estimated to around 200 g, approximately 70-90 g/l,
whereof more than half of the protein mass consists of albumin, the main plasma protein.
Electrolytes in blood are dominated by Na+ and Cl�, which is a very different composition
compared to the insides of the cell, the cytoplasm, where K+ dominated the cations and
net negatively charged proteins dominate the anions [120]. The permeability of vessel
walls for macromolecules such as proteins varies greatly between tissues. Liver have a high
permeability which is also highlighted by the fact that most plasma proteins are produced
in the liver [121], whereas the blood-brain-barrier has a much stricter admittance.

Defining the complete human plasma proteome

Albumens and globulins were described as proteid substances in blood already in 1890
[122]. Electrophoresis of serum to separate the albumen and globulin fractions have been
conducted since 1937, when Tiselius showed that three distinct globulin peaks, besides the
albumin peak, could be separated in serum [123]. The third peak, the gammaglobulins,
comprise what we today denote antibodies or immunoglobulins. The relative amounts of
these four fractions of plasma proteins were found to vary in different diseases. Already in
1947, comparative plasma protein profiling had been conducted on pneumonia, sarcoidosis,
disseminated lupus erythematosus, myeloma, tuberculosis, malaria and rheumatic fever
among others [123]. A sophisticated conclusion for the time was the finding of tissue
protein leakage into circulation, since a rise in a globulin was found to indicate tissue
destruction [123].

"Proteins in plasma have been studied
since before we knew genes existed"

- Leigh Andersson

For diagnostic and prognostic purposes and because of the simplicity in sampling, biomark-
ers detectable in blood are of specific interest. Biomarkers could comprise any biomolecule
that could be measured to give insight about a condition, such as DNA or metabolites,
but here protein biomarkers will be discussed. Which proteins are then detectable in
blood? Defining the whole protein content of blood is a difficult task and perhaps not
even possible. The well studied functions of blood, of which a few are presented below,
have protein components that are well defined. But the blood also contains an arsenal of
signaling molecules as well as leakage products from tissues, foreign proteins from invading
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Figure 3.2: The blood system is the primary
transport network of the body. Oxygen is de-
livered to cells by the red blood cells, waste
products are carried away and filtered by the
kidneys and the white blood cells fight off in-
vading pathogens. This illustration by Linda
Nye highlight some key components across ten
orders of magnitude, from the pumping heart
muscle down to a heme molecule. Reprinted
with permission from Linda Nye and the Ex-
ploratorium.
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pathogens and potentially also proteins from food intake. This means an always chang-
ing composition of proteins depending on health state and time point, so the definition
of a plasma proteome needs to be as versatile as the composition. The plasma proteome
has been described as the most complex (since it potentially contains cellular proteomes
as well), the most difficult to study (because of the massive albumin content comprising
about 55% of the total protein amount), the most important from a clinical diagnostic
perspective and the most sampled of all human sub-proteomes [1].

A large attempt to define the plasma proteome have been conducted by MS based efforts,
and a pilot phase of the Plasma Proteome Project was initiated by the HUPO organization
in 2002 [124]. In this effort, standardized blood samples was sent to 35 labs around the
world for reports of total protein detection [125]. All in all, peptides from more than 9’000
proteins were identified, but after applying stringent criteria for a statistically reliable
detection, a list of 3000 proteins was published. One year later, the list was revised into
889 non-redundant plasma proteins of a more certain presence and the project has not
been regarded as successful [126]. This project highlights many aspects needed to be
considered when attempting these large combined studies [127]. If two labs use somewhat
complementary techniques and one lab finds 1000 proteins and the other 1000 different
proteins, are all 2000 proteins trustworthy? None? How much overlap with complementary
techniques should be demanded for a reliable detection? This was greatly highlighted by
a similar approach by Leigh Anderson and co-workers in a study attempting to define the
plasma proteome using three complementary MS-based techniques and literature mining
[119]. The three laboratory methods differed in the pre-MS sample preparations. The
first method applied two-dimensional electrophoretic separation of proteins, the second
applied tryptic digestion followed by chromatographic separation of peptides and the third
applied tryptic digestion and separation of peptides corresponding to low molecular mass
components, followed by MS-analysis of peptides for protein detection. A resulting non
redundant list of 1175 discovered gene products was presented, with 195 proteins detected
with more than one method and an overlap of 46 proteins that were discovered by all three
laboratory methods and were previously reported in literature. This clearly highlights
that some proteins are unlikely if not impossible to detect with a certain method, that
the methods are truly complementary and that every plasma protein quest needs to be
adjusted for targets, aims and future applications.

Despite the uncertainty of the complete composition, there are proteins known as plasma
proteins. It is stated that the 10 most abundant plasma proteins together comprise 90%
of the combined protein amount in blood and the 20 most abundant proteins constitute
99% [128, 129]. The protein amount is dominated by serum albumin to such an extent it
has no comparisons in any other tissue or cell. Following albumin in abundance are mostly
proteins included in the immune system (immunoglobulins (antibodies) and complement
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components) and related to coagulation (fibrinogen, fibrillin etc).

Albumin

The most abundant protein in plasma, human serum albumin (HSA or ALB), deserves
a closer presentation in a thesis about profiling proteins in blood. Albumin is a 64 kDa
"heart shaped" monomeric non-glycosylated protein [130]. The single amino acid chain is
organized into three domains, each consisting of two multi-helical bundles. The structure of
albumin creates certain positions favourable for ligand binding, and for example the anti-
inflammatory agent ibuprofen have a preferred binding site on albumin [130]. Albumin
functions predominantly as a carrier protein with the ability of binding a wide variety of
molecules at different interfaces. It binds fatty acids that would otherwise be insoluble in
plasma, it binds and transports small molecules such as drugs, it can serve as a buffer of
heme and holds the greatest antioxidant role in blood carrying oxygen radicals [130]. The
large amount of albumin in plasma has a main purpose of maintaining the osmotic pressure
in circulation [120].

"Egg albumen was prepared by cutting
up the glairy white of an egg

and squeezing it through a linen cloth."
- Haycraft and Duggan (1890)

Albumin is produced in the liver as pre-proalbumin which is cleaved into pro albumin (also
known as transthyrethin) which is secreted into the blood. Albumin is not only present in
blood plasma, but also in extracellular space and it is the most abundant protein in other
body fluids, such as cerebrospinal fluid [120].

The importance of albumin is also enlightened by old references that use the word albumen
and albumens instead of protein and proteins [122].

Coagulation

One of the most apparent functions of blood is it’s ability to coagulate, meaning that blood
withdrawn from an organism will transform into a gel within minutes, to such an extent
that the container into which the blood was poured can be turned upside down [131]. Three
plausible causes of coagulation could in the late 19th century be rejected: temperature,
contact with air or tranquility (loss of circulation movement) [131]. Instead a conclusion
was set that the blood contains, by itself, all factors needed for coagulation. Already in
1777, Hewson could show that fibrinogen was the proceeder to the fibrin structure that
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creates a blod clot and that fibrinogen was present in the blood liquid (plasma) and not
associated to the red globular structures (red blood cells) [131]. It was also concluded at
that time that calcium was required for the transformation of prothrombin into thrombin
and for fibrinogen into the fibrous fibrin.

Thrombosis is a process performed by the platelets (thrombocytes, the smallest blood
cells) and a protein cascade (coagulation) resulting in a fibrous structure formation of
fibrin. The coagulation factors are mainly referred to by roman numerals. A famous one
is factor VIII where a deficiency of the same causes the most common form of hereditary
bleeding sickness, hemophilia A.

The coagulation process is initiated by contact with molecular structures that does not
reside in vessels but that are common in other tissues [120, 132]. There are two known
pathways that initiates the cascade, the intrinsic and extrinsic pathway, and both contains
intricate feedback, feedforward augmenting and inhibiting mechanisms. Tissue damage
will initiate the process to avoid blood assembly into body cavities or blood loss. Both
negatively charged collagen or tissue thromboplastin could initiate the cascade by activation
of platelets, factor XII or factor VII. Platelets will adhere to collagen fibers of the vessel
wall, creating a first barrier in the form or a platelet plug, and secrete signaling proteins to
induce vasoconstriction, recruitment of more platelets and induce a conformational change
of the platelets (from spherical to amorphous). Meanwhile, the coagulation factors in the
blood will start a chemical cascade of reactions with the finale of thrombin (factor II)
induced cleavage of fibrinogen (factor I) into monomeric fibrin that assembles into fibrin
polymers that in turn are covalently cross-linked by factor XIII into a covalent network of
fibrin. Capturing multiple blood platelets as well as other proteins into this meshwork, the
fibrin structure is the reason for the high viscous formation known as thrombus (blot clot).
The coagulation factors are mainly serine proteases that are highly dependent on Ca2+ for
their enzymatic activity. Metal ion chelators such as EDTA (ethylenediamine tetra acetic
acid) and sodium citrate function as anticoagulants by binding calcium. Another common
anticoagulant is heparin which resides naturally in circulation and is the main activator of
antithrombin III which inhibits the formation of fibrin on many levels of the coagulation
cascade. To avoid blot clots in circulation, fibrin is degraded into soluble peptides by
plasmin as soon as tissue repair is initiated.

Natural blood clotting is used when preparing serum out of withdrawn blood, while anti-
coagulants are added to the sample to prepare plasma. See below for further discussions
about blood serum and plasma as sample sources.
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The immune system

The immune system is an impressively efficient collection of cells, proteins and small
molecules that protect the body from intruding pathogens [20]. In relation to my work, a
brief presentation of the immune system, and particularly the generation of antibodies, is
appropriate. The immune system can be divided into the innate immune system (strike
without thinking) and the adaptive immune system (check what you are fighting and ad-
just your weapons accordingly), where antibodies are a typical feature of the latter. Both
of these systems rely on both cellular and protein mediated defenses and they are largely
entangled. The cells included go under the common category ’white blood cells’. The first
line of defense is though the physical barriers that prevents pathogens to enter the body,
exemplified by skin and mucosal membranes. For example, perspiration and coughing are
processes that furthermore hinder pathogens from entering the body, as well as chemical
barriers such as the acidic environment of the stomach. Once a pathogen is inside, the
innate immune response is quick to react since the cells and proteins recognize classes of
molecules related to pathogens and not specific pathogens. Phagocytosis is a process where
cells engulf material, foreign or self-derived, and is carried out mainly by blood monocytes,
neutrophils and tissue macrophages. Soluble factors of the innate immune system com-
prises hydrolytic enzymes such as lysozyme that can degrade bacterial cell walls and that is
found in tears and mucous secretions. Cell-associated receptors such as the toll-like recep-
tors are important factors in microbe pattern recognition that activates an inflammatory
response. The inflammation will gather elements of immunity at the site of infection and
thereby activate the adaptive response.

The adaptive response enters battle first when an antigenic recognition has occurred, typ-
ically within five or six days from the first encounter with a certain pathogen. It is a slow
starter in comparison to the innate response because of the high specificity of the response.
Fortunately, because of a sophisticated immunologic memory, the subsequent encounter
with the same pathogen species will result in a much quicker and stronger adaptive immune
response than the first time. This is the basis of vaccination and immunity to certain dis-
eases that you acquire after having had them once. The adaptive response is focused around
lymphocytes, antigen presenting cells and antibodies. Foreign pathogens, might be intra-
cellular such as viruses or extracellular such as bacteria, will be digested and small pieces
thereof will be presented to lymphocytes via attachment to certain receptors on the outside
of the cell surface, called major histocompatibility complexes (MHC). T-lymphocytes (T-
cells) will, with their membrane bound T-cell receptors, recognize molecules presented by
antigen presenting cells. The recognition will trigger activation in the T-cell, with different
results depending on the type of T-cell. T-helper cells can either activate B-cells into an
antibody mediated response (TH1) or activate other immune cells into an inflammatory
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Figure 3.3: T-cells and B-cells use specific molecular recognition and
comprise a part of the adaptive immune system. Antigen presenting cells
activate T-cells into either a T-helper response (for exogenous pathogens)
that can activate either an inflammatory or a humoral response by re-
lease of cytokines or by cell to cell signals, or a cytotoxic response (for
endogenous pathogens) that kills the presenting cell and thereby the virus.
Circulating B-cells proliferate into antibody secreting plasma cells after
recognition of an antigen and activation from a T-cell.
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response (TH2) and cytotoxic T-cells kill the antigen presenting cell upon activation (see
figure 3.3).

The antigen binding receptor of B-lymphocytes have the ability to recognize soluble anti-
gens in circulation. The binding of such an antigen will, with stimulation from a T-helper
cell, trigger differentiation of that specific B-cell into memory B-cells and effector B-cells.
The latter undergo clonal rearrangement of the genes responsible of the antigen binding
resulting in an affinity maturation of the binder. These new binders will then be secreted
as antibodies in large amounts. The antigen triggered antibody response will be of a poly-
clonal nature, meaning that several alternatives of antibodies towards the same target will
be produced by several clones of B-cells. The effector function of the secreted antibod-
ies act in different ways. Antibodies can neutralize the harmfulness of toxins simply by
binding them, they can trap pathogens in cross-linked clusters that are easily ingested by
phagocytic cells, or they could activate the complement system that at the end of a cascade
of reactions kills bacteria by drilling a whole in their cell wall [20].

The binders of the adaptive immune response, both antibodies and T-cell receptors, have
a high selectivity in the recognition event that could be altered by only one amino acid
substitution and an impressive diversity in binding targets. Naive B-cells circulate the
body comprising an arsenal of binding specificities, created by random combination of
gene segments. It has been approximated that the antibody repertoire of a "normal" adult
should be of about 10 million different clones, with different binding specificities [1]. Before
being released into circulation though, the B-cells undergo a negative selection process in
the lymphatic tissue where they are faced with self-antigens (antigens from the own body)
and all binders towards that are destroyed. Somehow, this is not perfectly functional
in all cases with resulting autoantibodies and chronic inflammation induced towards the
own body, for example in rheumatoid arthritis or multiple sclerosis [133, 134]. Antigenic
selectivity, diversity of binders, immunological memory and self-non-self recognition are
the key events that make the adaptive immune response so powerful [20].

The proteins of the complement system straddle both the innate and adaptive immune
systems. The complement components circulate the body in inactive states, ready to
strike by a cascade of reactions. The classical pathway includes nine molecules denoted
C1 to C9 which activates each other and results in the formation of a membrane attack
complex, that drills a cylindrical hole through the plasma membrane of bacteria, leading
to lysis and death of the bacterial cell. Besides cytolysis of the microbe, the activation
of the complement cascade also leads to opsonization of pathogens and an inflammatory
attraction of immune cells [20].

50



Blood

Blood as sample source

Within a drop of blood, a spectrum of clinical information about the patient becomes
available. The cells and proteins of the immune system could reveal if the body’s defense
is activated, acute phase proteins gets altered plasma concentrations depending on inflam-
mation and tissue specific or tumor specific proteins may leak into the blood stream as a
consequence of tissue damage, potentially giving insight of local damages through the sys-
temic circulation. Regardless of disorder, to reveal the medical condition based on a blood
test is considered a dream scenario, and blood is clinically the most frequently sampled
body material. In contrast to a tissue biopsy, the withdrawal of blood is both relatively
patient friendly and relatively representative, as a selection of cells is neither necessary
nor applicable for a suspension. Blood derived samples such as serum and plasma are also
relatively easy to process and to store. Other easily accessible sample types, such as urine
and saliva, could be highly informative for local damages, but are not systemic fluids.

"For example, feces, while easy to obtain, generally is
considered difficult to process because of cultural reasons"

- Roger L. Lundblad

The first examples of comparative protein profiling of blood based samples were conducted
in the early 20th century [135], focused on the albumin to globulin ratio. Interesting to note
is that regardless of how rough the knowledge of plasma proteins have been, differences in
case control comparisons have been detected.

Serum/plasma

Buffy coat 

Red blood cells

Blood

Figure 3.4: Blood is transformed into serum or plasma by centrifuging
down the blood cells. With the addition of an anticoagulant the liquid
obtained is denoted plasma. If the blood is allowed to coagulate and the
fibrin clot is centrifuged down as well, the liquid is denoted serum.

If blood is left untreated, it will coagulate and form a viscous clot in the test tube. This
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clot, containing blood cells and the fibrous protein network resulted from coagulation, can
be pelleted through centrifugation, leaving the residual blood liquid as a generally pale
yellow solution. This solution is know as serum and contains most soluble proteins circu-
lating in the bloodstream. However, because of the clotting mechanism, the coagulation
proteins will be removed to a large extent, together with other proteins prone to adhere to
the fibrin network. Serum will additionally contain leakage product from cells that brake
during coagulation, shown by elevated levels of serotonin [132], and an increase of the in-
tracellular electrolyte K+ [136].

Box 3.1 - Note from experience: Whole blood that has been frozen prior
centrifugation will never separate into a dark pellet and a pale solution upon
centrifugation. Freezing and thawing makes the blood cells burst resulting
in cell contents leaking out into the solution and the compromised sample
is demoted hemolysed. Thanks to the intense red color from hemoglobin,
hemolysed samples are easy to recognize and could be handled separately.

Besides creating serum from blood by coagulation and centrifugation, an alternative is to
add an anticoagulant agent (EDTA, citrate or heparin) to the blood sample tube. This
will interfere with the coagulation cascade, either by binding calcium or by activating
inhibitors of the cascade, leaving fibrinogen and the other clotting proteins soluble. The
blood cells could then be centrifuged down leaving a pale yellow solution known as plasma.
In comparison to serum, plasma often appear thicker and with a smeary layer on top which
is much dependent on the fat content in the blood.

The choice of studying serum or plasma in any project is most often dependent on avail-
ability in biobanks. If a project will initiate a new sampling, the choice of serum or plasma,
as well as carefully defined sampling conditions, are crucial. The most important point
though is that the same sample source is consistent throughout the study for cases and
controls. To some extent, serum is a less complex sample than plasma since the clotting
proteins have been removed, but the procedure to prepare serum is highly dependent on
clotting times and tube types [137]. When preparing plasma, which anticoagulant applied
(EDTA, heparin or citrate) can affect the composition of the sample and might thereby
affect the performance of the assay later on. Several studies have been applied to compare
serum and plasma as starting material for biomarker discovery and the general conclusion
is that the choice of sample type affects outcome, but which sample is preferred is much
dependent on the assay of choice and eventually which proteins that are targeted.

In a mass-spectrometric analyses of mainly low-molecular-weight proteins in serum and
plasma it was found that the sampling procedure, including preparation of serum or plasma,
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choice of anticoagulant for plasma and variations in tube type and clotting time for serum,
greatly affected the outcome in detectable peptide peaks [137]. However, factors such as
storage conditions, repeated freezing and thawing of samples and whether overnight fast-
ing was applied for patients before sampling had only minor effects in the same analysis.
A multiplex sandwich ELISA approach measuring 100 soluble factors comparing the pro-
teomic content of serum and plasma and modified variants thereof, reported 18 factors with
higher levels in serum compared to plasma while only two factors were detected to a larger
extent in plasma [138]. A comparative profiling using suspension bead arrays and directly
labeled samples showed that 36 out of 174 applied antibodies showed differential signals in
serum and plasma with most detectability reported in plasma [139]. Interestingly, when
these 36 antibodies were removed from analyses, samples clustered according to individual
and not sample preparation type, meaning that looking beyond the differentially detected
proteins, the individual profiles between patients were more influential than any technical
artifact residing from the preparation.

Tweak the protein content

Biotechnological analyses of crude, undiluted, serum or plasma is not commonly performed,
but the spectra of different sample preparation techniques is vast. The preparation that
has the smallest interference of a samples protein contents is dilution of each sample into an
assay buffer. Assay buffers are usually based on a solution with a biological ionic strength,
meaning a salt concentration mimicking blood, often phosphate buffered saline (PBS) of
a pH of 7.2. Supplements can be added the solution to reduce unwanted interactions.
The supplements are highly dependent on the application and needs to be tested, but
often a stabilizing protein content is favorable. Here, bovine serum albumin (BSA) or
casein (the main protein of cow milk) are cheap and well studied alternatives. The main
purpose of these additives is to make proteins "feel at home". Proteins can be considered
as delicate structures with a "high temper". Small alterations in physical conditions and
the proteins behave very differently from their functions in vivo. Considerations about
keeping proteins "happy" are most important for functional assays of e.g. enzymes, while
detection strategies (protein is present or not) could be simpler. Applying proteins as
binders to detect other proteins, considerations have to be taken to ensure that the binders
are also functional to fulfill their task, which has been discussed in previous chapters.

The extreme dynamic range of protein concentrations in plasma spans ten orders of magni-
tude between the highest abundant protein (albumin of about 50 mg/ml = 50,000,000,000
pg/ml) and one of the lowest abundant proteins known today (interleukin-6 of about 5
pg/ml). To reduce the complexity of plasma or serum, several approaches to select a
sub-proteome have been developed. Depletion strategies removes the highest abundant
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proteins, fractionation splits the sample into several fractions where each is equally inter-
esting and enrichment strategies enrich for proteins of a certain feature.

"Divide to conquer"
- Sun Tam, on fractionation

Depletion refers to removal of a subset of well known high abundant protein species, usu-
ally by affinity interactions [140], to hopefully increase the detectability of lower abundant
proteins [141]. Considering the carrier function of albumin, there is a risk that depletion
strategies remove more than expected. For some applications, depletion of high abundant
protein has been shown to have an adverse effect on data quality [106], while other re-
ports the depletion process to be efficient and reproducible [142]. Besides affinity reagents,
depletion of proteins has classically been achieved by salting out or cold ethanol precipita-
tion [143], but inventive approaches uses features such as the use of reptilase, an enzyme
from a venomous snake [144].

In contrast to depletion where the high abundant proteins are discarded, by fractionation I
refer to separation of the sample into several subsets, all of which are analyzed in following
experiments. This is a highly favorable approach as long as the fractionation technique is
reproducible, but with the main disadvantage of increasing the number of samples which
interferes with sample throughput. The most common way to perform fractionation is by
chromatography techniques, where either size, affinity, electrostatic or hydrophobic aspects
of proteins are used for separation [143]. Size fractionation is so important for MS-based
analyses that it is nowadays combined into one machine, denoted liquid chromatography
mass spectrometry (LC-MS). Several separation criteria could be combined to achieve
higher resolution, such as isoelectric focusing and electrophoresis that are combined into
two-dimensional electrophoresis. This results in a protein map of spots specific for a patient
and sample, and spots could be cut out and the proteins within can be identified with
MS [145].

Enrichment strategies target a specific sub-proteome. When measuring cellular proteomes,
one version of this is the targeting of cell surface proteins by labeling whole cells followed
by lysis [146]. Enrichments could then be performed targeting the label that will enrich
for proteins with extracellular parts only. Enrichments could also target modifications
such as phosphorylations [147] or peptides from selected proteins for targeted MS analysis
[140]. Creating antibodies towards all sots of peptides would be a tremendous task, but
by designing antibodies towards short peptide motifs that are shared by a decent number
of proteins, sophisticated enrichments could be achieved [116, 117], as was mentioned in
Chapter 2.
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Heating proteins

Heat induced aggregation of proteins is perhaps the most classical study of proteins [122],
highlighted by the fact that when proteins was first described, they were discriminated
from other biomolecules by their ability to coagulate upon heating. The mechanism of sol-
vated proteins to "flocculate into cloudy aggregates" upon heating have been debated and
adjusted throughout history. In 1883, Rosenberg could conclude that heating transformed
albumin (a common denominator for blood protein, not specifically the albumin we know
today) into an unknown body which coagulate upon addition of salts to the solution [148].
Hardy could 1899 clarify this model into the presented two-step aggregation model that
still holds, where proteins under influence by hot water first undergo denaturation followed
by agglutination of the denatured particles (see figure 3.5) [149]. In the early 20th cen-
tury it was concluded that the heat induced aggregation was not merely a temperature
effect, but that water was critical for the process and that temperature was needed to
accelerate it [150, 151]. First in 1944 did the denaturation of proteins involve the word
unfolding [152].

Figure 3.5: Heat is believed to induce protein aggregation through two
actions. First denaturation of native folded proteins into unfolded states,
followed by aggregation of unfolded proteins, probably driven by minimiz-
ing the contact between hydrophobic residues and water molecules.

The current view of heat induced protein aggregation is based on specific thermodynamic
properties of each protein molecule. Every protein has its own thermodynamic stability
determined by forces within the molecule (primary, secondary and tertiary structure) as
well as stabilizers from the outside (solvent, ligands etc). Proteins do not require to be
completely denatured for aggregation to occur. Subtle changes in the structure is enough
to promote protein aggregation [153], and these subtle structural rearrangements could be
induced by the energy transferred to the system upon heating.

The thermal stability of a protein can be affected by many factors. One is the feature called
molecular crowding, which occurs when the average distance between two proteins in a
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solution is comparable with the gyration radius of the protein [154]. Since unfolded proteins
are an energetically unfavorable state and has a larger gyration radius than compact folded
proteins, the unfolding of one protein will by steric effects stabilize the surrounding protein
species still in native conformations. This implies that in a heterogeneous solution of
proteins, the unfolding of the least thermally stable proteins will increase the thermal
stability of the other proteins [154]. With implications mainly on thermal stability of
proteins within cells, where the crowding of macromolecules occupies about 40% of the
cytoplasmic volume [154], the molecular crowding theory could have an impact of complex,
yet diluted, protein solution such as plasma.

Molecular dancing.
Also known as thermodynamics.

Water is a crucial component of protein stability and thermodynamics. Water molecules
have a dielectric ability and interfacial water function as linkers of hydrogen bonds to sta-
bilize proteins. The presence of water is also a major driving point for proteins to embed
hydrophobic parts within the folded structure [155].

Box 3.2 - An analogue of molecular crowding into the dance floor a
friday night. Imagine a dance floor early in the evening where most people
dance in small movements. The least stable person (stabilized by shyness,
unstabilized by alcohol) will be the first to let loose in a frantic dance of large
movements. As most people with such experience knows, this will result in a
more crowded state for all the other people of the dance floor, leaving space
for the frantic dancer (known as the ring). This will increase the threshold of
another dancer to go crazy. But as the temperature rises as the evening pro-
gresses, more and more people will pass the threshold and dance like maniacs,
with the consequence of potential impacts and resulting injury.

Heating proteins for a purpose

Heating of plasma prior to protein analyses has been applied for several purposes. The
defined temperature of 56�C is surprisingly recurrent throughout literature, probably em-
pirically selected because several proteins have thermal stability temperatures just between
50 and 60�C. Heat treatment of sera at 56�C for 30 minutes to one hour have been used
classically to inactivate complement components and prevent the occurrence of comple-
ment mediated lysis in cell cultures [156]. The same treatment have been recommended
to inactivate certain viruses in routine laboratory practices [157]. The treatment has been
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associated with unwanted consequences. Within protein purification for therapeutic ap-
plications, where the heating as a viral inactivation step is essential, protein aggregation
has been observed. Lin and colleagues presented evidence that thermally unstable protein
contaminations could create aggregates that entrapped all proteins in the mixture, includ-
ing the main therapeutic target protein [158]. In 1988 it was shown that heating of plasma
to 56�C for 30 minutes affected the agglutination of erythrocytes induced by a rheumatoid
factor (autoantibody) [159]. In a hemagglutination assay they could show that the intrin-
sic game of inhibitors of inhibitors for antibody-mediated reactions in vitro was altered
by heat treatment, and that this heat sensitive protein probably was coagulation factor
V, a cofactor of the coagulation cascade. These two examples highlights that heat can
induce aggregation of proteins and that enzymatic functions of proteins can be destroyed
by heating.

"56�C does not activate an inhibitor,
but inactivates an inhibitor of the inhibitor."

- W. Page Faulk

Within immunohistochemistry of biobanked tissues, poor immunoreactivity of formalin
fixed paraffin embedded tissues was a common and major problem until 1991 when Shi
and colleagues proposed heat induced antigen retrieval to enhance the lost immunoreac-
tivity [160]. The method is as simple as harsh and in short consists of boiling of the tissue
section in water or a buffer. Ever since, there have been debates about the reason both
for the proteins loosing their detectability in an immunoassay upon formalin fixation as
well as the reason for them to regain (some) detectability upon heating [161]. Consid-
ering the denaturation of proteins by heat, as discussed above, native protein conforma-
tions have been supposed to not be relevant for antigen retrieval [162]. Loss of reactivity
upon formalin fixation have been suggested to be dependent on steric interference of other
proteins adjacent to the target, which are removed by heating [162]. A parallel study
showed that all monoclonal antibodies applied in this specific experiment recognized lin-
ear epitopes [163], although the general consideration was that most antibodies recognize
conformational epitopes, indicating that the heat induced denaturation not only removes
other proteins blocking the interaction, but also unfolds proteins to reveal linear epitopes.
Another group showed that antigen retrieval cleaved cross links introduced by formalin
fixation and made proteins produce almost the same electrophoregrams as native pro-
teins [164], meaning that the electrochemical properties and primary structure of target
proteins were recovered. However, this does not answer the question about functional
structure. A recent study [165] applied circular dichroism to show that the heat applied
by antigen retrieval resulted in irreversible protein unfolding, which supports the model of
accessibility of linear epitopes as reason for enhanced immunoreactivity.
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Figure 3.6: One explanation for heat enhanced immunoreactivity is that
the thermal unfolding of the protein reveal buried linear epitopes.

The use of heating to reduce the negative effect of another treatment (heat induced anti-
gen retrieval to enhance immunoreactivity of formalin fixed paraffin embedded tissues) is
assumed as necessary and thereby accepted. The potential benefits of heating a native
complex sample to enhance the immunoreactivity is quite a controversy though. An im-
portant highlight here is that we now move away from the boiling conducted by antigen
retrieval techniques and move back to the milder 56�C heating. In 1989, Cheng and col-
leagues claimed that heat treatment (56�C, 30 minutes) of patient sera enabled detection of
an anti-cardiolipin antibody which could not be detected if samples were not heated [166].
Hassellaar and colleagues replied with experiments showing that the obtained reactivity
was a false positive reaction induced by the presence of IgG [167]. They could show that
the enhanced signals were not due to inactivation of complement masking, as suggested by
Cheng. However, it was shown to not depend on unspecific aggregation of IgG molecules ei-
ther, since IgG:s targeting other proteins were unaffected by the heating process. Although
the exact mechanism for the induced effect could not be found, the authors strongly claimed
the induced reactivity to be false. Cheng et al quickly replied to the criticism [168], high-
lighting control experiments strengthening their claim, but no final conclusion was reached.
Similarly, heating of patient sera to 56�C for 30 minutes have been suggested to enhance
detectability of complexes otherwise masked by C1Q [169,170], although other reports test-
ing the hypothesis of C1Q release from circulating immune complexes showed unsupportive
evidence of the feature [171]. In yet another study, monoclonal antibodies was shown to
be unreactive to native antigens but functional to detect heat denatured antigens [164],
most probably because of linear epitopes buried in the protein structure getting accessible
by heat induced unfolding.

Our current approach is to heat plasma to enhance the detectability of (some) proteins
when applying antibody arrays [93, 172] (see also present investigations, Papers III and
IV (where C1Q is one of five targeted proteins)). Since our capture antibodies have been
generated towards smaller fragments of the target proteins, it is not unlikely to find the
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model of heat induced accessibility of linear epitopes as a rational explanation for our
observations. The heating practice has been been criticized though, as heating of plasma
commonly is thought to ruin the proteins by heat induced aggregation. This standpoint
could very well come from a study in 1990 that was set out to evaluate the effect of heating
to 56�C on specific plasma proteins. The authors found a significant decrease in 13 out of
17 tested proteins [173] and thereby claimed a negative effect.

Another important issue regarding heat induced effects is the delicacy of phrasing. Gleeson
and co-authors [173] claim in the abstract a reduction in protein concentration within the
sample, whereas the discussion presents the chance of the observed effect to be due to
alterations in detection antibody binding sites since immunoassays were applied. Generally
in immunoassay research and particularly when discussing effects as those initiated by
heat, there is a misuse of the terms concentration and availability of proteins where terms
regarding detectability (by a certain given reagent) would be more appropriate. The use
of protein standards and sandwich assays does not guarantee a quantification of a given
signal as long as there is a risk of different conformations of the native protein in a complex
sample (and thereby different degrees of detectability using an affinity reagent) and the
recombinant or strictly purified protein in the standard.

In conclusion of the heat induced complexity, it appears as the enhancement of detectabil-
ity of proteins is completely dependent on the target protein, the assay system, what is
actually measured and with what reagent. This conclusion could be generalised onto other
physicochemical aspects of an assay as well. In order to perform multiprotein profiling on
complex samples such as plasma, compromises have to be made in order to reach as many
proteins as possible.
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Chapter 4

Biomarker discovery

When looking for biomarkers - a measurable feature that is linked to a phenotype [174]
- all aspects of the central dogma of biology are interesting. DNA, RNA, proteins or
metabolites could give information about the state of a patient, and are aspects of interest
for both science and the clinic. In this thesis, protein biomarkers are studied and the term
biomarker is used for targeted proteins that reveal a (reproducible) difference between two
(or more) groups of patients.

"Among the different classes of biomolecules, proteins are
particularly interesting because they are indispensable for

virtually any biological function."
- Paula Picotti

Technically, the study of several proteins in parallel by antibody arrays is associated with
an uncertainty of true detection and requires substantial validations, technical and biolog-
ical, before a steady conclusion could be drawn. Biomarker discovery often follows what
is denoted the scientific method, a methodology that have been applied in natural sciences
since the 17th century [12]. It consist of formulating a hypothesis based on prior informa-
tion, challenging the hypothesis by observations and experiments, followed by testing and
refinement of the hypothesis based on the acquired results.

Highlighted in figure 4.1, our path of pursuit for biomarker discovery starts with the for-
mulation of a study design, with corresponding selection of samples, protein targets and
affinity reagents. Protein profiles are generated in a discovery screening, which after data
analysis results in a list of potential candidate markers. These candidates undergo thor-
ough evaluations, both in multiplex with additional binders towards the marker per se and
related proteins, as well as by single protein studies to reveal molecular information about
the capture. With assurance that the discovery was associated to a target protein and
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not a certain binder, and that the protein-disease link is verified in a separate cohort of
samples, our first level of work to present a potential biomarker is concluded.
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Figure 4.1: Path of pursuit for protein biomarker discovery in blood
based samples employing antibody arrays.

Most proteomic biomarker discovery projects are not based on protein microarray technol-
ogy. Instead, various techniques of mass spectrometry are leading the field of proteomic
biomarker discovery, with a smorgasbord of sample preparation techniques such as elec-
trophoresis and chromatography, depletions and enrichments [175]. While these methods
come closer to representing one full proteome in one experiment, the sample throughput
is limited which reduces the chances of a disease-related finding.

The combination of analyzing quite many samples (hundreds) on quite many proteins
(hundreds) is yet unique for bead arrays and offers a good dimension for hypothesis driven
biomarker discovery. Close-to full proteome analyses (high density planar arrays, advanced
mass spectrometry, thousands of proteins) often has a lower throughput of samples (tens)
[176]. Reverse phase arrays on the other hand, where thousands of biological samples can
be spotted next to each other, are often analyzed on only a few proteins [177].
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One main disadvantage with MS-based discovery is the lack of a coherent pipeline for
validating results [174]. This has been presented as one of the main obstacles for protein
markers to go beyond a first discovery closer to clinical utility. For bead based antibody
arrays, this is not the case since the binders and the platform are available and adjustable
for most stages of a biomarker pipeline. Full-proteome discoveries are still preferably
performed by other methods than antibody arrays, although recent advances have made
hypothesis-free biomarker studies applying 10,000 antibodies on plasma from patients rep-
resenting cardiovascular disorders as well as different cancers (Schwenk and colleagues,
unpublished).

While previous chapters have been focused on referring to other peoples work, this chapter
is intentionally thin of references. Instead of a review of all possible opinions and ap-
proaches, my intention has been to present one opinion on the path of biomarker discovery
using antibody arrays. Even the pure mathematical statistics quickly becomes philosoph-
ical when trying to implement existing algorithms onto proteomic data. I hope you enjoy
and please add your own opinions in the margins.

From biobanks to The Matrix

To extract disease-associated protein information from complex samples such as serum or
plasma from cohorts of disease affected patients and non-affected controls, several steps
needs to be taken into account. Starting with a study design regarding included samples
and investigated proteins, going through experimental design and laboratory procedures
will hopefully yield a data matrix of useful information.

Study design

The potential impact of a finding from a biomarker discovery project is highly dependent
on the study design, meaning the selection of biological samples and target proteins to
answer the question at hand. The choice of numbers of patient samples, matched controls,
subgroups of a disorder etc is crucial for any potential outcome and has to be determined
in close collaboration with experts of the studied disorder.

In the target protein dimension, there are generally two alternatives in study design: i)
either a preformed hypothesis of a relationship between a certain protein or pathway to a
disease has been formed and the study could set up to investigate this relationship or ii)
no preformed hypothesis underlies the study why an undirected discovery approach takes
place, aiming for full proteome screening.
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"Screening... it allows one
to be lucky if not smart."

- Leigh Andersson

Experimental design

Alongside selecting samples and target proteins as well as generating or acquiring the
reagents needed for the study, the experimental design takes place. The purpose of exper-
imental design is to enable statistical approaches to analyze the obtained data, and this
mainly means to avoid bias. The main issues of experimental design are randomization of
samples, inclusions of replicates, technical controls and automation.

Randomization of samples is performed to eliminate bias and create a valid support for
significance testing, as phrased by Fisher in 1925 [178]. There is only one version of random
and that is random. If stratifying the randomization process to take into account factors
as classification of sample (case or control), age, gender etc to make even distributions of
all aspects, the layout of samples will be organized. It might be a better organization of
samples, though, but including enough parameters to take into account will result in one
or a few possible orientations of samples to fulfill these criteria and resulting in a highly
organized sample layout with a potential bias introduced into the experiment. If the first
hypothesis would change along the study, if the samples would be re-classified or if more
patient information would become accessible, a randomized sample layout reduces bias
when analysing the same data with a different approach.

Replication of samples is important to get a good representation of the technical er-
ror, but added replicates always competes with sample throughput. If the robustness of
the methodology have been well evaluated on beforehand, more independent samples are
preferable to technical replicates, since a good estimation of the biological variation among
individuals is important to evaluate any potential disease relationship. Some technical
replicates are needed within each experiment to monitor the technical variability of the
obtained signals within each experiment. A repeated experiment is often more informa-
tive than measuring each sample twice in one experiment. True reproducible results are
conclusions that can be re-generated starting from the biological sample and repeating the
full experimental process.

Technical controls are regarded as crucial to include in a panel of capturing antibodies to
be able to draw conclusions from affinity proteomics data. Proteins are sticky by nature and
tend to interact promiscuously if enough molecules are present, why controls of unintended
binding are essential. In our workflow, background binding controls consist of bare beads
that have undergone the coupling procedure without addition of a specific antibody, and
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beads coupled to rabbit IgG molecules from an unimmunized rabbit. As well as for sample
replicates, it is a delicate balance of included control antibodies and a larger number of
investigated proteins.

Figure 4.2: Robotics are essential for repetitive labwork when scaling
up a process. Image by Kimi Drobin.

Automation means the use of robotic devices to perform repetitive tasks and is completely
indispensable when expanding scale and throughput of any experiment. One advantage of
bead based arrays is the compatibility with standard assay plates (96 or 384-well plates)
and automation constructed for these formats. Automation adds precision to a task but
does not imply elimination of error or errors unrelated to the human factor. Since no self-
programmable robots have been developed yet, robots do what they are told (by people)
to do, and only what they are told to do, without adjusting their actions according to
unexpected circumstances. Considering pipetting which is one of the most important
tasks for laboratory robots, robotic pipetting is much more precise than manual pipetting
when strict criteria on the solution viscosity can be defined. When pipetting plasma which
could differ largely in fat content and the presence of debris, the positioning of the pipette
tip in the sample to avoid clogging is crucial and difficult to foresee when programming
the robot. For pipetting buffers, washing assay plates and such, though, automation is the
key to enhance throughput.
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Experimental method

When study design, experimental design and laboratory procedures have been determined,
the transformation of samples into information takes place. Our experimental procedure
consist of analysing biotinylated proteins in a complex sample by antibody bead arrays, as
presented in figure 4.3. The information achieved from bead array experiments is exported
as tabulated numbers, the data matrix.

antibodies 

biotin& beads&

plasma 

Figure 4.3: Plasma are diluted and labeled with biotin in microtiter
plates. Antibodies are covalently coupled to color coded beads and mixed to
form an antibody array in suspension. The labeled plasma is heat treated
and subsequently incubated with the beads to enable the immunocapturing
reaction where the antibody binds it’s target protein. The interaction is
visualized by the addition of fluorescently labeled streptavidin and read
in a Luminex flow cytometer, where the median fluorescence intensity
(MFI) will be reported for each bead identity (antibody) in each reaction
well (sample).
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Box 4.1 - Biomarker discovery in real time. Equipped with a sample
list with the classification of samples, direct biomarker discovery is enabled
by the Luminex flow cytometer since the measured intensities are reported
directly after each reaction well (sample) is read. In an unpublished study,
real time monitoring of reported signal intensities (standing by the instrument
reading the numbers that flush by) was performed with the result of a sub-
jectively discovered candidate marker for lung cancer. However, this marker
later turned out to separate serum from plasma in the multi-disease cohort
studied (Neiman and Qundos, unpublished).

From nonsense data to enlightening science

Once the raw immunoassay data is acquired, the work begins in how to extract information
from all these numbers with statistics. The essence of statistics is to be able to draw
conclusions about a population (the full set of subjects, for example either all people
with a certain disease or all manufactured cars in a production line) from studying a
sample (a sub-population of patients or cars). An estimation of the trait measured and the
variability of the trait in the studied sub-population allows for this inference from sample
to population to be made. The statistical challenges lie in selecting the correct and most
rewarding methods from a plethora of complicated mathematical methods. Which methods
to select depend on features like study design, target panel composition (for protein arrays),
number of samples and technical quality of data. No statistical method can reach better
conclusions than what the study design and technical quality of the data allows for.

"Garbage in, garbage out"
- George Fuechsel

Hypothesis testing and estimation

A basis of statistics is hypothesis testing and a basis of hypothesis testing is that it en-
ables disproof but never proof of a certain hypothesis. Hypothesis testing is one of the
most common tools of medical statistics [179] and consists of the formulation of a null
hypothesis and then calculating a probability value for the observed data being acquired,
considering that the null hypothesis is true. The most classical null hypothesis for case
control comparisons is that:

H0 = there is no difference between the two groups
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The alternative hypothesis:

HA = there is a difference

cannot be tested mathematically. The calculated p-value is a measure of the probability
to reject the null hypothesis based on the obtained data, given that the null hypothesis is
true:

P (observed data|H0true)

Only rejections on a defined level of probability can be accomplished by mathematics.
Rejection of a negative hypothesis implies the positive counterpart, although it cannot be
proven. A cut off for significance of the calculated probability value is selected subjectively.
Two commonly used thresholds for the p-value are that it should be lower than 0.05 or
0.01 to be considered significant on a 95% or 99% confidence level, respectively. The 5%
level is based on a formulation by Fisher who in 1925 claimed that one out of twenty
comprises a decent risk of false positive findings [179]. If the calculated p-value is below
the threshold, the null hypothesis is rejected, which means that we have found a difference
in the two groups. If p is greater than the threshold, there is not enough evidence to reject
the hypothesis. This does not mean that there is no difference, only that with the data at
hand we have found no evidence that there is a difference [180].

"Absence of evidence
is not evidence of absence"

- Altman and Bland

Statistics is not objective by nature and statistical significance cannot say anything about
biological or medical relevance [181]. Small differences can be highly significant but not
practically applicable. The meaning of a study have to be concluded by investigators that
with a critical mind can take the complete picture into account. A very informative example
of this is the difference of clinical significance and statistical significance, highlighted by
the comparison of effect size and p-value [181], shown in box 4.2 below. This example
clearly highlights why so many people consider statistics to be like magic: the result can
be interpreted into opposite conslusions depending on small changes in formulation and
assumptions.

A general misuse of p-values in science have been presented extensively [179, 182], and
likewise the suggestion to perform confidence intervals instead [182, 183]. Confidence in-
tervals shift focus from one estimate (mean) to a range of estimates that are valid for the
population, and the range of the interval is based on both the standard deviation of a
sample and the sample size [184]. Confidence intervals can be calculated for means as well
as for proportions, slopes and differences. Although, as for all statistical measures, it is
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important to consider the underlying assumptions. Confidence intervals work under the
assumption that the observed data comes from a known distribution.

Box 4.2 - P-values and effect size estimations could reach different
conclusions. A study set out to investigate weather D-vitamin supplement to
pregnant mothers had any effect to prevent hypocalcaemia (lack of calcium) in
newborn babies. Mothers were either given vitamin-D or not, and the effect on
blood calcium was investigated separately for two groups of babies, one group
of breast-fed and one group of bottle fed infants. When formulating a null
hypothesis phrased: H0 = There is no effect of vitamin D-supplementation
the resulting p-values (Breast fed: P = 0.40, Bottle fed: P = 0.0006 ) showed
that the hypothesis could be rejected for bottle fed but not for breast fed
babies, with a following conclusion that vitamin D is important for bottle fed
babies. This conclusion is false due to the fact that p = 0.4 does not imply
that there is no difference, only that no evidence of a difference has been found.

Instead, phrasing another null hypothesis based on a presumed effect size
could give: H0 = the measured difference of calcium levels between breast-fed
and bottle-fed infants should be separate from 0. Answering that hypothesis
by estimating a confidence interval around the difference of the actually
measured levels of calcium in the babies, the interval (-0.05 to 0.17 mmol/l)
contains 0 which means that the null hypothesis, that the two groups response
differently to vitamin D supplement, is rejected.

The p-value calculation above is not wrong, only the expanded false conclusion
that came from it. It is important to remember that a statistical test can only
answer exactly what was asked. Example from Matthews and Altman [181].

Parametric algorithms is a common term for methods that can be applied when assump-
tions on the distribution of data can be taken and contains estimations, means, standard
deviations, standard errors and much more. Non-parametric algorithms are applied when
no assumptions on the distribution is taken [185] and supports only hypothesis testing. For
this type of data, means and standard deviations make no sense, but can be replaced by
medians and estimations of the sample variance by the use of percentiles or quartiles. The
median, the data point in the middle when the data is ordered, is the same as the 50th per-
centile or the second quartile (Q2 ). Similarly, the first quartile (Q1 ) is the 25th percentile
and the third quartile (Q3 ) is the 75th percentile of an ordered data set. The quartiles
disregards extreme data points while the use of means and standard deviations are largely
affected by extreme values. A useful non-parametric version of standard deviation is the
quartile deviation presented below.
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Parametric estimates:
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Figure 4.4: Distributions of data can be evaluated through histograms
that show the density (absolute number or frequency of events) of a spe-
cific signal. The histogram could be divided into buckets of signal ranges
and the number of each datapoint within a bucket is counted, as the ex-
ample of age distribution within a sample cohort in A. The buckets can
be made infinitely small so that the bar plot of the buckets turn into a
continuous density plot, which is shown in B and C, evaluating the dis-
tribution of three sets of raw immunoassay data (B) and the same data
logarithmized (C).

Besides the assumptions of data distributions (as shown in figure 4.4), there is an arsenal
of assumptions that needs to be taken into account before selecting a tool for the statistical
evaluation of the data. Some of these assumptions can be tested for mathematically, and
some might need a more philosophical approach. Are the errors additive or multiplicative?
Could different antibodies measured in parallel be said to present independent events?
Does samples from the group of cases show the same variance as the group of controls? In
a biomarker discovery setting, are we looking for a single protein marker or a multi protein
signature?
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Data processing

Data processing consists of the actions performed to go from raw data to a study conclusion.
Most often, this could be divided into three parts [186]: i) preprocessing, to adjust data, ii)
exploratory analysis, to evaluate data and iii) data mining, to find patterns in data.

Preprocessing consist of the first level of "cleaning up" data, usually by background ad-
justments such as correction for background noise and adjustment for global nonspecific
binding [186]. Clearly exemplified by data from a planar array, background adjustment
would be to take into account every signal acquired from between spots and not within the
spots themselves. For bead arrays, this is mostly applied by the use of negative control
beads showing binding to bare beads or to rabbit IgG-molecules per se, for example.

"Data pre-processing does not mean that the data should
be tortured until they confess. As a general rule of thumb,
the analyst should pre-process the data as little as possible

and as much as necessary."
- Berrar et al 2007

Normalization of data can reduce the nonbiological (systematic technical and experi-
mental) variation, within and between arrays. One algorithm for normalization is the
probabilistic quotient normalization (PQN) that uses the complete set of data to account
for sample-specific features (see box 4.3). It was first developed for NMR-studies of urine
samples to account for concentration differences [187], but applied to several antibody
array studies in our lab, it has proven to be very useful for plasma protein profiling as
well [93, 188, 189] (as well as unpublished results). Most normalization processes work
under the assumption that only a small number of observed features are differentially ex-
pressed, and that the differences are equally likely to be up- or down-regulated in cases
versus controls. For antibody array screenings, these assumptions are dependent on the
selection of protein targets. In experiments based on small panels of selected biomarker
candidates where many candidates are targeting strongly associated proteins, normaliza-
tion becomes more difficult, and efforts are needed to elucidate this in detail [190].
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Box 4.3 - Probabilistic Quotient Normalization (PQN). Assume the
immunoassay data matrix is structured with samples in rows and antibodies
as columns. Create a reference sample vector (a reference row) by calculating
the median across all samples for each antibody. Divide each data point in the
original data matrix with its antibody-specific denominator from the reference
sample vector. This will create a matrix of reference parameters. From this
matrix, create a reference antibody column by calculating the median across
all antibodies for each sample. Finally, divide the original data points with
its sample-specific reference parameter to achieve the probabilistic quotient
normalized data matrix.

Scaling and transformation are processes that apart from normalization that affected
data sample-wise now affects the complete data matrix in order to be suitable for cer-
tain analyses or visualizations. Scaling could be described as a global linear normalization
and could consist of median centering of data. Transformations contain logarithmic trans-
formations or other mathematical algorithms, for example Box-Cox transformation [191],
which are useful to stabilize variation across the intensity range, assuming a multiplicative
error.

General quality control assessment should be performed during all stages of processing
to ensure the quality of the raw data and to evaluate that the processing steps does not
introduce artifacts that could interfere with subsequent analyses. Unreliable data, such
as compromised samples or antibodies with highly variable signals, should be filtered out.
Especially for multivariate analyses, filtering of unreliable contributions are important.
Outlier detection in the sample dimension can be performed by clustering, principle com-
ponent analyses and distance calculations [188]. In the antibody level, however, filtering
is difficult without extensive validations of each antibody separately. Especially when ap-
plying direct labeling of complex samples such as plasma, where the protein presence is
uncertain and the signal could be due to off-target binding. An important tool in quality
assessment is actually the visual inspection of raw data. For bead arrays, this could mean
to inspect the distribution of the measured beads into their "bead clouds", the gated levels
of fluorescence to determine which bead identity that passes by. Besides visual inspection
of raw data, quality control is mostly conducted by plotting the data in all possible direc-
tions and with all sorts of comparisons.

Box 4.4 - Note from experience: Bacterial contamination of beads could
be revealed by a bead map resembling a thunderstorm.

71



Biomarker discovery

Exploratory analysis

Graphical presentation, or visualization, is an underestimated tool in evaluating data.
Statistical tools that are used for decision making, such as hypothesis testing and feature
selections, are associated to strict criteria of use since the wrong assumptions lead to
erroneous conclusions. Visualizations are, on the other hand, free to play around with as
long as everything is presented clearly.

Boxplots are a graphical presentation of the quartile ranges of data, with extreme data
points presented as points (see figure 4.6). Boxplots of global data arrays, before and after
preprocessing, per row and column of an experimental assay plate, per sample over all
antibodies or per antibody over all samples, are good tools to evaluate potential introduced
artifacts. Histograms could be used to compare distributions of intensities, for example to
evaluate how transformations affect the global data (see figure 4.4). Principle component
analysis is a strong tool to discover associations of samples and probes [192], as well as
cluster analysis and heatmaps, which will be handled in the section of unsupervised data
mining. Other more or less imaginative versions of plots to highlight certain features are
the "confetti plot" for serological responses (see figure 4.5) or the "guitar plot" for multi
group comparisons (Ulrika Qundos, unpublished).
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Figure 4.5: Confetti plots were developed within the work of Paper I, to
visualize serologic response of an infection and show the level of antibody
reactivity (y-axis) of each specimen (x-axis) for each investigated antigen
(colored spots) in a colorful way.

Correlation is a measure to compare dual dependancies. For example, comparing replicate
measurements of the same setting should create a correlation, meaning that a sample that
was rated with relative high signals (compared to other samples) for a certain antibody in
the first experiment, should be rated with high signals (compared to the other samples)
in the second experiment. Comparing two antibodies towards the same target protein
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should create a good correlation if both antibodies were raised against parts of the protein
that are equally representing the native protein, if both epitopes are equally accessible for
binding and if they both actually bind the same target.

What is a good correlation? One way of quantifying linear dependancies is by the R2-value.
This calculates the sum of squares of the distances of each data point to a straight line and
is a version of the product-moment correlation coefficient, r, presented by Karl Pearson
in 1895 [193]. The linear correlation value can range from 1 (perfect positive correlation)
through 0 (no correlation) to -1 (perfect negative correlation). Another alternative, such
as Spearman correlation [194], is not based on linearity but that the data points have
the same rank in two separate measurements. A data set following an exponential curve
is an example of perfect Spearman correlation but with modest linear correlation. The
absolute level of good correlation must be defined by the application. Calibration of a
precise instrument could reveal bad correlation if the linear correlation was below R2 =
0.99, while correlation within biology, such as correlation between RNA and protein levels,
usually deal with lower numbers [195].

Univariate analysis

A common practice of basic exploratory analysis consist of evaluating whether any single
measured feature could separate cases from controls. Important to highlight is that if the
goal of the study is a multi protein signature for separating cases from controls, selecting the
participating protein markers (represented by protein targeting antibodies) by univariate
analysis does not optimize the proteins combined power of separation [192]. Multivariate
models needs to be constructed in order to ensure that the selected features add information
to each other. For univariate analyses however, there are a multitude of tests available.
Student’s T-test is an hypothesis test based on means and standard deviations, with a
non-parametric alternative in the Wilcoxon rank sum test [196]. The analysis of variance
(ANOVA) is a useful tool especially to evaluate whether any differences are present in a
multi group comparison setting [197], while linear models could be constructed to take
potential confounders such as age, gender, sampling procedure etc into account [198]. All
of these tests are available as packages within statistical programming environments, such
as R [199]. When using such "black boxes" of analysis, it is extremely important to ensure
that the assumptions the test is built upon are valid or at least under consideration when
interpreting the results.

Adjustment for multiple testing implies a significance level "penalty" when analyzing
several things at the same time. Univariate analysis usually results in an ordered list of
candidate biomarkers, with assigned significances of the differential expressions of com-
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Figure 4.6: A box plot is a visualization of the signal distribution within
groups of data. The plot is based on the non-parametric quartiles and
median. Here the signals from one antibody on plasma from five groups
of patients are represented by five boxes with extending whiskers. The
box contains 50% of the data points, corresponding to the inter quartile
range, and the median data point is highlighted by a line. The whiskers
extend to the furthest data point unless this is situated further away than
1.5 times the inter quartile range. In that case it is considered an outlier
and shown as a point. The boxplot is sometimes supplemented with a
scatterplot with all data points shown which is a great way to visualize
how many data points the box plot is composed of.

pared sample groups. Now, assume a significance cutoff of p = 0.05. This means, by
definition, that for every test performed, there is a 5% chance the observed data happened
by chance. This means that if we apply 100 antibodies in parallel, and perform case control
comparisons for each antibody, five antibodies could turn up with significant differential
expression just by probability. This is where adjustments for multiple testing comes into
play. Also here there is an arsenal of different algorithms at hand. The Bonferroni method
approaches this issue by dividing the significance level with the number of tests performed,
but the method has been regarded as conservative and harsh [197]. Instead, adjustment
of the significance level according to a tolerance of a defined fraction false positives in
subsequent analyses, is applied by the false discovery rate correction and is a commonly
used algorithm [200].

"In a nutshell, the property that makes these experiments
so attractive - their massive scale - also creates many

opportunities for spurious discoveries"
- William Noble

However, false discoveries are dependent of the purpose and the scale of a study. In
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discovery screenings, with the purpose of narrowing a target list into a few subjects for
downstream validation efforts, there is nothing "dangerous" or "wrong" in false positive
selections, but mainly an economical issue [201]. It could get expensive if detailed vali-
dations were to be performed on numerous targets, but so far, these validations are very
informative for basic understanding of antibody based screenings and plasma protein pro-
filing. Future will tell which stringency of significance criteria that were necessary to reach
a sturdy conclusion.

Box 4.5 - On multiple testing. With a more philosophical view of adjust-
ment for multiple testing, one could question the definition of multiple testing.
There is, as far as I am aware, no time scale on the demands of a combined
probability. It should not matter whether 100 proteins are measured in paral-
lel in one experiment, or if they are measured one by one, weeks apart. This
theoretically means that you should not only account for the number of tests
performed in one experiment, but you should adjust for the number of tests
that you presumably will perform during the full project. Probability is not
associated to a single person, so the adjustments could have to be expanded
onto what the combined scientific community will test on this particular ques-
tion. This reasoning of adjustments for multiple tests easily gets silly, but it
is important to question what adjustment you do and why.

Data mining

Data mining strives to reveal patterns in data. There exists no such thing as an automatic
data mining tool, but all data mining must include delicate input from experts. There are
unsupervised or supervised algorithms for data mining, in short separated by whether you
want to take known features into account or not.

Unsupervised learning is also known as taxonomy related analysis [186]. A common
example is cluster analysis that reveal hereditary linkage of people or species based on gene
sequence analysis. Cluster analyses are strong tools in revealing subgroups of samples and
probes, such that a subtype of a disease could be separated out or proteins with strong cor-
relation to each other because of association to the same pathway might cluster together.
It is not recommended to use for selection of biomarker candidates [192], but coupled to
a heat map it gives a nice overview of the complete data of an experiment. Clustering
is based on calculating similarities or distances between all data points in a matrix. The
calculation could be done with the bases of several algorithms such as Euclidean, Man-
hattan, Mahalanobis or Pearsons Correlation distances [186]. When the distance matrix
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is completed, it can be clustered according to even more algorithms such as hierarchical,
K-means, two-way clustering [186]. Unsupervised methods that are not clusterings are for
example principle component analysis (as mentioned above), and different forms of self
organizing maps such as the Self-Organizing Tree Algorithm (SOTA, as used in Paper
III) [202].
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Figure 4.7: Dendrograms, the visual result of clustering algorithms,
show distances and relationships between factors. Depending on the dis-
tance calculation and the clustering algorithm, the factors could be sorted
based on absolute intensity levels or similarities in profiles. A heat map
visualizes the intensity of a datapoint by assigning it a color and colorizes
the two-way dendrogram visualization.

Supervised learning is also known as feature selection which directly translates into
biomarker discovery. Unfortunately, the field of supervised data mining is not at all as well
paved as that of unsupervised methods for microarray data [192]. The idea of supervised
methods is straightforward: with the guidance of a training set of data (a subset of the
available samples, from both healthy and diseased) a classification model is constructed
that in an optimal way classifies the samples into previously denoted groups, with account
taken on all features of importance (such as age and gender etc). Then the model is tested
on the second subset of data, the training data, consisting of all samples that were not part
of the test set. Here, the model might either fail because the selection was based on features
that were inherent with the training data and not associated to the disease separation, or
it might be successful. Iteration strategies are often performed to reach a model with
as few parameters as possible but with the best prediction possibility. However, most
constructions of classification models require more cases than variables [203]. This means
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that more samples needs to be analyzed than the number of proteins that the analysis is
based on, to avoid an overfitted model.

When a classification model is constructed, the underlying biological processes that are
responsible for the class separation can be evaluated. Hopefully, there is a sophisticated
link between the protein targets onto which the model was constructed. Biomarkers with
a strong separable power consistent in independent validation cohorts might be highly
applicable regardless of understanding of the biology behind, but the most valuable studies
are those where the discovered difference sheds light on the mechanism of disease.

The sensitivity and specificity of a classification model (as well as for any diagnostic
test) are measures of the fractions of false positive and false negative classifications at
any given cut-off value. Most often, classification models show overlap between the two
groups, healthy and diseased, meaning that a 100% correct classification is not possible.
Either a cut-off level is set low, enhancing the sensitivity (the degree of true diseased
that are classified as diseased) at the cost of enhancing the false positives (healthy people
classified as diseased). A higher cut-off would yield a higher specificity (the degree of true
healthy classified as healthy) at the cost of false negatives (diseased people classified as
healthy)

Receiver operator characteristics (ROC) of a models diagnostic potential are a popular
way of evaluating and comparing different classification models or diagnostic tests. The
ROC-curve is a visulization of the sensitivity (y-axis) plotted against 1-specificity (x-axis),
and the area under the curve value (AUC) is a single numerical value that could be used
for comparisons. For simplification in interpretation, AUC-values have been generalized
into no clinical value (AUC between 0 and 0.5), limited (0.5 - 0.7), moderate (0.7 - 0.9) and
of high clinical value (>0.9) [204]. However, comparing different models and interpreting
diagnostics based only on AUC could mean overlooking important information.

Which path to choose?

Univariate analysis rely on the assumption that the measured features (protein presence
detected by antibodies) are independent, which is not the case for proteins in any living
system [192]. At the same time, multivariate analyses such as feature selection and cluster-
ing relies on the assumption that (most) data is equally reliable, a statement that cannot
be guaranteed for single binder immunoassay data. Both of these issues means a risk of
the "wrong" markers being selected as potential biomarker candidates. However, consid-
ering the youth of the field, every experience is a good experience. Before the "truth"
is achieved and we could rewind and evaluate the methods that led up to that discovery,
different paths are tried and evaluated which contribute to understanding.
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"Univariate analysis could thereby rarely answer any
serious scientific question"

- Darius Dziuda

Validation

Any biomarker candidate, regardless of how sophisticatedly it was selected, needs valida-
tion to be qualified as scientifically enlightening. Any finding detected in antibody array
screenings must be validated both technically and biologically.

Technical validation implicate that it must be ensured that the antibody that was
selected with discriminatory signals actually targets the protein after which it was named.
A biomarker is not the antibody that was used to detect a difference, but the protein
that in vivo is present in different amounts or states. Several antibodies towards the same
protein is a first and important way to validate a finding. Preferably, the antibodies should
be towards different parts of the protein and from different providers, to rule out artifacts
in generation or selectivity determination criteria to be the causes for a different level
to be detected. Different antibodies towards different parts of a protein could all show
very different signals depending on affinities and accessibility of the specific epitopes on
the protein, and still be "correct" in that they capture the protein that they should (see
Paper II). The use of several antibodies to detect one protein also include the construction
of a sandwich assay, that with the dual recognition event add reliability to the detected
protein.

Complementary methods to the array based screening are important to verify the find-
ing. Western blots are commonly used to ensure that the targeted protein has a correct
approximate molecular weight [205]. Importantly, Western blots could indicate weather
there is one or several forms of a protein that is targeted by a specific antibody, and on
which, in that case, the difference between diseased and controls might be. This could be
exemplified by a candidate marker for prostate cancer, carnosin dipeptidase 1 (CNDP1),
that was detected in antibody array screenings [93]. In Western blot analyses, CNDP1
was found to have two differently sized versions, where the disease associated difference
between samples was found in only one form. The hypothesis was that the factor sep-
arating prostate cancer patients from controls was the glycosylation state of CNDP1. A
recent development of the classical western blotting procedure is the proximity ligation and
rolling circle amplification on blots [206]. Here, increased reliability of targeted protein is
gained by the prerequisite of dual antibody recognition for a signal to occur, and increased
sensitivity is gained at the same time by the amplification of the detection signal.

Still within immunoassays, inhibition studies with unlabeled representatives of the targeted
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antigen in directly labeled samples could indicate at what level of inhibition a signal is
disturbed. Likewise, dilution series of both complex samples and protein standards could
indicate concentration ranges of the particular protein in cases and controls. All these
studies are dependent on the quality of the protein standard, and whether being purified
from a natural source or recombinantly or synthetically produced.

Antibody-independent methods for comparative proteomics directly translates into MS-
based explorations, and for validating a biomarker candidate, targeted MS, such as selected
reaction monitoring, is perfect. There is always a chance that the difference detected by
antibody based methods is not due to differences in amounts, but in accessibility of epi-
topes, which could be translated into either structural arrangement of the protein or, more
likely, modification states of a protein. Fortunately, data bases for peptide identification
for analysis of MS-data are usually full of modified forms of peptides [207].

Biological validation encompasses to analyze more samples from patients and controls
in independent cohorts, preferably from other sites than the discovery cohort, to ensure
the marker-disease association. Here, the use of statistics gets even more important than
when dealing with first line screening data. It is in validation efforts that the potential
clinical utility of a marker is evaluated. Even though a new diagnostic test put very high
demands on the effect size of a biomarker [208], other proteins will smaller, but significant,
differences might be important for the study of disease mechanisms or protein functions.
This biological validation also gives possibilities to refine the study design by including
subgroups of the disorder or patients in different states of the disease progression.

If any of these complementary studies reveal insight of the biological function of the target
protein and potentially a link to the disease mechanism, then the protein biomarker finding
is truly enlightening.

From enlightening science to clinical applications

The aim of each biomarker discovery project is to present a novel testable feature that
could help doctors in the clinic to better detect, treat or cure patients. Biomarkers are
meant to be useful for all states of disease monitoring. Diagnostic markers are needed to
find patients as early as possible in the disease progression while prognostic markers are
needed to stratify patients with a known disease into groups with different progressions
that thereby need different treatments. Other markers could reveal if a certain treatment
is suitable for a specific patient and additionally other reveal how the patient respond to a
treatment. Generally, it is the early diagnostic markers that are most highly valuable, most
sought for, and most difficult to detect. Most studies apply case control comparisons of
healthy and already disease patients to reveal markers for a disease, but to detect the true
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early markers, large and well planned prognostic studies should have the greatest chance
of success.

The threshold of a candidate marker to be clinically validated is high. Circulating protein
markers currently in clinical use include, among other:

• cancer antigen 125 (CA125) discovered 1981 for ovarian cancer [209],

• carbohydrate antigen 199 (CA199) discovered 1979 for pancreatic cancer [210],

• carcinoembryonic antigen (CEA) discovered 1965 for colon cancer [211] and

• prostate specific antigen (PSA) discovered 1979 for prostate cancer [212,213].

Because of insufficient sensitivity and specificity in early disease, these markers are pre-
dominantly used to monitor disease progression and response to therapy. Only PSA is
still used for screening but it is a much debated marker. It is a protein that is produced
and secreted into circulation by the prostate and the level of circulating PSA is enhanced
when the prostate is enlarged, as in prostate cancer, but is not directly linked to cancer
progression. Nowadays, PSA screenings measures not only the concentration of circulating
PSA, but also the ratio of free and bound PSA, PSA velocity and PSA density [214].

Besides the discoveries of new biomarkers, efforts are made to supplement the above men-
tioned "classics" with additional marker for enhanced diagnostic utility. Cancer antigen
125 is yet insufficient in separating benign from aggressive cancers and is only elevated
in 50% of early cancer patients. A study evaluated the added value of human epididymis
protein 4 (HE4) which was discovered with association to ovarian cancer in 2005 [215]. The
dual marker algorithm had a sensitivity increased to 89% and specificity of 75% [216]. HE4
separately was almost as good [217], but the sensitivity was increased by the combination.
Although it is still not reaching the numbers of sensitivity and specificity suitable for large
screenings, it is an example of the multi-protein signatures that are probably needed to
reach diagnostic certainty.

During pregnancy the body is flooded with all sorts of signaling substances. It has been
shown that even tumor markers, such ac CA125, was elevated in 30% of non-cancer preg-
nant women during the first trimester [218]. This highlights the importance of widespread
baselines based on different groups of people and preferably a biological understanding of
the biomarkers applied to avoid misclassifications.
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Comments and visions

At what stage of biological/medial/scientific certainty should you publish your results?
When is your data and interpretations ready to be spread to and reviewed by the scientific
community? Would a completely transparent publication system, where practically any-
thing is publishable, enable better science? Or is the community sick and tired of endless
lists of potential candidates, so that publications should only be allowed after extensive
validation efforts? Somehow, I get the feeling that writing this thesis has raised more
questions than answers.

How good are non perfect biomarkers? Better than nothing, one could claim. The field
of proteomics is growing every day, and more and more lessons about proteomic based
biomarker discoveries are made. There are so many considerations to take into account
that impedes with the potential outcome of biomarker discovery projects that it is easy to
become downhearted and pessimistic.

Sometimes, though, it is more important to get going in the first place and then evaluate
and optimize. Exemplified by the Human Protein Atlas that has achieved a lot, with
more than 75% of the human proteome covered by antibodies, although the project set off
long before all processes were fully optimized. Lots and lots of lessons have been learned
throughout the years and referring back to the quote I chose to initiate this thesis: "Good
judgement comes from experience. Experience comes from bad judgement" traced back
to Mulla Nasrudin in the 12th century, the best lessons comes from the mistakes you
make.

I cannot foresee whether any biomarker candidates we present in the next chapter, sum-
marizing what I have done the last years, will be useful or not. But I think that the things
we have achieved contribute to a better understanding. I would hereby want to end this
overview of the scientific area on which our present investigations have been made, by
referring to a great quote to keep going:

"Success is the ability to go from one failure to another
with no loss of enthusiasm."

- Sir Winston Churchill
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Chapter 5

Present investigations

Until now, I have introduced some aspects on the field, the technology, the sample type
and some considerations necessary for biomarker discovery applications of protein profiling.
The following chapter will shortly describe the actual studies we have performed that have
led up to this thesis, with some insights about general issues within specific projects. The
articles describing the work in more detail are included as appendices at the end of the
thesis.

Discovery consists not in seeking new lands
but in seeing with new eyes.

- Marcel Proust

I would like to emphasize the word we since the research performed would have been
impossible without united efforts. Cross disciplinary collaborations are crucial to enable
interesting biological samples to come across the high technological instruments that could
analyze them, and people from several backgrounds are needed to interpret the results. We
also rely on the tremendous effort of all the people within the Human Protein Atlas who
generate antibodies towards the human proteome on a daily basis. As mentioned in the
previous chapter, how to do biomarker discovery in general and on protein array data in
particular, is a young field with much left to improve. Presented herein is our approach to
tackle the field, and my hopes are that this will be of use when developing the technologies
and interpretation tools further.

The work presented herein is focused around the protein bead arrays with immobilized
affinity reagents and their implementation in profiling body fluids. By using direct la-
beling of the complex samples, multiplex protein profiling is enabled without the need of
fractionation or depletion. This procedure was developed in 2008 as a measure to analyze
serum proteins [172] and has been applied, adjusted and developed since. With adaptation
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in study design and data analysis to each specific project, this method can be summarized
into the general workflow presented in figure 4.3 (Chapter 4).

Our work is performed within the Human Protein Atlas, which offers a unique resource
of antigen purified polyclonal antibodies. These have been generated by a gene-centric
approach, where unique protein epitope signature tags (PrESTs) are designed to the se-
quence of a protein coding gene with least similarity to other genes. The PrESTs are then
recombinantly produced in E. coli in fusion with a hexahistidine tagged albumin binding
protein (His6ABP). The antigen is produced, purified and used to immunize rabbits. The
obtained antisera are purified on PrEST affinity columns, yielding affinity purified poly-
clonal antibodies. The antibody’s selectivity is evaluated by a PrEST array. For Paper I,
antigens from a mycoplasma were produced in a similar fashion as how the PrESTs are
generated, and a serology assay based on the bead array format was developed [219] and
used to screen for serological response in bovines. For Paper II-IV, antibodies from the
Human Protein Atlas were applied on beads to use for detecting proteins in human serum
or plasma.

The present investigations will be presented in four sections, based on the four papers. The
first two sections are applications of bead based protein profiling within two completely
unrelated diseases; an infectious disease in cattle in Paper I, followed by human kidney
disorders in Paper II. Alongside the applications of the bead based antibody arrays in
medical related studies, systematic evaluation of the binding profiles have been conducted.
In Paper III, a systematic classification of protein profiles as a results from alterations in
the experimental procedure was presented. Finally, in paper IV, a closer evaluation of
proteins captured by antibody-coupled beads have been made, with a specific evaluation
of heat induced detectabilty of plasma proteins in mind.

Paper I - Multiplex serology for diagnosis of CBPP

Contagious bovine pleuropneumonia (CBPP) is an infectious disease in cattle caused by
Mycoplasma mycoides subspecies mycoides small colony type (MmmSC). The infection
is mortal and very contagious and is a large problem in sub-Saharan Africa today. The
bacteria resides in the lung cavities of infected cattle causing respiratory malfunction and
eventually death. It is spread mainly by direct contact but also through water pits and
by aerosols. It does not infect humans but poses great socio-economic burdens on the live
stock holders that get affected. Because of the severity of CBPP, it has been eradicated
from Europe by mass slaughter of infected cattle tribes. In Africa, without governmental
support to affected live stock holders, mass eradication is not an option. One problem is
that the diagnostic tools to measure the infection are imprecise.
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In a study financed by the Swedish International Development Cooperation Agency (SIDA),
an approach to develop a new diagnostic tool to study CBPP infection is presented (Paper
I). The study was based on the hypothesis that selecting the most immunogenic of the
surface antigens of the bacteria and combining them into an antigen cocktail for a serolog-
ical test would give a test that was more selective than the use of the whole organism as
antigen, and more sensitive than the use of one single surface antigen.

Recombinant mycoplasma proteins for serological screening

In the proceeding work [219], 67 recombinant proteins were selected as surface proteins
from MmmSC, expressed as His6ABP fusion proteins in E. coli, purified and coupled to
microspheres for a multiplex serology assay. The assay was constructed, optimized and
evaluated for reproducibility, signal to noise ratio and sensitivity. The workflow in short
comprises antigens immobilized on beads to study antibodies present in bovine sera. A
biotinylated specific secondary reagent and a streptavidin conjugated fluorophore was used
for detection and the serological response was read in the Luminex flow cytometer.

In Paper I, a screening was conducted measuring the humoral immune response in the form
of IgG reactivity towards the 67 surface proteins from MmmSC in sera from animals from
several CBPP outbreaks as well as sera from healthy control animals from both Africa and
Sweden. The screening revealed a mosaic of reactivity showing the individuality of immune
responses in such a way that each cow could be identified by a unique reactivity profile
against the different antigens. Following statistical measures, the top eight immunogenic
antigens were selected, and their respective reactivities are presented in figure 5.1.

To meet the requirements of labs within agriculture and live stock sciences, a classical
enzyme linked immunosorbent assay (ELISA) was created using a cocktail of the eight
selected antigens. Because of the loss of parallel measurements, the presence of a fusion
protein in these antigens became an obstacle. In the bead based assay, a bead coated with
His6ABP per se could monitor binding to this entity, but to apply the same procedure in
the ELISA, half of the reaction plate would need to be coated with this control, resulting in
a great loss of sample throughput. To circumvent this, the antigens were re-cloned without
the ABP tag protein, still with a hexahistidine for purification purposes, and expression
turned out to be equally effective as with the tag. One protein could not be expressed
without the tag, however, and another protein with an apparent high immunogenicity had
been cloned and purified after the screening was performed, so a substitution among the
eight antigens was made. The antigen cocktail ELISA was then created, optimized and
tested briefly. To get as good selection of antigens as possible, all available serum samples
had been used in the screening. This meant that there were no independent sera left to
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Figure 5.1: Boxplot of serological reactivity towards the eight top anti-
gens from MmmSC alongside the negative control HisABP. Reactivity of
CBPP-infected cattle are shown in grey boxes and control animals are
represented by white boxes. Figure adapted from Paper I.

truly evaluate the efficacy of the ELISA, but only the same samples by which the targets
had been selected, resulting in a diagnostic evaluation in the form of receiver operator
characteristics (ROC) that should not be interpreted as an independent evaluation of the
assay. However, the cocktail antigen hypothesis was supported in that the best diagnostic
power was achieved for the eight antigens combined, compared to single antigen tests.
The developed cocktail-ELISA currently undergoes thorough evaluation in independent
cohorts and further optimizations with the hopes of contributing to enhanced diagnosis of
CBPP.

Paper II - Biomarkers for kidney damage

Kidney damage is a common complication within emergency care [220] and the most com-
mon reason for drug candidates to be withdrawn in a drug development process. There is
a great need for biomarkers monitoring kidney status and especially markers for early or
acute impairment. In a project initiated for the search of markers of drug induced kidney
damages, a screening of 160 patient samples with 132 antibodies resulted in the finding of
fibulin-1 as a potential marker of kidney damage.

A target list of almost 400 genes was composed by literature mining for genes or proteins
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reported to be potentially associated with kidney damage in any form (mainly from gene
expression analyses) and for proteins with high expression in kidney but not in liver. This
classifies the study into a semi-directed screening, with a generous inclusion of targets
into the pre-knowledge based selection of antibodies. The gene target list was divided
into five priority groups ranging from priority 1 for proteins reported as potential markers
for kidney damage, to priority 5 for proteins merely mentioned within lists from gene
expression analyses. Interestingly, fibulin-1 was in this lowest priority group.

Do different antibodies towards the same protein show the same thing?

I like to consider antibodies complementary to each other, and if two discrete antibodies
would yield similar signals, that would be great, but if that is not the case the separate
information from both could, if validated and evaluated thoroughly, enhance the level of
understanding.

A main feature that directed the selection of fibulin-1 as candidate marker was the avail-
ability of three antibodies targeting fibulin-1 in the screening, denoted HPA1, HPA2 and
HPA3 for simplicity (see figure 5.2A). Measuring the discovery cohort, all three were sig-
nificantly differing cases from controls with conserved significance in replicate experiments
(figure 5.2B). HPA1 and HPA2 are denoted antibody "twins", which means that the poly-
clonal sera comes from two different rabbits immunized with the same antigen. These two
antibodies should definitely give similar profiles as they could be considered two batches
of the same antibody, but considering the apparent randomness of in vivo affinity matura-
tion, the different rabbits could very well produce antibody batches of varying qualities. In
the screening, HPA1 consistently gave higher signals than HPA2, although the correlation
between them was supportive (R2 = 0.9). The difference in signal intensity could relate
to coupling efficiency, purification of the antisera or to differences in affinities of the two
polyclonal sera, but equal binding characteristics in the form of targeted epitopes are likely
due to the high correlation. The third antibody, denoted HPA3, is a "sibling" antibody,
meaning that it has been generated towards a different part of the protein. In the dis-
covery screening, this antibody also showed a significant separation of healthy and disease
patients.

A separate verification cohort was collected and applied to validate the link of fibulin-1
to kidney impairment, and a commercial monoclonal antibody (mAb) was acquired to
strengthen the link. Here, the absolute signal intensities for all antibodies were completely
different compared to the first cohort, but a signal separation was maintained with statis-
tical significance for all applied antibodies (figure 5.2C).

Direct labeling of complex samples is a powerful method for screening and meets a require-
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Figure 5.2: Fibulin antigens and bead array results. A) Antigens for
the four applied antibodies, HPA1, HPA2, HPA3 and mAb, all cover the
parts of fibulin-1 which is shared by all splice variants. HPA3 antigen
covers a part onto which most interaction sites have been mapped. B)
Bead array results from profiling fibulin-1 in glomerulonephritis patients
(grey boxes) and controls (white boxes) using four different capturing
antibodies and direct labeling. The discriminatory power is greatest by
HPA2 although all case control differences are statistically significant. C)
Bead array data of an independent validation cohort applying the same
antibodies verify the disease associated separation by fibulin-1 signals.
However, the absolute signal intensities of fibulin-1 were very different
from the discovery cohort. Figure adapted from Paper II.

ment for the high multiplexity and sample throughput needed for biomarker discovery.
However, because of the single recognition event in direct labeling, the molecular relia-
bility is always lacking in comparison to the dual binder recognition that is enabled by a
sandwich assay. In that respect, a sandwich assay for fibulin-1 was created using HPA poly-
clonal antibodies for capturing and the monoclonal antibody for detection, which verified
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that all antibodies does target fibulin-1 (data not shown).

Since the publication, additionally three cohorts have been investigated and the picture
grows more and more complex. In additional cohorts, HPA1 and HPA2 are no longer
separating cases from controls, while HPA3 is consistently significant in separating kidney
disorders from controls in all cohorts (preliminary data not shown). The antigen towards
which HPA3 have been generated overlaps with a part of fibulin-1 onto which most inter-
action sites have been assigned. Fibulin-1 is a extracellular matrix protein and a plasma
protein with several reported interactions [221], among others to elastic fibers and coag-
ulation proteins [222–226]. Many of these interactions have been shown to be calcium
dependent, and applying the calcium chelator EDTA in the assay buffer showed that the
immunocapture of fibulin-1 with HPA3 is calcium-dependent in the form that the signal
increases when EDTA is present. If this is so because the epitope(s) of HPA3 are blocked
by other proteins interacting with fibulin-1, which gets released by addition of EDTA and
thereby unmasks the epitope for the antibody to bind, is yet to be evaluated.

The current hypothesis for fibulin-1 and kidney disorders is that it might not be total
levels of fibulin-1 (as shown by signals from HPA1 and HPA2) that differs between healthy
and kidney diseased patients, but something interacting with fibulin-1 at a site targeted
by HPA3. So long, fibulin-1 is our main link, but future efforts will hopefully elucidate
this further. A recently published article verifies an association between plasma levels
of fibulin-1 and kidney disorders, with a combined link to diabetes and cardiovascular
disease [227]. That study was an expansion of a previous association between fibulin-1 and
arterial extracellular matrix alterations in diabetes [228]. The current antibody panel to
profile the above mentioned cohorts is based on expanding the view around fibulin-1. It
consist of antibodies towards all the fibulins and other proteins with similar functions, as
well as antibodies towards all reported interactors with fibulin-1. Profiling of the fibulin-1
interactome is ongoing. If fibulin-1 holds as a useful marker for kidney impairments or not
will be determined by future efforts, but I hope the finding could help shed some light on
kidney disorder mechanisms.

Paper III - Classification of protein profiles

An important aspect of this thesis is functionality of antibodies, and this issue has been
addressed in two studies with much in common, Paper III and Paper IV.

Applying hundreds of antibodies in parallel for protein capture and detection in a directly
labeled complex sample such as plasma, rely on the interaction between one species of
antibody with one presumed correct target. The interaction could be desired, meaning
that the antibody binds only the target to which it was named. The interaction could also
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be undesired, meaning that the antibody binds very selectively and strong to one or several
target proteins, just that the targets are not what the antibody was supposed to bind. And
the interaction could be in the range of background, meaning that in the absence of the
true target, the antibody will bind other proteins with a lower affinity. The word unspecific
is often incorrectly used for both undesired off-target interactions and weak interactions
occurring in the absence of a target.

Evaluations of these levels of interactions could be and are performed, but so far only in
time consuming singleplex assays. In screening attempts with antibodies, the immuno-
captured target is only evaluated after an antibody has proven to detect a reproducible
difference between healthy and disease patients. This approach has proven to be surpris-
ingly effective since unspecific binding should not reproducibly give rise to a significant
difference between samples, and the off target binding, if reproducibly different, could
indicate interesting findings although the first antibody targeted something else. How-
ever, systematic classification of antibody profiles, preferably into desired interactions and
undesired interactions, would be a welcome addition to the procedure.

Alterations in experimental conditions affects protein profiles differently

A first line of this effort was to classify antibody profiles depending on their behaviors
under certain physicochemical conditions such as temperature and presence of detergents
before, during or after the immunocapture. Heat had been shown beneficial for capture of
some target proteins already in the first attempts of plasma protein profiling using protein
atlas antibodies [93,172]. In a pilot study on immunorelated proteins (data not published),
it was shown that antibodies reacted differently weather they were subjected to plasma
samples that had been heated or not before the immunoassay took place, and weather or
not a low concentration of the denaturing agent sodium dodecyl sulfate (SDS) was added
to the washing buffer after the immunoassay. An attempt to classify the profiles according
to the relative signals in these four conditions indicated that interesting features could
be revealed. For example, it was shown that two antibodies targeting the complement
components C1QA and C1QC gave rise to completely different relative signals upon these
treatments (figure 5.3). While signals for anti-C1QA was elevated by applying heated
plasma but unaffected by the presence of SDS in the washing buffer, the signals for anti-
C1QC was unaffected by heating but reduced by washing with SDS. Considering that the
target proteins C1QA and C1QC are structurally and functionally very similar, and that
the processes of heat and SDS should affect the target protein more than the antibody, it
lead us to suspect that one of these antibodies depicted off-target binding.

At that time (2009), the proteome wide efforts of plasma profiling within the Human
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Figure 5.3: Immunocapture of C1QA and C1QC were differently af-
fected by heat and detergent treatment.

Protein Atlas (Drobin, Qundos, Neiman, Uhlén, Nilsson and Schwenk) had been initiated
and antibody bead array generations had been scaled up from coupling of 80 antibodies
onto beads in one reaction to coupling 720 antibodies in one process within one woking
day. More than 2,300 antibodies that were part of 384-plex suspension bead arrays were
thereby available and were subjected to the same comparison of signal behavior under
certain conditions in order to classify the profiles (Paper III).

The presented work in Paper III suggests that challenging antibody arrays with various
assay conditions generate protein profiles that could be used to classify antibodies. The
classifications could be used to increase understanding of the molecular interactions, opti-
mize assay conditions for subsets of antibodies and potentially reveal undesired interactions
by antibodies towards other proteins than their presumed target, all of which will aid fur-
ther affinity based explorations of the plasma proteome.

Paper IV - Validation of antibody selectivities

My dream equipment would be a microscope with atomic resolution that could show beads
with captured target proteins, where the bead surface could be zoomed in to reveal the
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density of antibodies on the bead, the orientation of their binding, the degree of proteins
captured by the beads and the degree of biotin labels on the captured proteins (somewhat
like the cover illustration). Proteins could then be selected, traced and extracted, just like
single cell micro dissection, and the released protein would fly into an mass spectrometry
analysis chamber where the single molecule could be amino acid sequenced. Until this is
realized, we will have to settle with a more rough visualization of protein capture.

Visualizing bead based immunocaptures

As a small step towards the dream assay for affinity proteomics, where application of any
antibody or affinity probe would be coupled to a distinct identification of the captured
target, a blot based verification of immunocapture (B-VICE) was developed (Paper IV).
This may serve as the first visualization of captured targets from a highly multiplex and
high throughput procedure. For it to reach the requirements of the dream assay, the
distinct identification of captured proteins needs to be solved. The ambition is that this
method will be refined towards capturing of proteins by a multiplex array of antibodies
on beads, followed by bead sorting by flow cytometry, followed by miniaturized protein
identification by mass spectrometry.

The key feature in the otherwise classical immunoprecipitation, or pull-down, presented
here, is the dual readout of the biotinylated proteins in the complex sample, both by flow
cytometry (Luminex) and blot based visualization. Replicates of the very same captured
biotinylated proteins will be analyzed in two ways: i) the proteins will be analyzed on beads
in the flow cytometer by the addition of a streptavidin conjugated flourophore and ii) the
proteins will be visualized released from the beads in a western blot with the addition of
a streptavidin conjugated enzyme. The use of color coded beads for immunoprecipitation
enabled this translatability from the micro-scale flow cytometer to the macro-scale blot
based visualization, that revealed evidence about the molecular interactions that the flow
cytometer based readout could only indicate.

Evaluation of heat enhanced detectability

One molecular interaction that have been debated is the enhanced signals that occur for
some immunocaptures when applying a complex sample that has been heat treated [93,172,
229]. Just as presented in Chapter 3, it has been criticized that applying heated samples
might just enhance aggregation on the beads that does not reflect enhanced target protein
capture. This is a consequence of the direct labeling approach of complex samples, where
everything that is biotinylated and that binds to the bead can give rise to a signal. To
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evaluate this, the effect of heating plasma samples prior immunocapture was visualized by
the B-VICE method.

Complement proteins are plasma proteins related to the immune system, and are known to
be very heat sensitive in the form that their biological function as enzymes get irreversibly
lost after heating, as discussed in Chapter 3. In previous experiments (data not published),
it was discovered that the detection of these proteins in serum were affected by heating.
Antibodies towards five complement proteins were applied to capture biotinylated proteins
in serum that had been subjected to a heat treatment at 56�C for 30 minutes, or no heat
treatment. In the flow cytometer based readout, two antibodies showed signals unaffected
by heat (anti-C2 and anti-C1QC), two antibodies showed signals that were enhanced by
heat (anti-C9 and anti-C1QA) and one antibody showed signals that were reduced by
heat (anti-C8). These results were in corroboration of what have previously been seen of
these antibodies. The blot based visualization showed major target bands of the correct
molecular mass corresponding to the applied antibodies and with relative band intensities
in close correlation to the obtained results in the flow cytometer. This shows that for C9
and C1QA, the target protein is enriched to a larger extent when the sample have been
heated before the immunoassay. For C8B, the capture of the target protein is ruined by
the heating process, and for C2 and C1QC, the immunocapture is independent of heating.
Based on the blot based readout, the previous speculation that C1QC might bind off-
target was supported, although complete evidence is lacking. It has to be emphasized
that a Western blot is by no means an absolute protein identification tool, but it is a
visualization about approximate molecular masses of the different protein species present
in a mixture, and their relative abundance is roughly shown by the band intensities.

To further ensure that the proteins were correctly identified, sera from patients with com-
plement deficiencies, was profiled. By this, the antibodies’ respective detectability of heated
or not heated proteins was confirmed. Detection of C1QA and C9, in the form of clear
signal separation between the respective deficient patient and non-deficient patients, was
achieved to a greater extent when the plasma samples were heated. Detection of C8B was
ruined by heat and C2 were unaffected by heat. Unfortunately, no C1QC-deficient patient
was available for analysis.

The underlying reason for the, for some proteins, heat enhanced detectability still needs to
be addressed. To reach the goal of an affinity based "dream" assay, the method needs to be
adjusted for mass spectrometric determination of captured protein identity. However, the
goal to see at least a representation of what is captured by the beads have been achieved by
the B-VICE protocol, and it has proven valuable for comparative profiling. This method
will now be a valuable tool to evaluate any first level biomarker discoveries.
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Aims and concluding remarks

Paper I - The aim of the study was to identify the most immunogenic among recom-
binant surface proteins from MmmSC, using a bead based serology assay that had been
developed previously. The selection identified eight antigens which were used to create an
antigen cocktail ELISA for diagnosis of CBPP. It is yet too early to determine weather the
hypothesis - that an antigen cocktail would prove superior to whole cell antigens or single
protein antigen - holds true. However, the first independent evaluations of the ELISA have
generated very promising, yet preliminary, results.

Paper II - The aim of the study was to screen plasma samples from patients with kidney
disorders and healthy controls using antibody arrays in the quest for biomarkers. One
biomarker candidate, fibulin-1, was discovered and evaluated. Additional evaluations have
indicated that the role of fibulin-1 in kidney damage might be associated to an interacting
protein, but future explorations in separate cohorts and with alternative methods will
hopefully elucidate this link.

Paper III - The aim of the study was to use alterations in experimental conditions to
reveal differential effects on these conditions for antibodies targeting different proteins.
These dependancies were then used to classify the antibody profiles into groups, with a
potential in adapting experimental conditions to each group of antibodies. With further
explorations into the protein profiles in combination with the method presented in Paper
IV, there is a naive hope that the classification could potentially assist our understanding
of molecular interaction properties such as on- or off-target interactions and conformational
or linear epitopes in the target protein.

Paper IV - The aim of the study was to visualize what proteins that get captured by
the antibody coated beads in the experimental procedure that we apply for systematic
plasma protein profiling. By a pull-down analysis based on Luminex beads, a parallel
readout in flow cytometry as well as on a blot was accomplished. The procedure was
applied to assess that the on-target interaction was the main contributor to whether a flow
cytometry based signal was elevated or reduced when applying heated serum in comparison
to non-heated serum. Besides the potential of the method to evaluate antibody captures
in general, the complement proteins targeted in this study were part of a larger study on
immunodeficiencies where the methodology has shown important for assessing antibody
functionality.
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Populärvetenskaplig sammanfattning

Till min mamma
och alla andra som har betydligt viktigare saker att göra än att läsa hela boken

I blodet finns mycket information om hälsotillståndet hos en människa (eller ko). Immun-
försvarets celler simmar runt i blodbanan för att bekämpa infektioner, men också mycket
proteiner (biologiska byggstenar) flödar runt. En del av dessa proteiner fungerar som last-
bilar i blodet, som till exempel hemoglobin som fraktar syre från lungorna till resten av
kroppen. En del proteiner i blodet fungerar som signaler från en del av kroppen till den
andra, till exempel hormoner. Men det finns också proteiner som man inte riktigt vet
varför de finns i blodet. De kan helt enkelt ha läckt ut från trasiga celler i någon del av
kroppen som är sjuk för tillfället. Genom att mäta utvalda proteiner i blodprov från sjuka
och friska personer (eller kor) kan man hitta skillnader som ingen tidigare visste om, och
som man sedan kan använda för att bygga nya diagnostiktest, det vill säga nya sätt att
mäta på en person om den är sjuk eller frisk.

If you can’t explain it simply,
you don’t understand it well enough.

- Albert Einstein

Ytterligare en fantastisk grej med blod är att kroppen kan skapa antikroppar mot i stort
sett vilket protein som helst. Antikroppar är också proteiner och en del av kroppens im-
munförsvar. De brukar ritas som ett Y, med en fot och två händer. Händerna är specifika
att hitta och hålla fast bara ett enda protein, ungefär som en metkrok men också som
en nyckel som bara passar i ett särskilt lås. Om man vill ha metkrokar mot människans
proteiner kan man ge en bit av människans DNA (ritningen på hur man bygger en män-
niska) till en bakterie och låta den tillverka bara ett enda mänskligt protein. Proteinet kan
renas fram och sprutas in i en kanin, ungefär som en vaccination. Då kommer kaninens
immunförsvar att skapa antikroppar mot det mänskliga proteinet. Om man sedan tar ett
blodprov från kaninen kan man rena fram antikropparna, metkrokarna, mot det särskilda
proteinet som man lät bakterien tillverka (se figur 5.4).

Precis detta har gjorts för tusentals av kroppens proteiner i ett projekt som heter Human
Protein Atlas, den mänskliga proteinatlasen, och de har hittills fått fram krokar mot tre
fjärdedelar av kroppens alla proteiner. Jag använder de här metkrokarna för att hitta
skillnader mellan sjuka och friska personer. Vi sätter fast varje metkrok på en liten, liten
kula som har en särskild färg. På den röda kulan sätter vi till exempel kroken som fångar
ett protein som heter fibulin och på den blå kulan sätter vi fast en krok som fångar ett
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protein som heter serpina. Och så hundra krokar till på hundra andra färgkulor. Sen
blandar vi ihop kulorna och använder dem till att mäta blodprover från sjuka och friska
personer och hoppas att krokarna ska fiska upp de olika proteinerna. Kulorna med sina
uppfiskade proteiner kan sedan mätas i en särskild maskin som sorterar kulorna beroende
på färgen, och sedan mäter hur mycket protein som sitter på varje. På så sätt har vi
kunnat hitta att njursjuka personer har mer fibulin i blodet än vad friska har (Paper II).
Vi har också kunnat mäta immunsvaret hos kor med lunginflammation i Afrika på ett
noggrannare och mer detaljerat sätt än man kunde göra förut (Paper I).

DNA

Protein

Antikropp

Blodprov

Figure 5.4: DNA för ett mänskligt protein klonas in i en bakterie som
därmed producerar proteinet. En kanin immuniseras med det renade pro-
teinet och tillverkar därmed antikroppar. Antikropparna kan renas fram
för att användas till att hitta proteinet i ett blodprov från en människa.

Det svåra med jobbet är att helt säkert veta att metkrokarna fiskar upp det de ska och
inte någonting annat. Det är också svårt att se skillnad på friska och sjuka personer, när
skillnaden mellan olika friska personer är jättestor i sig, liksom skillnaden mellan olika
sjuka. Därför har vi jobbat mycket med att försöka förstå hur vi ska tolka signalerna från
kulorna, och hur vi ska göra för att kunna mäta riktigt många proteiner i riktigt många
blodprover. Det handlar Paper III och IV om.

Det långsiktiga målet för vår forskning är att man i framtiden kan gå regelbundet till
doktorn och ta ett blodprov där man snabbt och enkelt kan se vilka sjukdomar som härjar
i kroppen. Vi tror att man kan se små små spår av cancer i blodet långt innan man märker
av en knöl i bröstet eller får ont i magen. Det återstår ganska mycket arbete innan det blir
verklighet, men jag hoppas att det jag har gjort är ett litet, litet steg på vägen.

95



Present investigations

Acknowledgements

Jochen, my co-supervisor, thank you. I start with you since you are the one introducing
me to the wonderful beads that I loved from the very first moment, and you are the common
denominator from the start with the cow master thesis project at AlbaNova to the clinical
stuff at SciLife. I was scared shit of you in the beginning, but I learned that you are not
only a strict German, but you are also a caring and compassionate scientist who I admire
greatly. You have always been there to guide me in difficult times and I thank you for
that.

Peter, min kära huvudhandledare. Tack för att du tog dig an mig som doktorand efter
ko-starten hos Anja. Jag kan inte riktigt minnas ett enda möte där vi inte skämtat oss
fram och skrattat, och det är nog det som gjort forskandet så lättsamt! Tack för allt stöd
i dipparna och all entusiasm i topparna. Jag fattar inte riktigt hur du alltid har tid för
spontanmöten, men det är de som blir svinbäst!

Anja, vilken resa. Tack för att du anställde mig som sommarjobbare och tack för förtroen-
det att det blev just jag som fick sammanföra kossorna och kulorna som blev en alldeles
oslagbar kombination. Vi hade riktigt trevligt i lilla mykoplasmagruppen; du, jag och
Calle. Och jag tänker fortfarande mycket på dina råd om hur man skriver pek, förlåt,
artiklar.

Per-Åke, jag beundrar dig ofantligt för din otroliga kunskap och förmåga att sätta dig
in i labdetaljer i vilket projekt man än kommer grinande med. Men jag förstår inte hur
du har tid att låta tvåminutersfrågorna dra ut till tvåtimmarsdiskussioner om affinitet,
forskningsvärlden och vetenskapsetik. Men tack ska du ha!

Mathias, tack för dina femminuters-input som ofta total ändrat riktningen på mina pro-
jekt (till det mycket bättre). Tack också för att du initierade DNA-corner en gång i tiden
och startade en proteinatlas. Det har ju blivit bra grejer, det där.

Ett stort tack till Jacob, Per-Åke, Daniel och Mårten för korrekturläsning av utvalda
delar av avhandlingen.

Tack Stefan, Sophia, Afshin, Amelie, Tobbe, och alla andra PI:s som skapar stämnin-
gen inom DNA-corner och som varit mer eller mindre deltagande i vad jag gjort.

Tack till ProNova (VINN Excellence Centre for Protein Technology), Knut och Alice Wal-
lenbergs Stiftelse och SIDA (Swedish international development cooperation agency) för
finansiering.

Daniel, det var nog du som puttade in mig i forskningen egentligen. Tack för kaffeklubben,
tack för att jag fick knö in ett extra bord på ert kontor (sedermera snyggrummet) under

96



Present investigations

ett städdagsinitierat infall, och tack för alla miljarders svar du gett på sbs-baserade pro-
grammeringsproblem. Det är ju helt fantastiskt hur intresserad och hjälpsam du har varit
jämt, trots att du har fått noll cred tillbaka. Men här kommer nu credden: tack!

Holger, som tog hand om mig mina första förvirrade veckor som sommarjobbare, Bahram
som alltid bidrar med ett fniss eller en stulen kaka, Marica, Anna, Jenny, Sam, Karin,
och resten av HPA MolBio, tack för en fantastisk start!

Calle, tack för en jätterolig tid med kossorna. Tack för inspiration och vägledning, men
framförallt en trevlig vänskap! Kul att du hänger kvar i närheten av kulorna!

Alla samarbetspartners på olika projekt. Jesper, Ina och Pierre på AstraZeneca, tack för
ett fint engagemang och härlig entusiasm i njurprojektet. Lennart, tack för att du hade
tålamod att vänta in vår otroligt långsamma start på immunbristprojektet. Thanks to all
the passionate and helpful staff at Luminex, especially François, Sherry and Bas.

Ulrika, min närmaste kollega och doktorandvän. Vi har kämpat tillsammans, slitit, svurit
och grinat, men också skrattat, dansat och blottat. Det jag mest minns ändå är vår härliga
Amsterdamresa med middag och shopping längs kanalerna. Anna, jag är så glad att du
hängde kvar! Många trevliga stunder och tack för att du satt med mig och glodde på
tvåtusen värme/SDS-plottar! Jag tyckte i alla fall att det var svinspännande. Burcu,
thank you for introducing me to whatshouldwecallgradschool. It made my day, every day,
during thesis writing. Thanks Julie for beeing a great office neighbor, I always get happy
when you are there, and thanks for stepping into the immunodeficiency project at the right
time. I really needed your help, even though it got too interesting to get it finished for
the thesis. Kimi, tack för teckningen och alla roliga stunder! Resten av gruppen som har
växt något så kopiöst sen vi började: Ronald, Sanna, Elin, Cecilia, Mun-Gwan, Eni,
Maria Jesus, Frauke, Arash, Maria, är vi ännu fler?

Tack Susanna och Arash, mina två exjobbare. Arash, det känns som att jag knappt
handledde dig eftersom du är så skicklig på det du gör. Men tack för att jag fick lägga mig
i och tack för att du så tappert kämpar vidare med mina (och dina egna) grejer nu. Tack
också Fredrik och Fredrik som tillsammans med Arash gjorde ett fantastiskt bra kandi-
datexjobb om PPP som gör att jag slapp trassla ur den härvan inför avhandlingen.

Basia. Du var min idol när jag började på KTH, och tänk att jag fick bli din vän. Jag
värdesätter din omtanke och din värme otroligt mycket, även om jag inte är så bra på att
visa sånt här tjafs. Äh, du fattar nog. Annapanna Konrad, världens bästa person. Du
är så sprudlande och fin att jag bara flinar när du är med. Du är en sann inspiratör och jag
är ditt största fan! Helena, grymmaste forskaren med egen personal redan som doktorand.
Tack för att du labbade mina geler när jag inte orkade (jag tror inte beta-mercaptoetanol
är så skadligt för foster, men det luktar illa så det var skönt att slippa). Sverker, vi tog en

97



Present investigations

fight tillsammans som kvalar in som topp tre mest spännande dagar under doktorandtiden.
Tack för att du stod vid min sida, jag beundrar dig trots att du tycker bättre om katter
än bäbisar.

Tack alla ni som har gjort den här tiden tiden ännu roligare och trevligare än man hade kun-
nat vänta sig: Rumskompisar i snyggrummet på AlbaNova (Daniel, Rebecka, Mårten
S., Basia, Anna P., Helena, Johanna S., Feifan), office friends at SciLife (Bastiaan,
Mark, Cecilia, Elin, Julie, Frauke, Maria Jesus), Seppengänget (Joel, Anna P.,
Karin, Johanna, Marcus, Basia, Håkan, Cilla, Camilla, Helena, Ulrika mfl),
övriga fellow companions (Erik V., Sebastian, Hammou) och alla ni som inte nämns
vid namn.

Tack all administrativ personal som hjälper till när jag varit som mest vilsen; Kristina,
Lotta och fantastiska Martina på SciLife. Tack till Fredrik för all datorhjälp!

Tack Petter Boutz (kemilärare på tekniskt basår i Kista 2002-2003) för att du ledde in
mig på den här vägen. Och tack för att du gav samma råd till Mårten så att vi kunde
träffas, gifta oss och få en liten dotter.

Tack Johanna! Du har funnits där sedan första dagen på KTH och jag kan alltid lita
på dig! Tack Magdalena för alla skratt, med och utan barn. Alla övriga KTH-vänner:
rosa, gyllengula och allt däremellan. Det är roligt att plugga och forska tack vare er! Tack
yoga-Christine för avslappningen. Tack också bollgympagänget och mammagruppen för
forskningsbefriat häng.

Sist men inte minst, tack min fantastiska familj! Tack mamma och pappa för att ni
avledde mig från läxorna ibland och tack för all tveklösa hjälp när det verkligen behövs.
Tack Katta, Anders, Alice, Bianca och Carl-Bertil för att ni tror att jag är ett
snille, och forsätt skicka barna till oss för matte och kemihjälp! Tack Annika, Mika,
Matilda och Julia för er oslagbara gästfrihet. Tack Karl för att du ensam bekostat hela
forskarutbildningen. Tack Bea för de härliga avbrotten som utförsäljningarna har varit.
Tack Elmer och Lilja för att ni alltid är så glada och roliga att leka med. Tack Hasse
och Lena för allt, men mest tack för att ni gjorde Mårten så bra. Tack Åsa och Magnus
för mysiga häng, både på landet och på klippväggen.

Mårten och lilla Märta, tack för att ni finns. Mårten, du är min bästa vän. Tack för att
du bäst av alla får mig att slappna av och njuta av livet. Märta, tack för att du kom till
oss mitt i alltihop. Jag tycker så mycket om att vara din mamma och jag älskar att åka
rulltrappa och plyplan med dig!

98



Chapter 6

Bibliography

[1] N Leigh Anderson and Norman G Anderson. The human plasma proteome: history, character, and
diagnostic prospects. Mol Cell Proteomics, 1(11):845–67, Nov 2002.

[2] Mathias Uhlén. Affinity as a tool in life science. BioTechniques, 44(5):649–54, Apr 2008.

[3] E S Lander, L M Linton, B Birren, C Nusbaum, M C Zody, J Baldwin, K Devon, K Dewar, M Doyle,
W FitzHugh, R Funke, D Gage, K Harris, A Heaford, J Howland, L Kann, J Lehoczky, R LeVine,
P McEwan, K McKernan, J Meldrim, J P Mesirov, C Miranda, W Morris, J Naylor, C Raymond,
M Rosetti, R Santos, A Sheridan, C Sougnez, N Stange-Thomann, N Stojanovic, A Subramanian,
D Wyman, J Rogers, J Sulston, R Ainscough, S Beck, D Bentley, J Burton, C Clee, N Carter,
A Coulson, R Deadman, P Deloukas, A Dunham, I Dunham, R Durbin, L French, D Grafham,
S Gregory, T Hubbard, S Humphray, A Hunt, M Jones, C Lloyd, A McMurray, L Matthews, S Mer-
cer, S Milne, J C Mullikin, A Mungall, R Plumb, M Ross, R Shownkeen, S Sims, R H Waterston,
R K Wilson, L W Hillier, J D McPherson, M A Marra, E R Mardis, L A Fulton, A T Chinwalla,
K H Pepin, W R Gish, S L Chissoe, M C Wendl, K D Delehaunty, T L Miner, A Delehaunty, J B
Kramer, L L Cook, R S Fulton, D L Johnson, P J Minx, S W Clifton, T Hawkins, E Branscomb,
P Predki, P Richardson, S Wenning, T Slezak, N Doggett, J F Cheng, A Olsen, S Lucas, C Elkin,
E Uberbacher, M Frazier, R A Gibbs, D M Muzny, S E Scherer, J B Bouck, E J Sodergren, K C
Worley, C M Rives, J H Gorrell, M L Metzker, S L Naylor, R S Kucherlapati, D L Nelson, G M
Weinstock, Y Sakaki, A Fujiyama, M Hattori, T Yada, A Toyoda, T Itoh, C Kawagoe, H Watan-
abe, Y Totoki, T Taylor, J Weissenbach, R Heilig, W Saurin, F Artiguenave, P Brottier, T Bruls,
E Pelletier, C Robert, P Wincker, D R Smith, L Doucette-Stamm, M Rubenfield, K Weinstock,
H M Lee, J Dubois, A Rosenthal, M Platzer, G Nyakatura, S Taudien, A Rump, H Yang, J Yu,
J Wang, G Huang, J Gu, L Hood, L Rowen, A Madan, S Qin, R W Davis, N A Federspiel, A P
Abola, M J Proctor, R M Myers, J Schmutz, M Dickson, J Grimwood, D R Cox, M V Olson, R Kaul,
C Raymond, N Shimizu, K Kawasaki, S Minoshima, G A Evans, M Athanasiou, R Schultz, B A Roe,
F Chen, H Pan, J Ramser, H Lehrach, R Reinhardt, W R McCombie, M de la Bastide, N Dedhia,
H Blöcker, K Hornischer, G Nordsiek, R Agarwala, L Aravind, J A Bailey, A Bateman, S Batzoglou,
E Birney, P Bork, D G Brown, C B Burge, L Cerutti, H C Chen, D Church, M Clamp, R R Copley,
T Doerks, S R Eddy, E E Eichler, T S Furey, J Galagan, J G Gilbert, C Harmon, Y Hayashizaki,
D Haussler, H Hermjakob, K Hokamp, W Jang, L S Johnson, T A Jones, S Kasif, A Kaspryzk,
S Kennedy, W J Kent, P Kitts, E V Koonin, I Korf, D Kulp, D Lancet, T M Lowe, A McLysaght,

99



Bibliography

T Mikkelsen, J V Moran, N Mulder, V J Pollara, C P Ponting, G Schuler, J Schultz, G Slater, A F
Smit, E Stupka, J Szustakowski, D Thierry-Mieg, J Thierry-Mieg, L Wagner, J Wallis, R Wheeler,
A Williams, Y I Wolf, K H Wolfe, S P Yang, R F Yeh, F Collins, M S Guyer, J Peterson, A Felsen-
feld, K A Wetterstrand, A Patrinos, M J Morgan, P de Jong, J J Catanese, K Osoegawa, H Shizuya,
S Choi, Y J Chen, J Szustakowki, and International Human Genome Sequencing Consortium. Initial
sequencing and analysis of the human genome. Nature, 409(6822):860–921, Feb 2001.

[4] J C Venter, M D Adams, E W Myers, P W Li, R J Mural, G G Sutton, H O Smith, M Yandell, C A
Evans, R A Holt, J D Gocayne, P Amanatides, R M Ballew, D H Huson, J R Wortman, Q Zhang,
C D Kodira, X H Zheng, L Chen, M Skupski, G Subramanian, P D Thomas, J Zhang, G L Gabor
Miklos, C Nelson, S Broder, A G Clark, J Nadeau, V A McKusick, N Zinder, A J Levine, R J
Roberts, M Simon, C Slayman, M Hunkapiller, R Bolanos, A Delcher, I Dew, D Fasulo, M Flanigan,
L Florea, A Halpern, S Hannenhalli, S Kravitz, S Levy, C Mobarry, K Reinert, K Remington, J Abu-
Threideh, E Beasley, K Biddick, V Bonazzi, R Brandon, M Cargill, I Chandramouliswaran, R Char-
lab, K Chaturvedi, Z Deng, V Di Francesco, P Dunn, K Eilbeck, C Evangelista, A E Gabrielian,
W Gan, W Ge, F Gong, Z Gu, P Guan, T J Heiman, M E Higgins, R R Ji, Z Ke, K A Ketchum,
Z Lai, Y Lei, Z Li, J Li, Y Liang, X Lin, F Lu, G V Merkulov, N Milshina, H M Moore, A K Naik,
V A Narayan, B Neelam, D Nusskern, D B Rusch, S Salzberg, W Shao, B Shue, J Sun, Z Wang,
A Wang, X Wang, J Wang, M Wei, R Wides, C Xiao, C Yan, A Yao, J Ye, M Zhan, W Zhang,
H Zhang, Q Zhao, L Zheng, F Zhong, W Zhong, S Zhu, S Zhao, D Gilbert, S Baumhueter, G Spier,
C Carter, A Cravchik, T Woodage, F Ali, H An, A Awe, D Baldwin, H Baden, M Barnstead, I Bar-
row, K Beeson, D Busam, A Carver, A Center, M L Cheng, L Curry, S Danaher, L Davenport,
R Desilets, S Dietz, K Dodson, L Doup, S Ferriera, N Garg, A Gluecksmann, B Hart, J Haynes,
C Haynes, C Heiner, S Hladun, D Hostin, J Houck, T Howland, C Ibegwam, J Johnson, F Kalush,
L Kline, S Koduru, A Love, F Mann, D May, S McCawley, T McIntosh, I McMullen, M Moy,
L Moy, B Murphy, K Nelson, C Pfannkoch, E Pratts, V Puri, H Qureshi, M Reardon, R Rodriguez,
Y H Rogers, D Romblad, B Ruhfel, R Scott, C Sitter, M Smallwood, E Stewart, R Strong, E Suh,
R Thomas, N N Tint, S Tse, C Vech, G Wang, J Wetter, S Williams, M Williams, S Windsor,
E Winn-Deen, K Wolfe, J Zaveri, K Zaveri, J F Abril, R Guigó, M J Campbell, K V Sjolander,
B Karlak, A Kejariwal, H Mi, B Lazareva, T Hatton, A Narechania, K Diemer, A Muruganujan,
N Guo, S Sato, V Bafna, S Istrail, R Lippert, R Schwartz, B Walenz, S Yooseph, D Allen, A Basu,
J Baxendale, L Blick, M Caminha, J Carnes-Stine, P Caulk, Y H Chiang, M Coyne, C Dahlke,
A Mays, M Dombroski, M Donnelly, D Ely, S Esparham, C Fosler, H Gire, S Glanowski, K Glasser,
A Glodek, M Gorokhov, K Graham, B Gropman, M Harris, J Heil, S Henderson, J Hoover, D Jen-
nings, C Jordan, J Jordan, J Kasha, L Kagan, C Kraft, A Levitsky, M Lewis, X Liu, J Lopez, D Ma,
W Majoros, J McDaniel, S Murphy, M Newman, T Nguyen, N Nguyen, M Nodell, S Pan, J Peck,
M Peterson, W Rowe, R Sanders, J Scott, M Simpson, T Smith, A Sprague, T Stockwell, R Turner,
E Venter, M Wang, M Wen, D Wu, M Wu, A Xia, A Zandieh, and X Zhu. The sequence of the
human genome. Science, 291(5507):1304–51, Feb 2001.

[5] Jennifer Harrow, Adam Frankish, Jose M Gonzalez, Electra Tapanari, Mark Diekhans, Felix Kokocin-
ski, Bronwen L Aken, Daniel Barrell, Amonida Zadissa, Stephen Searle, If Barnes, Alexandra Bignell,
Veronika Boychenko, Toby Hunt, Mike Kay, Gaurab Mukherjee, Jeena Rajan, Gloria Despacio-
Reyes, Gary Saunders, Charles Steward, Rachel Harte, Michael Lin, Cédric Howald, Andrea Tanzer,
Thomas Derrien, Jacqueline Chrast, Nathalie Walters, Suganthi Balasubramanian, Baikang Pei,
Michael Tress, Jose Manuel Rodriguez, Iakes Ezkurdia, Jeltje van Baren, Michael Brent, David
Haussler, Manolis Kellis, Alfonso Valencia, Alexandre Reymond, Mark Gerstein, Roderic Guigó,

100



Bibliography

and Tim J Hubbard. Gencode: the reference human genome annotation for the encode project.
Genome Res, 22(9):1760–74, Sep 2012.

[6] Paul Flicek, Ikhlak Ahmed, M Ridwan Amode, Daniel Barrell, Kathryn Beal, Simon Brent, Denise
Carvalho-Silva, Peter Clapham, Guy Coates, Susan Fairley, Stephen Fitzgerald, Laurent Gil, Carlos
García-Girón, Leo Gordon, Thibaut Hourlier, Sarah Hunt, Thomas Juettemann, Andreas K Kähäri,
Stephen Keenan, Monika Komorowska, Eugene Kulesha, Ian Longden, Thomas Maurel, William M
McLaren, Matthieu Muffato, Rishi Nag, Bert Overduin, Miguel Pignatelli, Bethan Pritchard, Emily
Pritchard, Harpreet Singh Riat, Graham R S Ritchie, Magali Ruffier, Michael Schuster, Daniel Shep-
pard, Daniel Sobral, Kieron Taylor, Anja Thormann, Stephen Trevanion, Simon White, Steven P
Wilder, Bronwen L Aken, Ewan Birney, Fiona Cunningham, Ian Dunham, Jennifer Harrow, Javier
Herrero, Tim J P Hubbard, Nathan Johnson, Rhoda Kinsella, Anne Parker, Giulietta Spudich,
Andy Yates, Amonida Zadissa, and Stephen M J Searle. Ensembl 2013. Nucleic Acids Research,
41(D1):D48–55, Jan 2013.

[7] UniProt Consortium. Reorganizing the protein space at the universal protein resource (uniprot).
Nucleic Acids Research, 40(Database issue):D71–5, Jan 2012.

[8] A HenschenEdman. Fibrinogen non-inherited heterogeneity and its relationship to function in health
and disease. Ann N Y Acad Sci, 936:580–93, Jan 2001.

[9] Ruedi Aebersold and Matthias Mann. Mass spectrometry-based proteomics. Nature, 422(6928):198–
207, Mar 2003.

[10] Jürgen Cox and Matthias Mann. Quantitative, high-resolution proteomics for data-driven systems
biology. Annu Rev Biochem, 80:273–99, Jun 2011.

[11] Paola Picotti and Ruedi Aebersold. Selected reaction monitoring-based proteomics: workflows,
potential, pitfalls and future directions. Nat Methods, 9(6):555–66, Jun 2012.

[12] Paola Picotti, Bernd Bodenmiller, and Ruedi Aebersold. Proteomics meets the scientific method.
Nat Methods, 10(1):24–7, Jan 2013.

[13] Sebastian Wiese, Kai A Reidegeld, Helmut E Meyer, and Bettina Warscheid. Protein labeling by
itraq: a new tool for quantitative mass spectrometry in proteome research. Proteomics, 7(3):340–50,
Feb 2007.

[14] Tamar Geiger, Juergen Cox, Pawel Ostasiewicz, Jacek R Wisniewski, and Matthias Mann. Super-
silac mix for quantitative proteomics of human tumor tissue. Nat Methods, 7(5):383–5, May 2010.

[15] Oda Stoevesandt and Michael J Taussig. Affinity proteomics: the role of specific binding reagents
in human proteome analysis. Expert review of proteomics, 9(4):401–14, Aug 2012.

[16] Mathias Uhlén, Erik Björling, Charlotta Agaton, Cristina Al-Khalili Szigyarto, Bahram Amini,
Elisabet Andersen, Ann-Catrin Andersson, Pia Angelidou, Anna Asplund, Caroline Asplund, Lisa
Berglund, Kristina Bergström, Harry Brumer, Dijana Cerjan, Marica Ekström, Adila Elobeid, Cecilia
Eriksson, Linn Fagerberg, Ronny Falk, Jenny Fall, Mattias Forsberg, Marcus Gry Björklund, Kristof-
fer Gumbel, Asif Halimi, Inga Hallin, Carl Hamsten, Marianne Hansson, My Hedhammar, Görel Her-
cules, Caroline Kampf, Karin Larsson, Mats Lindskog, Wald Lodewyckx, Jan Lund, Joakim Lunde-
berg, Kristina Magnusson, Erik Malm, Peter Nilsson, Jenny Odling, Per Oksvold, Ingmarie Olsson,
Emma Oster, Jenny Ottosson, Linda Paavilainen, Anja Persson, Rebecca Rimini, Johan Rockberg,
Marcus Runeson, Asa Sivertsson, Anna Sköllermo, Johanna Steen, Maria Stenvall, Fredrik Sterky,
Sara Strömberg, Mårten Sundberg, Hanna Tegel, Samuel Tourle, Eva Wahlund, Annelie Waldén,

101



Bibliography

Jinghong Wan, Henrik Wernérus, Joakim Westberg, Kenneth Wester, Ulla Wrethagen, Lan Lan Xu,
Sophia Hober, and Fredrik Pontén. A human protein atlas for normal and cancer tissues based on
antibody proteomics. Mol Cell Proteomics, 4(12):1920–32, Dec 2005.

[17] Mathias Uhlen, Per Oksvold, Linn Fagerberg, Emma Lundberg, Kalle Jonasson, Mattias Forsberg,
Martin Zwahlen, Caroline Kampf, Kenneth Wester, Sophia Hober, Henrik Wernerus, Lisa Björling,
and Fredrik Ponten. Towards a knowledge-based human protein atlas. Nat Biotechnol, 28(12):1248–
50, Dec 2010.

[18] Fredrik Pontén, Marcus Gry, Linn Fagerberg, Emma Lundberg, Anna Asplund, Lisa Berglund,
Per Oksvold, Erik Björling, Sophia Hober, Caroline Kampf, Sanjay Navani, Peter Nilsson, Jenny
Ottosson, Anja Persson, Henrik Wernérus, Kenneth Wester, and Mathias Uhlén. A global view of
protein expression in human cells, tissues, and organs. Mol Syst Biol, 5:337, Jan 2009.

[19] Peter Nilsson, Linda Paavilainen, Karin Larsson, Jenny Odling, Mårten Sundberg, Ann-Catrin An-
dersson, Caroline Kampf, Anja Persson, Cristina Al-Khalili Szigyarto, Jenny Ottosson, Erik Björling,
Sophia Hober, Henrik Wernérus, Kenneth Wester, Fredrik Pontén, and Mathias Uhlen. Towards a
human proteome atlas: high-throughput generation of mono-specific antibodies for tissue profiling.
Proteomics, 5(17):4327–37, Nov 2005.

[20] Thomas J Kindt, Richard A Goldsby, and Barbara A Osborne. Kuby immunology, sixth edition.
W.H. Freeman and Company, New York, 2007.

[21] Marcela Torres and Arturo Casadevall. The immunoglobulin constant region contributes to affinity
and specificity. Trends Immunol, 29(2):91–7, Feb 2008.

[22] R M MacCallum, A C Martin, and J M Thornton. Antibody-antigen interactions: contact analysis
and binding site topography. J Mol Biol, 262(5):732–45, Oct 1996.

[23] L J Harris, S B Larson, K W Hasel, and A McPherson. Refined structure of an intact igg2a
monoclonal antibody. Biochemistry, 36(7):1581–97, Feb 1997.

[24] H M Geysen, J A Tainer, S J Rodda, T J Mason, H Alexander, E D Getzoff, and R A Lerner.
Chemistry of antibody binding to a protein. Science, 235(4793):1184–90, Mar 1987.

[25] Johan Rockberg, John Löfblom, Barbara Hjelm, Mathias Uhlén, and Stefan Ståhl. Epitope mapping
of antibodies using bacterial surface display. Nat Methods, 5(12):1039–45, Dec 2008.

[26] M Uhlén, B Guss, B Nilsson, S Gatenbeck, L Philipson, and M Lindberg. Complete sequence of the
staphylococcal gene encoding protein a. a gene evolved through multiple duplications. The Journal
of Biological Chemistry, 259(3):1695–702, Feb 1984.

[27] B Guss, M Eliasson, A Olsson, M Uhlén, A K Frej, H Jörnvall, J I Flock, and M Lindberg. Structure
of the igg-binding regions of streptococcal protein g. EMBO J, 5(7):1567–75, Jul 1986.

[28] G Köhler and C Milstein. Continuous cultures of fused cells secreting antibody of predefined speci-
ficity. Nature, 256(5517):495–7, Aug 1975.

[29] Federico De Masi, Pieranna Chiarella, Heike Wilhelm, Marzia Massimi, Belinda Bullard, Wilhelm
Ansorge, and Alan Sawyer. High throughput production of mouse monoclonal antibodies using
antigen microarrays. Proteomics, 5(16):4070–81, Nov 2005.

[30] Zhe Yu, Li Liu, Xiaobo Yu, Jun Chi, Huanhuan Han, Ying Liu, Wei He, Qihong Sun, Jianen Gao, and
Danke Xu. High-throughput antibody generation using multiplexed immunization and immunogen
array analysis. J Biomol Screen, 15(10):1260–7, Dec 2010.

102



Bibliography

[31] Jun Seop Jeong, Lizhi Jiang, Edisa Albino, Josean Marrero, Hee Sool Rho, Jianfei Hu, Shaohui
Hu, Carlos Vera, Diane Bayron-Poueymiroy, Zully Ann Rivera-Pacheco, Leonardo Ramos, Cecil
Torres-Castro, Jiang Qian, Joseph Bonaventura, Jef D Boeke, Wendy Y Yap, Ignacio Pino, Daniel J
Eichinger, Heng Zhu, and Seth Blackshaw. Rapid identification of monospecific monoclonal anti-
bodies using a human proteome microarray. Mol Cell Proteomics, 11(6):O111.016253, Jun 2012.

[32] Sebastian Grimm, Feifan Yu, and Per-Åke Nygren. Ribosome display selection of a murine igg1
fab binding affibody molecule allowing species selective recovery of monoclonal antibodies. Mol
Biotechnol, 48(3):263–76, Jul 2011.

[33] Andrew R M Bradbury, Sachdev Sidhu, Stefan Dübel, and John McCafferty. Beyond natural anti-
bodies: the power of in vitro display technologies. Nat Biotechnol, 29(3):245–54, Mar 2011.

[34] Cornelia Steinhauer, Christer Wingren, Ann-Christin Malmborg Hager, and Carl A K Borrebaeck.
Single framework recombinant antibody fragments designed for protein chip applications. BioTech-
niques, Suppl:38–45, Dec 2002.

[35] Michael Hust, Torsten Meyer, Bernd Voedisch, Torsten Rülker, Holger Thie, Aymen El-Ghezal,
Martina Inga Kirsch, Mark Schütte, Saskia Helmsing, Doris Meier, Thomas Schirrmann, and Stefan
Dübel. A human scfv antibody generation pipeline for proteome research. J Biotechnol, 152(4):159–
70, Apr 2011.

[36] S Muyldermans, T N Baral, V Cortez Retamozzo, P De Baetselier, E De Genst, J Kinne, H Leon-
hardt, S Magez, V K Nguyen, H Revets, U Rothbauer, B Stijlemans, S Tillib, U Wernery, L Wyns,
Gh Hassanzadeh-Ghassabeh, and D Saerens. Camelid immunoglobulins and nanobody technology.
Vet Immunol Immunopathol, 128(1-3):178–83, Mar 2009.

[37] K Nord, E Gunneriusson, J Ringdahl, S Ståhl, M Uhlén, and P A Nygren. Binding proteins selected
from combinatorial libraries of an alpha-helical bacterial receptor domain. Nat Biotechnol, 15(8):772–
7, Aug 1997.

[38] Per-Ake Nygren. Alternative binding proteins: affibody binding proteins developed from a small
three-helix bundle scaffold. FEBS J, 275(11):2668–76, Jun 2008.

[39] P A Nygren, M Eliasson, L Abrahmsén, M Uhlén, and E Palmcrantz. Analysis and use of the serum
albumin binding domains of streptococcal protein g. J Mol Recognit, 1(2):69–74, Apr 1988.

[40] Johan Nilvebrant, Tove Alm, Sophia Hober, and John Löfblom. Engineering bispecificity into a
single albumin-binding domain. PLoS ONE, 6(10):e25791, Jan 2011.

[41] Christian Zahnd, Emanuel Wyler, Jochen M Schwenk, Daniel Steiner, Michael C Lawrence, Neil M
McKern, Frédéric Pecorari, Colin W Ward, Thomas O Joos, and Andreas Plückthun. A designed
ankyrin repeat protein evolved to picomolar affinity to her2. J Mol Biol, 369(4):1015–28, Jun 2007.

[42] Larry Gold, Deborah Ayers, Jennifer Bertino, Christopher Bock, Ashley Bock, Edward N Brody, Jeff
Carter, Andrew B Dalby, Bruce E Eaton, Tim Fitzwater, Dylan Flather, Ashley Forbes, Trudi Fore-
man, Cate Fowler, Bharat Gawande, Meredith Goss, Magda Gunn, Shashi Gupta, Dennis Halladay,
Jim Heil, Joe Heilig, Brian Hicke, Gregory Husar, Nebojsa Janjic, Thale Jarvis, Susan Jennings,
Evaldas Katilius, Tracy R Keeney, Nancy Kim, Tad H Koch, Stephan Kraemer, Luke Kroiss, Ngan
Le, Daniel Levine, Wes Lindsey, Bridget Lollo, Wes Mayfield, Mike Mehan, Robert Mehler, Sally K
Nelson, Michele Nelson, Dan Nieuwlandt, Malti Nikrad, Urs Ochsner, Rachel M Ostroff, Matt Otis,
Thomas Parker, Steve Pietrasiewicz, Daniel I Resnicow, John Rohloff, Glenn Sanders, Sarah Sattin,
Daniel Schneider, Britta Singer, Martin Stanton, Alana Sterkel, Alex Stewart, Suzanne Stratford,

103



Bibliography

Jonathan D Vaught, Mike Vrkljan, Jeffrey J Walker, Mike Watrobka, Sheela Waugh, Allison Weiss,
Sheri K Wilcox, Alexey Wolfson, Steven K Wolk, Chi Zhang, and Dom Zichi. Aptamer-based
multiplexed proteomic technology for biomarker discovery. PLoS ONE, 5(12):e15004, Jan 2010.

[43] Larry Gold, Jeffrey J Walker, Sheri K Wilcox, and Stephen Williams. Advances in human proteomics
at high scale with the somascan proteomics platform. New Biotechnology, 29(5):543–9, Jun 2012.

[44] R Ekins and P Edwards. On the meaning of "sensitivity". Clinical Chemistry, 43(10):1824–31, Oct
1997.

[45] Jörgen Vessman, Raluca I Stefan, Jacobus F van Staden, Klaus Danzer, Wolfgang Lindner, Dun-
can Thorburn Burns, Ales Fajgelj, and Helmut Muller. Selectivity in analytical chemistry (iupac
recommendations 2001). Pure and Applied Chemistry, 73(8):1381–1386, Oct 2001.

[46] E D Getzoff, H M Geysen, S J Rodda, H Alexander, J A Tainer, and R A Lerner. Mechanisms of
antibody binding to a protein. Science, 235(4793):1191–6, Mar 1987.

[47] B C Braden, B A Fields, and R J Poljak. Conservation of water molecules in an antibody-antigen
interaction. J Mol Recognit, 8(5):317–25, Jan 1995.

[48] Hongtao Yu and Steven W Rick. Free energy, entropy, and enthalpy of a water molecule in various
protein environments. J Phys Chem B, 114(35):11552–60, Sep 2010.

[49] M Malmqvist. Surface plasmon resonance for detection and measurement of antibody-antigen affinity
and kinetics. Curr Opin Immunol, 5(2):282–6, Apr 1993.

[50] T O Joos, M Schrenk, P Höpfl, K Kröger, U Chowdhury, D Stoll, D Schörner, M Dürr, K Her-
ick, S Rupp, K Sohn, and H Hämmerle. A microarray enzyme-linked immunosorbent assay for
autoimmune diagnostics. Electrophoresis, 21(13):2641–50, Jul 2000.

[51] Anders Holm, Weiwei Wu, and Fridtjof Lund-Johansen. Antibody array analysis of labelled pro-
teomes: how should we control specificity? New Biotechnology, pages 1–8, Aug 2011.

[52] Wlad Kusnezow, Virryan Banzon, Christoph Schröder, René Schaal, Jörg D Hoheisel, Sven Rüffer,
Petra Luft, Albert Duschl, and Yana V Syagailo. Antibody microarray-based profiling of complex
specimens: systematic evaluation of labeling strategies. Proteomics, 7(11):1786–99, Jun 2007.

[53] Christer Wingren and Carl Ak Borrebaeck. Antibody microarray analysis of directly labelled complex
proteomes. Curr Opin Biotechnol, 19(1):55–61, Feb 2008.

[54] Oliver Poetz, Tanja Henzler, Michael Hartmann, Cornelia Kazmaier, Markus F Templin, Thomas
Herget, and Thomas O Joos. Sequential multiplex analyte capturing for phosphoprotein profiling.
Mol Cell Proteomics, 9(11):2474–81, Nov 2010.

[55] David M Rissin, Cheuk W Kan, Todd G Campbell, Stuart C Howes, David R Fournier, Linan
Song, Tomasz Piech, Purvish P Patel, Lei Chang, Andrew J Rivnak, Evan P Ferrell, Jeffrey D
Randall, Gail K Provuncher, David R Walt, and David C Duffy. Single-molecule enzyme-linked
immunosorbent assay detects serum proteins at subfemtomolar concentrations. Nat Biotechnol,
28(6):595–599, Jun 2010.

[56] Asaf Madi, Sharron Bransburg-Zabary, Dror Y Kenett, Eshel Ben-Jacob, and Irun R Cohen. The
natural autoantibody repertoire in newborns and adults: a current overview. Adv Exp Med Biol,
750:198–212, Jan 2012.

104



Bibliography

[57] Tito Bacarese-Hamilton, Francesco Bistoni, and Andrea Crisanti. Protein microarrays: from serodi-
agnosis to whole proteome scale analysis of the immune response against pathogenic microorganisms.
BioTechniques, Suppl:24–9, Dec 2002.

[58] Søren Buus, Johan Rockberg, Björn Forsström, Peter Nilsson, Mathias Uhlen, and Claus Schafer-
Nielsen. High-resolution mapping of linear antibody epitopes using ultrahigh-density peptide mi-
croarrays. Mol Cell Proteomics, 11(12):1790–800, Dec 2012.

[59] Shaohui Hu, Zhi Xie, Jiang Qian, Seth Blackshaw, and Heng Zhu. Functional protein microarray
technology. Wiley Interdiscip Rev Syst Biol Med, 3(3):255–68, Jan 2011.

[60] Carl Hamsten, Georgina Tjipura-Zaire, Laura McAuliffe, Otto J B Huebschle, Massimo Scacchia,
Roger D Ayling, and Anja Persson. Protein-specific analysis of humoral immune responses in a clinical
trial for vaccines against contagious bovine pleuropneumonia. Clin Vaccine Immunol, 17(5):853–61,
May 2010.

[61] Structural Genomics Consortium, China Structural Genomics Consortium, Northeast Structural Ge-
nomics Consortium, Susanne Gräslund, Pär Nordlund, Johan Weigelt, B Martin Hallberg, James
Bray, Opher Gileadi, Stefan Knapp, Udo Oppermann, Cheryl Arrowsmith, Raymond Hui, Jin-
rong Ming, Sirano dhe Paganon, Hee won Park, Alexei Savchenko, Adelinda Yee, Aled Edwards,
Renaud Vincentelli, Christian Cambillau, Rosalind Kim, Sung-Hou Kim, Zihe Rao, Yunyu Shi,
Thomas C Terwilliger, Chang-Yub Kim, Li-Wei Hung, Geoffrey S Waldo, Yoav Peleg, Shira Al-
beck, Tamar Unger, Orly Dym, Jaime Prilusky, Joel L Sussman, Ray C Stevens, Scott A Lesley,
Ian A Wilson, Andrzej Joachimiak, Frank Collart, Irina Dementieva, Mark I Donnelly, William H
Eschenfeldt, Youngchang Kim, Lucy Stols, Ruying Wu, Min Zhou, Stephen K Burley, J Spencer
Emtage, J Michael Sauder, Devon Thompson, Kevin Bain, John Luz, Tarun Gheyi, Fred Zhang,
Shane Atwell, Steven C Almo, Jeffrey B Bonanno, Andras Fiser, Sivasubramanian Swaminathan,
F William Studier, Mark R Chance, Andrej Sali, Thomas B Acton, Rong Xiao, Li Zhao, Li Chung
Ma, John F Hunt, Liang Tong, Kellie Cunningham, Masayori Inouye, Stephen Anderson, Heleema
Janjua, Ritu Shastry, Chi Kent Ho, Dongyan Wang, Huang Wang, Mei Jiang, Gaetano T Monte-
lione, David I Stuart, Raymond J Owens, Susan Daenke, Anja Schütz, Udo Heinemann, Shigeyuki
Yokoyama, Konrad Büssow, and Kristin C Gunsalus. Protein production and purification. Nat
Methods, 5(2):135–46, Feb 2008.

[62] Hanna Tegel, Johanna Steen, Anna Konrad, Hero Nikdin, Katarina Pettersson, Maria Stenvall,
Samuel Tourle, Ulla Wrethagen, LanLan Xu, Louise Yderland, Mathias Uhlén, Sophia Hober, and
Jenny Ottosson. High-throughput protein production–lessons from scaling up from 10 to 288 recom-
binant proteins per week. Biotechnol. J., 4(1):51–7, Jan 2009.

[63] Nicklas Bonander and Roslyn M Bill. Optimising yeast as a host for recombinant protein production
(review). Methods Mol Biol, 866:1–9, Jan 2012.

[64] David S Waugh. Making the most of affinity tags. Trends Biotechnol, 23(6):316–20, Jun 2005.

[65] Dominic Esposito and Deb K Chatterjee. Enhancement of soluble protein expression through the
use of fusion tags. Curr Opin Biotechnol, 17(4):353–8, Aug 2006.

[66] A Sjölander, P A Nygren, S Stahl, K Berzins, M Uhlen, P Perlmann, and R Andersson. The serum
albumin-binding region of streptococcal protein g: a bacterial fusion partner with carrier-related
properties. J Immunol Methods, 201(1):115–23, Feb 1997.

[67] Michael B Murphy and Sharon A Doyle. High-throughput purification of hexahistidine-tagged pro-
teins expressed in e. coli. Methods Mol Biol, 310:123–30, Jan 2005.

105



Bibliography

[68] H Zhu, M Bilgin, R Bangham, D Hall, A Casamayor, P Bertone, N Lan, R Jansen, S Bidlingmaier,
T Houfek, T Mitchell, P Miller, R A Dean, M Gerstein, and M Snyder. Global analysis of protein
activities using proteome chips. Science, 293(5537):2101–5, Sep 2001.

[69] Ronald Sjöberg, Mårten Sundberg, Anna Gundberg, Asa Sivertsson, Jochen M Schwenk, Mathias
Uhlén, and Peter Nilsson. Validation of affinity reagents using antigen microarrays. New Biotech-
nology, 29(5):555–63, Jun 2012.

[70] E Engvall and P Perlmann. Enzyme-linked immunosorbent assay (elisa). quantitative assay of
immunoglobulin g. Immunochemistry, 8(9):871–4, Sep 1971.

[71] R P Ekins. Multi-analyte immunoassay. J Pharm Biomed Anal, 7(2):155–68, Jan 1989.

[72] A C Pease, D Solas, E J Sullivan, M T Cronin, C P Holmes, and S P Fodor. Light-generated
oligonucleotide arrays for rapid dna sequence analysis. Proc Natl Acad Sci USA, 91(11):5022–6, May
1994.

[73] M Schena, D Shalon, R W Davis, and P O Brown. Quantitative monitoring of gene expression
patterns with a complementary dna microarray. Science, 270(5235):467–70, Oct 1995.

[74] Michael Morley, Cliona M Molony, Teresa M Weber, James L Devlin, Kathryn G Ewens, Richard S
Spielman, and Vivian G Cheung. Genetic analysis of genome-wide variation in human gene expres-
sion. Nature, 430(7001):743–7, Aug 2004.

[75] B B Haab, M J Dunham, and P O Brown. Protein microarrays for highly parallel detection
and quantitation of specific proteins and antibodies in complex solutions. Genome Biol, 2(2):RE-
SEARCH0004, Jan 2001.

[76] G MacBeath and S L Schreiber. Printing proteins as microarrays for high-throughput function
determination. Science, 289(5485):1760–3, Sep 2000.

[77] Anna Konrad, Amelie Eriksson Karlström, and Sophia Hober. Covalent immunoglobulin labeling
through a photoactivable synthetic z domain. Bioconjug Chem, 22(12):2395–403, Dec 2011.

[78] Markus F Templin, Dieter Stoll, Monika Schrenk, Petra C Traub, Christian F Vöhringer, and
Thomas O Joos. Protein microarray technology. Trends Biotechnol, 20(4):160–6, Apr 2002.

[79] Zaheer A Parpia and David M Kelso. Empirically optimized flow cytometric immunoassay validates
ambient analyte theory. Anal Biochem, 401(1):1–6, Jun 2010.

[80] R Ekins, F Chu, and E Biggart. Multispot, multianalyte, immunoassay. Ann Biol Clin (Paris),
48(9):655–66, Jan 1990.

[81] P K Horan and L L Wheeless. Quantitative single cell analysis and sorting. Science, 198(4313):149–
57, Oct 1977.

[82] R J Fulton, R L McDade, P L Smith, L J Kienker, and J R Kettman. Advanced multiplexed analysis
with the flowmetrix system. Clinical Chemistry, 43(9):1749–56, Sep 1997.

[83] J R Kettman, T Davies, D Chandler, K G Oliver, and R J Fulton. Classification and properties of
64 multiplexed microsphere sets. Cytometry, 33(2):234–43, Oct 1998.

[84] Heidi Slaastad, Weiwei Wu, Luiz Goullart, Veronika Kanderova, Geir Tjønnfjord, Jan Stuchly, Tomas
Kalina, Anders Holm, and Fridtjof Lund-Johansen. Multiplexed immuno-precipitation with 1725
commercially available antibodies to cellular proteins. Proteomics, 11(23):4578–82, Dec 2011.

106



Bibliography

[85] Sherry A Dunbar. Applications of luminex xmap technology for rapid, high-throughput multiplexed
nucleic acid detection. Clin Chim Acta, 363(1-2):71–82, Jan 2006.

[86] Mai Le. Just bead it! www.luminexcorp.org/blog/just-bead-it, 2012.

[87] James W Jacobson, Kerry G Oliver, Christy Weiss, and John Kettman. Analysis of individual data
from bead-based assays (“bead arrays”). Cytometry, 69A(5):384–390, May 2006.

[88] Sherry Dunbar. Oral communication. Luminex corp., 2009.

[89] Jochen M Schwenk, Johan Lindberg, Mårten Sundberg, Mathias Uhlén, and Peter Nilsson. Deter-
mination of binding specificities in highly multiplexed bead-based assays for antibody proteomics.
Mol Cell Proteomics, 6(1):125–32, Jan 2007.

[90] K Larsson, C Eriksson, J M Schwenk, L Berglund, K Wester, M Uhlén, S Hober, and H Wernérus.
Characterization of prest-based antibodies towards human cytokeratin-17. Journal of Immunological
Methods, 342(1-2):20–32, Mar 2009.

[91] Barbara Hjelm, Björn Forsström, Ulrika Igel, Henrik Johannesson, Charlotte Stadler, Emma Lund-
berg, Fredrik Ponten, Anna Sjöberg, Johan Rockberg, Jochen M Schwenk, Peter Nilsson, Christine
Johansson, and Mathias Uhlén. Generation of monospecific antibodies based on affinity capture of
polyclonal antibodies. Protein Sci, 20(11):1824–35, Nov 2011.

[92] Barbara Hjelm, Carmen Díez Fernández, John Löfblom, Stefan Ståhl, Henrik Johannesson, Johan
Rockberg, and Mathias Uhlén. Exploring epitopes of antibodies toward the human tryptophanyl-trna
synthetase. New Biotechnology, 27(2):129–37, May 2010.

[93] Jochen M Schwenk, Ulrika Igel, Maja Neiman, Hanno Langen, Charlotte Becker, Anders Bjartell,
Fredrik Ponten, Fredrik Wiklund, Henrik Grönberg, Peter Nilsson, and Mathias Uhlen. Toward
next generation plasma profiling via heat-induced epitope retrieval and array-based assays. Mol Cell
Proteomics, 9(11):2497–507, Nov 2010.

[94] S R Shi, R J Cote, and C R Taylor. Antigen retrieval techniques: current perspectives. Journal of
Histochemistry and Cytochemistry, 49(8):931–7, Aug 2001.

[95] Sebastian J Osterfeld, Heng Yu, Richard S Gaster, Stefano Caramuta, Liang Xu, Shu-Jen Han,
Drew A Hall, Robert J Wilson, Shouheng Sun, Robert L White, Ronald W Davis, Nader Pourmand,
and Shan X Wang. Multiplex protein assays based on real-time magnetic nanotag sensing. Proc
Natl Acad Sci USA, 105(52):20637–40, Dec 2008.

[96] Richard S Gaster, Drew A Hall, Carsten H Nielsen, Sebastian J Osterfeld, Heng Yu, Kathleen E
Mach, Robert J Wilson, Boris Murmann, Joseph C Liao, Sanjiv S Gambhir, and Shan X Wang.
Matrix-insensitive protein assays push the limits of biosensors in medicine. Nature Medicine, pages
1–7, Nov 2009.

[97] Richard S Gaster, Liang Xu, Shu-Jen Han, Robert J Wilson, Drew A Hall, Sebastian J Osterfeld,
Heng Yu, and Shan X Wang. Quantification of protein interactions and solution transport using
high-density gmr sensor arrays. Nat Nanotechnol, 6(5):314–20, May 2011.

[98] Scott M Tabakman, Lana Lau, Joshua T Robinson, Jordan Price, Sarah P Sherlock, Hailiang Wang,
Bo Zhang, Zhuo Chen, Stephanie Tangsombatvisit, Justin A Jarrell, Paul J Utz, and Hongjie Dai.
Plasmonic substrates for multiplexed protein microarrays with femtomolar sensitivity and broad
dynamic range. Nature Communications, 2:466–9, Aug 2011.

107



Bibliography

[99] A Bélanger, H van Halbeek, H C Graves, K Grandbois, T A Stamey, L Huang, I Poppe, and F Labrie.
Molecular mass and carbohydrate structure of prostate specific antigen: studies for establishment of
an international psa standard. Prostate, 27(4):187–97, Oct 1995.

[100] David M Rissin, David R Fournier, Tomasz Piech, Cheuk W Kan, Todd G Campbell, Linan Song,
Lei Chang, Andrew J Rivnak, Purvish P Patel, Gail K Provuncher, Evan P Ferrell, Stuart C Howes,
Brian A Pink, Kaitlin A Minnehan, David H Wilson, and David C Duffy. Simultaneous detection of
single molecules and singulated ensembles of molecules enables immunoassays with broad dynamic
range. Anal. Chem., 83(6):2279–2285, Mar 2011.

[101] Lei Chang, David M Rissin, David R Fournier, Tomasz Piech, Purvish P Patel, David H Wilson, and
David C Duffy. Single molecule enzyme-linked immunosorbent assays: theoretical considerations. J
Immunol Methods, 378(1-2):102–15, Apr 2012.

[102] B Schweitzer, S Wiltshire, J Lambert, S O’Malley, K Kukanskis, Z Zhu, S F Kingsmore, P M
Lizardi, and D C Ward. Immunoassays with rolling circle dna amplification: a versatile platform for
ultrasensitive antigen detection. Proc Natl Acad Sci USA, 97(18):10113–9, Aug 2000.

[103] Ola Söderberg, Karl-Johan Leuchowius, Masood Kamali-Moghaddam, Malin Jarvius, Sigrun
Gustafsdottir, Edith Schallmeiner, Mats Gullberg, Jonas Jarvius, and Ulf Landegren. Proximity
ligation: a specific and versatile tool for the proteomic era. Genet Eng (NY), 28:85–93, Jan 2007.

[104] Stephanie A Kazane, Devin Sok, Edward H Cho, Maria Loressa Uson, Peter Kuhn, Peter G Schultz,
and Vaughn V Smider. Site-specific dna-antibody conjugates for specific and sensitive immuno-pcr.
Proc Natl Acad Sci USA, 109(10):3731–6, Mar 2012.

[105] Oda Stoevesandt, Michael J Taussig, and Mingyue He. Producing protein microarrays from dna
microarrays. Methods Mol Biol, 785:265–76, Jan 2011.

[106] C Schroder, A Jacob, S Tonack, T. P Radon, M Sill, M Zucknick, S Ruffer, E Costello, J. P
Neoptolemos, T Crnogorac-Jurcevic, A Bauer, K Fellenberg, and J. D Hoheisel. Dual-color proteomic
profiling of complex samples with a microarray of 810 cancer-related antibodies. Molecular & Cellular
Proteomics, 9(6):1271–1280, Jun 2010.

[107] Mohamed Saiel Saeed Alhamdani, Mahmoud Youns, Malte Buchholz, Thomas M Gress, Marie-Claire
Beckers, Daniel Maréchal, Andrea Bauer, Christoph Schröder, and Jörg D Hoheisel. Immunoassay-
based proteome profiling of 24 pancreatic cancer cell lines. Journal of proteomics, 75(12):3747–59,
Jun 2012.

[108] X Yu, N Schneiderhan-Marra, and T. O Joos. Protein microarrays for personalized medicine. Clinical
Chemistry, 56(3):376–387, Mar 2010.

[109] Carl A K Borrebaeck and Christer Wingren. Design of high-density antibody microarrays for disease
proteomics: key technological issues. Journal of proteomics, 72(6):928–35, Aug 2009.

[110] Johan Ingvarsson, Christer Wingren, Anders Carlsson, Peter Ellmark, Britta Wahren, Gunnel En-
gström, Ulrika Harmenberg, Morten Krogh, Carsten Peterson, and Carl A. K Borrebaeck. De-
tection of pancreatic cancer using antibody microarray-based serum protein profiling. Proteomics,
8(11):2211–2219, Jun 2008.

[111] A Carlsson, C Wingren, M Kristensson, C Rose, M Ferno, H Olsson, H Jernstrom, S Ek, E Gus-
tavsson, C Ingvar, M Ohlsson, C Peterson, and C. A. K Borrebaeck. Molecular serum portraits in
patients with primary breast cancer predict the development of distant metastases. Proceedings of
the National Academy of Sciences, 108(34):14252–14257, Aug 2011.

108



Bibliography

[112] Johan Ingvarsson, Anette Larsson, Anders G Sjöholm, Lennart Truedsson, Bo Jansson, Carl A K
Borrebaeck, and Christer Wingren. Design of recombinant antibody microarrays for serum protein
profiling: targeting of complement proteins. J. Proteome Res., 6(9):3527–36, Sep 2007.

[113] Bradley L Ackermann and Michael J Berna. Coupling immunoaffinity techniques with ms for quanti-
tative analysis of low-abundance protein biomarkers. Expert review of proteomics, 4(2):175–86, Apr
2007.

[114] Michael R Dyson, Yong Zheng, Cunjie Zhang, Karen Colwill, Kritika Pershad, Brian K Kay, Tony
Pawson, and John McCafferty. Mapping protein interactions by combining antibody affinity matu-
ration and mass spectrometry. Anal Biochem, 417(1):25–35, Oct 2011.

[115] Ekaterina Darii, Diane Lebeau, Nelly Papin, Alla Y Rubina, Andrei Stomakhin, Jörg Tost, Sascha
Sauer, Elena Savvateeva, Ekaterina Dementieva, Alexander Zasedatelev, Alexander A Makarov, and
Ivo G Gut. Quantification of target proteins using hydrogel antibody arrays and maldi time-of-flight
mass spectrometry (a2m2s). New Biotechnology, 25(6):404–16, Sep 2009.

[116] Christer Wingren, Peter James, and Carl A K Borrebaeck. Strategy for surveying the proteome
using affinity proteomics and mass spectrometry. Proteomics, 9(6):1511–7, Mar 2009.

[117] Oliver Poetz, Sibylle Hoeppe, Markus F Templin, Dieter Stoll, and Thomas O Joos. Proteome wide
screening using peptide affinity capture. Proteomics, 9(6):1518–1523, Mar 2009.

[118] W S Argraves, H Tran, W H Burgess, and K Dickerson. Fibulin is an extracellular matrix and
plasma glycoprotein with repeated domain structure. J Cell Biol, 111(6 Pt 2):3155–64, Dec 1990.

[119] N Leigh Anderson, Malu Polanski, Rembert Pieper, Tina Gatlin, Radhakrishna S Tirumalai,
Thomas P Conrads, Timothy D Veenstra, Joshua N Adkins, Joel G Pounds, Richard Fagan, and
Anna Lobley. The human plasma proteome: a nonredundant list developed by combination of four
separate sources. Mol Cell Proteomics, 3(4):311–26, Apr 2004.

[120] Agamemnon Despopoulus and Stefan Silbernagl. Blood. Color Atlas of Physiology, 5th edition,
Georg Thieme Verlag, pages 88–104, 2003.

[121] L Anderson and J Seilhamer. A comparison of selected mrna and protein abundances in human
liver. Electrophoresis, 18(3-4):533–7, Jan 1997.

[122] J B Haycraft and C W Duggan. Coagulation of egg and serum albumen, vitellin, and serum globulin,
by heat. J Anat Physiol, 24(Pt 2):288–306, Jan 1890.

[123] F B Seibert, M V Seibert, A J Atno, and H W Campbell. Variation in protein and polysaccharide
content of sera in the chronic diseases, tuberculosis, sarcoidosis, and carcinoma. J Clin Invest,
26(1):90–102, Jan 1947.

[124] Gilbert S Omenn. Exploring the human plasma proteome. Proteomics, 5(13):3223, 3225, Aug 2005.

[125] Gilbert S Omenn, David J States, Marcin Adamski, Thomas W Blackwell, Rajasree Menon, Hen-
ning Hermjakob, Rolf Apweiler, Brian B Haab, Richard J Simpson, James S Eddes, Eugene A
Kapp, Robert L Moritz, Daniel W Chan, Alex J Rai, Arie Admon, Ruedi Aebersold, Jimmy Eng,
William S Hancock, Stanley A Hefta, Helmut Meyer, Young-Ki Paik, Jong-Shin Yoo, Peipei Ping,
Joel Pounds, Joshua Adkins, Xiaohong Qian, Rong Wang, Valerie Wasinger, Chi Yue Wu, Xiaohang
Zhao, Rong Zeng, Alexander Archakov, Akira Tsugita, Ilan Beer, Akhilesh Pandey, Michael Pisano,
Philip Andrews, Harald Tammen, David W Speicher, and Samir M Hanash. Overview of the hupo

109



Bibliography

plasma proteome project: results from the pilot phase with 35 collaborating laboratories and multi-
ple analytical groups, generating a core dataset of 3020 proteins and a publicly-available database.
Proteomics, 5(13):3226–45, Aug 2005.

[126] David J States, Gilbert S Omenn, Thomas W Blackwell, Damian Fermin, Jimmy Eng, David W
Speicher, and Samir M Hanash. Challenges in deriving high-confidence protein identifications from
data gathered by a hupo plasma proteome collaborative study. Nat Biotechnol, 24(3):333–8, Mar
2006.

[127] Alexander W Bell, Eric W Deutsch, Catherine E Au, Robert E Kearney, Ron Beavis, Salvatore Sechi,
Tommy Nilsson, John J M Bergeron, and HUPO Test Sample Working Group. A hupo test sample
study reveals common problems in mass spectrometry-based proteomics. Nat Methods, 6(6):423–30,
Jun 2009.

[128] Lei Huang, Gulia Harvie, Jerald S Feitelson, Kosi Gramatikoff, David A Herold, David L Allen,
Ravi Amunngama, Rachel A Hagler, Michael R Pisano, Wei-Wei Zhang, and Xiangming Fang.
Immunoaffinity separation of plasma proteins by igy microbeads: meeting the needs of proteomic
sample preparation and analysis. Proteomics, 5(13):3314–28, Aug 2005.

[129] Simone Lista, Frank Faltraco, and Harald Hampel. Biological and methodical challenges of blood-
based proteomics in the field of neurological research. Prog Neurobiol, Jun 2012.

[130] Mauro Fasano, Stephen Curry, Enzo Terreno, Monica Galliano, Gabriella Fanali, Pasquale Narciso,
Stefania Notari, and Paolo Ascenzi. The extraordinary ligand binding properties of human serum
albumin. IUBMB Life, 57(12):787–96, Dec 2005.

[131] Charles Richet. Coagulation du sang. Dictionnaire de physiologie, vol 3, pages 1–49, Apr 1898.

[132] willian f ganong. Circulating body fluids. Review of Medical Physiology, twenty-first edition, pages
517–548, 2003.

[133] Elisabetta Incorvaia, Lara Sicouri, Svend K Petersen-Mahrt, and Kerstin-Maike Schmitz. Hormones
and aid: Balancing immunity and autoimmunity. Autoimmunity, Jan 2013.

[134] Sonal Mehra, Jennifer Walker, Karen Patterson, and Marvin J Fritzler. Autoantibodies in systemic
sclerosis. Autoimmun Rev, Jun 2012.

[135] A A Epstein. A contribution to the study of the chemistry of blood serum. J Exp Med, 16(6):719–31,
Dec 1912.

[136] A J Hartland and R H Neary. Serum potassium is unreliable as an estimate of in vivo plasma
potassium. Clinical Chemistry, 45(7):1091–2, Jul 1999.

[137] Sen-Yung Hsieh, Ren-Kung Chen, Yi-Hsin Pan, and Hai-Lun Lee. Systematical evaluation of the
effects of sample collection procedures on low-molecular-weight serum/plasma proteome profiling.
Proteomics, 6(10):3189–3198, May 2006.

[138] Saleh Ayache, Monica C Panelli, Karen M Byrne, Stefanie Slezak, Susan F Leitman, Francesco M
Marincola, and David F Stroncek. Comparison of proteomic profiles of serum, plasma, and modified
media supplements used for cell culture and expansion. J Transl Med, 4:40, Jan 2006.

[139] Jochen M Schwenk, Ulrika Igel, Bernet S Kato, George Nicholson, Fredrik Karpe, Mathias Uhlén,
and Peter Nilsson. Comparative protein profiling of serum and plasma using an antibody suspension
bead array approach. Proteomics, 10(3):532–540, Feb 2010.

110



Bibliography

[140] Maria Pernemalm, Rolf Lewensohn, and Janne Lehtiö. Affinity prefractionation for ms-based plasma
proteomics. Proteomics, 9(6):1420–7, Mar 2009.

[141] Sun W Tam, John Pirro, and Douglas Hinerfeld. Depletion and fractionation technologies in plasma
proteomic analysis. Expert review of proteomics, 1(4):411–20, Dec 2004.

[142] Tao Liu, Wei-Jun Qian, Heather M Mottaz, Marina A Gritsenko, Angela D Norbeck, Ronald J
Moore, Samuel O Purvine, David G Camp, and Richard D Smith. Evaluation of multiprotein
immunoaffinity subtraction for plasma proteomics and candidate biomarker discovery using mass
spectrometry. Mol Cell Proteomics, 5(11):2167–74, Nov 2006.

[143] András Kovács and András Guttman. Medicinal chemistry meets proteomics: fractionation of the
human plasma proteome. Curr Med Chem, Dec 2012.

[144] Youssef Ibrahim, Martin Volkmann, Racha Hassoun, Walter Fiehn, and Heidi Rossmann. Serum
protein electrophoresis: reptilase treatment is superior to ethanol precipitation for specific removal
of fibrinogen from heparinized plasma samples. Clinical Chemistry, 50(6):1100–1; author reply 1101,
Jun 2004.

[145] Olena Zakharchenko, Christina Greenwood, Louise Alldridge, and Serhiy Souchelnytskyi. Optimized
protocol for protein extraction from the breast tissue that is compatible with two-dimensional gel
electrophoresis. Breast Cancer (Auckl), 5:37–42, Jan 2011.

[146] T Kähne and S Ansorge. Non-radioactive labelling and immunoprecipitation analysis of leukocyte
surface proteins using different methods of protein biotinylation. J Immunol Methods, 168(2):209–18,
Feb 1994.

[147] Colin D White and Alex Toker. Using phospho-motif antibodies to determine kinase substrates.
Curr Protoc Mol Biol, Chapter 18:Unit18.20, Jan 2013.

[148] WW Lepeschkin. The heat-coagulation of proteins. Archives des sciences naturelles., pages 1–24,
Sep 1922.

[149] W B Hardy. On the coagulation of proteid by electricity. J Physiol (Lond), 24(3-4):288–304, Jun
1899.

[150] H Chick. On the "heat coagulation" of proteins. J Physiol (Lond), 40(5):404–30, Jul 1910.

[151] H Chick. On the "heat coagulation" of proteins: Part iv. the conditions controlling the agglutination
of proteins already acted upon by hot water. J Physiol (Lond), 45(4):261–95, Oct 1912.

[152] Gerald A Ballou, Paul D Boyer, James Murray Luck, and Finston G Lum. The heat coagulation of
human serum albumin. The Journal of Biological Chemistry, pages 1–17, Feb 1944.

[153] B S Chang, B S Kendrick, and J F Carpenter. Surface-induced denaturation of proteins during
freezing and its inhibition by surfactants. J Pharm Sci, 85(12):1325–30, Dec 1996.

[154] Florin Despa, Dennis P Orgill, and Raphael C Lee. Effects of crowding on the thermal stability of
heterogeneous protein solutions. Ann Biomed Eng, 33(8):1125–1131, Aug 2005.

[155] Florin Despa, Dennis P Orgill, and Raphael C Lee. Molecular crowding effects on protein stability.
Ann N Y Acad Sci, 1066:54–66, Dec 2005.

[156] E C Wong, V E Maher, K Hines, J Lee, C S Carter, T Goletz, W Kopp, C L Mackall, J Berzofsky,
and E J Read. Development of a clinical-scale method for generation of dendritic cells from pbmc
for use in cancer immunotherapy. Cytotherapy, 3(1):19–29, Jan 2001.

111



Bibliography

[157] B Spire, D Dormont, F Barré-Sinoussi, L Montagnier, and J C Chermann. Inactivation of
lymphadenopathy-associated virus by heat, gamma rays, and ultraviolet light. Lancet, 1(8422):188–9,
Jan 1985.

[158] Jen-Jen Lin, Jeffrey D Meyer, John F Carpenter, and Mark Cornell Manning. Aggregation of human
serum albumin during a thermal viral inactivation step. Int J Biol Macromol, 45(2):91–6, Aug 2009.

[159] W P Faulk, D S Torry, and J A McIntyre. Effects of serum versus plasma on agglutination
of antibody-coated indicator cells by human rheumatoid factors. Clin Immunol Immunopathol,
46(2):169–76, Feb 1988.

[160] S R Shi, M E Key, and K L Kalra. Antigen retrieval in formalin-fixed, paraffin-embedded tissues: an
enhancement method for immunohistochemical staining based on microwave oven heating of tissue
sections. Journal of Histochemistry and Cytochemistry, 39(6):741–8, Jun 1991.

[161] T J O’Leary, C B Fowler, D L Evers, and J T Mason. Protein fixation and antigen retrieval: chemical
studies. Biotech Histochem, 84(5):217–21, Oct 2009.

[162] Seshi R Sompuram, Kodela Vani, and Steven A Bogen. A molecular model of antigen retrieval using
a peptide array. American Journal of Clinical Pathology, 125(1):91–98, Nov 2005.

[163] Seshi R Sompuram, Kodela Vani, Laurie J Hafer, and Steven A Bogen. Antibodies immunoreactive
with formalin-fixed tissue antigens recognize linear protein epitopes. American Journal of Clinical
Pathology, 125(1):82–90, Nov 2005.

[164] S Yamashita. Mechanisms of heat-induced antigen retrieval: Analyses in vitro employing sds-page
and immunohistochemistry. Journal of Histochemistry and Cytochemistry, 53(1):13–21, Jan 2005.

[165] Carol B Fowler, David L Evers, Timothy J O’Leary, and Jeffrey T Mason. Antigen retrieval causes
protein unfolding: evidence for a linear epitope model of recovered immunoreactivity. J Histochem
Cytochem, 59(4):366–81, Apr 2011.

[166] H M Cheng, Y F Ngeow, and C K Sam. Heat inactivation of serum potentiates anti-cardiolipin
antibody binding in elisa. J Immunol Methods, 124(2):235–8, Nov 1989.

[167] P Hasselaar, D A Triplett, A LaRue, R H Derksen, L Blokzijl, P G de Groot, D R Wagenknecht,
and J A McIntyre. Heat treatment of serum and plasma induces false positive results in the an-
tiphospholipid antibody elisa. J Rheumatol, 17(2):186–91, Feb 1990.

[168] H M Cheng. The heat induced apl elisa reactivity is not a false positive phenomenon. J Rheumatol,
17(12):1720–1, Dec 1990.

[169] A H Johnson, J F Mowbray, and K A Porter. Detection of circulating immune complexes in patho-
logical human sera. Lancet, 1(7910):762–5, Apr 1975.

[170] F C Hay, L J Nineham, and I M Roitt. Routine assay for the detection of immune complexes of
known immunoglobulin class using solid phase c1q. Clin Exp Immunol, 24(3):396–400, Jun 1976.

[171] A M Teppo and O Wager. Heating at 56 degrees c does not eliminate immune complex-bound clq.
Scand J Immunol, 10(5):431–5, Jan 1979.

[172] Jochen M Schwenk, Marcus Gry, Rebecca Rimini, Mathias Uhlén, and Peter Nilsson. Antibody
suspension bead arrays within serum proteomics. J. Proteome Res., 7(8):3168–79, Aug 2008.

[173] M Gleeson, L Herd, and C Burns. Effect of heat inactivation of hiv on specific serum proteins and
tumour markers. Ann Clin Biochem, 27 ( Pt 6):592–4, Nov 1990.

112



Bibliography

[174] Nader Rifai, Michael A Gillette, and Steven A Carr. Protein biomarker discovery and validation:
the long and uncertain path to clinical utility. Nat Biotechnol, 24(8):971–83, Aug 2006.

[175] Jose L Luque-Garcia and Thomas A Neubert. Sample preparation for serum/plasma profiling and
biomarker identification by mass spectrometry. J Chromatogr A, 1153(1-2):259–76, Jun 2007.

[176] Silvia Surinova, Ralph Schiess, Ruth Hüttenhain, Ferdinando Cerciello, Bernd Wollscheid, and Ruedi
Aebersold. On the development of plasma protein biomarkers. J. Proteome Res., 10(1):5–16, Jan
2011.

[177] Mariaelena Pierobon, Claudio Belluco, Lance A Liotta, and Emanuel F Petricoin. Reverse phase
protein microarrays for clinical applications. Methods Mol Biol, 785:3–12, Jan 2011.

[178] Nancy S Hall. R. a. fisher and his advocacy of randomization. J Hist Biol, 40(2):295–325, Jan 2008.

[179] Luis Carlos Silva-Aycaguer, Patricio Suarez-Gil, and Ana Fernandez-Somoano. The null hypothesis
significance test in health sciences research (1995-2006): statistical analysis and interpretation. BMC
medical research methodology, 10(1):44, May 2010.

[180] D G Altman and J M Bland. Absence of evidence is not evidence of absence. BMJ, 311(7003):485,
Aug 1995.

[181] J N Matthews and D G Altman. Statistics notes. interaction 2: Compare effect sizes not p values.
BMJ, 313(7060):808, Sep 1996.

[182] M L Barnett and A Mathisen. Tyranny of the p-value: the conflict between statistical significance
and common sense. J Dent Res, 76(1):534–6, Jan 1997.

[183] Martin J Gardner and Douglas G Altman. Confidence intervals rather than p values: estimation
rather than hypothesis testing. British Medical Journal, 292:746–750, Jan 1986.

[184] J M Bland and D G Altman. Transformations, means, and confidence intervals. BMJ,
312(7038):1079, Apr 1996.

[185] Douglas G Altman and J Martin Bland. Parametric v non-parametric methods for data analysis.
BMJ, 338:a3167, Jan 2009.

[186] Darius M Dziuda. Basic analysis of gene expression microarray data. Data mining for genomics and
proteomics, John Wiley and Sons, Inc., pages 17–94, 2010.

[187] Frank Dieterle, Alfred Ross, Götz Schlotterbeck, and Hans Senn. Probabilistic quotient normaliza-
tion as robust method to account for dilution of complex biological mixtures. application in 1h nmr
metabonomics. Anal Chem, 78(13):4281–90, Jul 2006. Notes: Normalisations, data handling.

[188] Bernet S Kato, George Nicholson, Maja Neiman, Mattias Rantalainen, Chris C Holmes, Amy Bar-
rett, Mathias Uhlén, Peter Nilsson, Tim D Spector, and Jochen M Schwenk. Variance decomposition
of protein profiles from antibody arrays using a longitudinal twin model. Proteome Sci, 9:73, Jan
2011.

[189] Maja Neiman, Jesper J Hedberg, Pierre R Dönnes, Ina Schuppe-Koistinen, Stephan Hanschke, Ralf
Schindler, Mathias Uhlén, Jochen M Schwenk, and Peter Nilsson. Plasma profiling reveals human
fibulin-1 as candidate marker for renal impairment. J Proteome Res, 10(11):4925–34, Nov 2011.

[190] Martin Sill, Christoph Schroder, Jorg D Hoheisel, Axel Benner, and Manuela Zucknick. Assessment
and optimisation of normalisation methods for dual-colour antibody microarrays. BMC Bioinfor-
matics, 11(1):556, Nov 2010.

113



Bibliography

[191] Blythe Durbin and David M Rocke. Estimation of transformation parameters for microarray data.
Bioinformatics, 19(11):1360–7, Jul 2003.

[192] Darius M Dziuda. Biomarker discovery and classification. Data mining for genomics and proteomics,
John Wiley and Sons, Inc., pages 95–200, 2010.

[193] J Rodgers and W Nicewander. Thirteen ways to look at the correlation coefficient. The American
Statistician, Jan 1988.

[194] C Spearman. The proof and measurement of association between two things. Int J Epidemiol,
39(5):1137–50, Oct 2010.

[195] Marcus Gry, Rebecca Rimini, Sara Strömberg, Anna Asplund, Fredrik Pontén, Mathias Uhlén, and
Peter Nilsson. Correlations between rna and protein expression profiles in 23 human cell lines. BMC
Genomics, 10:365, Jan 2009.

[196] Michael P Fay and Michael A Proschan. Wilcoxon-mann-whitney or t-test? on assumptions for
hypothesis tests and multiple interpretations of decision rules. Stat Surv, 4:1–39, Jan 2010.

[197] Paul Pavlidis. Using anova for gene selection from microarray studies of the nervous system. Methods,
31(4):282–9, Dec 2003.

[198] Gordon K Smyth. Limma: Linear models for microarray data. Bioinformatics and Computational
Biology Solutions using R and Bioconductor, R. Gentleman, V. Carey, S. Dudoit, R. Irizarry, W.
Huber (eds.), Springer, New York, pages 397–420, Sep 2005.

[199] R Ihaka and R Gentleman. R: a language for data analysis and graphics. Journal of computational
and graphical statistics, Jan 1996.

[200] Y Benjamini and Y Hochberg. Controlling the false discovery rate: a practical and powerful approach
to multiple testing. Journal of the Royal Statistical Society. Series B . . . , Jan 1995.

[201] William S Noble. How does multiple testing correction work? Nat Biotechnol, 27(12):1135–7, Dec
2009.

[202] J Dopazo and J M Carazo. Phylogenetic reconstruction using an unsupervised growing neural
network that adopts the topology of a phylogenetic tree. J Mol Evol, 44(2):226–33, Feb 1997.

[203] Aedín C Culhane, Guy Perrière, Elizabeth C Considine, Thomas G Cotter, and Desmond G Higgins.
Between-group analysis of microarray data. Bioinformatics, 18(12):1600–8, Dec 2002.

[204] Xavier Bossuyt. Clinical performance characteristics of a laboratory test. a practical approach in
the autoimmune laboratory. Autoimmun Rev, 8(7):543–8, Jun 2009.

[205] W N Burnette. "western blotting": electrophoretic transfer of proteins from sodium dodecyl sulfate–
polyacrylamide gels to unmodified nitrocellulose and radiographic detection with antibody and ra-
dioiodinated protein a. Anal Biochem, 112(2):195–203, Apr 1981.

[206] Yanling Liu, Jijuan Gu, Åsa Hagner-McWhirter, Poojahrau Sathiyanarayanan, Mats Gullberg,
Ola Söderberg, Johan Johansson, Maria Hammond, Daniel Ivansson, and Ulf Landegren. West-
ern blotting via proximity ligation for high performance protein analysis. Mol Cell Proteomics,
10(11):O111.011031, Nov 2011.

[207] Jimmy K Eng, Brian C Searle, Karl R Clauser, and David L Tabb. A face in the crowd: recognizing
peptides through database search. Mol Cell Proteomics, 10(11):R111.009522, Nov 2011.

114



Bibliography

[208] Eleftherios P Diamandis. The failure of protein cancer biomarkers to reach the clinic: why, and what
can be done to address the problem? BMC Medicine, 10(1):87, Aug 2012.

[209] R C Bast, M Feeney, H Lazarus, L M Nadler, R B Colvin, and R C Knapp. Reactivity of a
monoclonal antibody with human ovarian carcinoma. J Clin Invest, 68(5):1331–7, Nov 1981.

[210] H Koprowski, Z Steplewski, K Mitchell, M Herlyn, D Herlyn, and P Fuhrer. Colorectal carcinoma
antigens detected by hybridoma antibodies. Somatic Cell Genet, 5(6):957–71, Nov 1979.

[211] Joseph A Ludwig and John N Weinstein. Biomarkers in cancer staging, prognosis and treatment
selection. Nat Rev Cancer, 5(11):845–56, Nov 2005.

[212] Samir M Hanash, Christina S Baik, and Olli Kallioniemi. Emerging molecular biomarkers—blood-
based strategies to detect and monitor cancer. Nat Rev Clin Oncol, 8(3):142–150, Mar 2011.

[213] Vathany Kulasingam and Eleftherios P Diamandis. Strategies for discovering novel cancer biomarkers
through utilization of emerging technologies. Nat Clin Pract Oncol, 5(10):588–99, Oct 2008.

[214] Kirsten L Greene, Peter C Albertsen, Richard J Babaian, H Ballentine Carter, Peter H Gann, Misop
Han, Deborah Ann Kuban, A Oliver Sartor, Janet L Stanford, Anthony Zietman, and Peter Carroll.
Prostate specific antigen best practice statement: 2009 update. J Urol, 189(1 Suppl):S2–S11, Jan
2013.

[215] Ronny Drapkin, Hans Henning von Horsten, Yafang Lin, Samuel C Mok, Christopher P Crum,
William R Welch, and Jonathan L Hecht. Human epididymis protein 4 (he4) is a secreted glycopro-
tein that is overexpressed by serous and endometrioid ovarian carcinomas. Cancer Res, 65(6):2162–9,
Mar 2005.

[216] Richard G Moore, D Scott McMeekin, Amy K Brown, Paul DiSilvestro, M Craig Miller, W Jeffrey
Allard, Walter Gajewski, Robert Kurman, Robert C Bast, and Steven J Skates. A novel multiple
marker bioassay utilizing he4 and ca125 for the prediction of ovarian cancer in patients with a pelvic
mass. Gynecol Oncol, 112(1):40–6, Jan 2009.

[217] Richard G Moore, Amy K Brown, M Craig Miller, Steven Skates, W Jeffrey Allard, Thorsten Verch,
Margaret Steinhoff, Geralyn Messerlian, Paul DiSilvestro, C O Granai, and Robert C Bast. The use
of multiple novel tumor biomarkers for the detection of ovarian carcinoma in patients with a pelvic
mass. Gynecol Oncol, 108(2):402–8, Feb 2008.

[218] Sileny N Han, Anouk Lotgerink, Mina Mhallem Gziri, Kristel Van Calsteren, Myriam Hanssens,
and Frédéric Amant. Physiologic variations of serum tumor markers in gynecological malignancies
during pregnancy: a systematic review. BMC Med, 10:86, Jan 2012.

[219] Carl Hamsten, Maja Neiman, Jochen M Schwenk, Marica Hamsten, John B March, and Anja Pers-
son. Recombinant surface proteomics as a tool to analyze humoral immune responses in bovines in-
fected by mycoplasma mycoides subsp. mycoides small colony type. Mol Cell Proteomics, 8(11):2544–
54, Nov 2009.

[220] Johan Mårtensson. Biomarkers of acute kidney injury. Karolinska Intitutet, Thesis for doctoral
degree, pages 1–, 2011.

[221] W. Scott Argraves, Lisa M Greene, Marion A Cooley, and William M Gallagher. Fibulins: physio-
logical and disease perspectives. EMBO Rep, 4(12):1127–1131, Dec 2003.

115



Bibliography

[222] Tomoyuki Nakamura, Pilar Ruiz Lozano, Yasuhiro Ikeda, Yoshitaka Iwanaga, Aleksander Hinek,
Susumu Minamisawa, Ching-Feng Cheng, Kazuhiro Kobuke, Nancy Dalton, Yoshikazu Takada, Kei
Tashiro, John Ross Jr, Tasuku Honjo, and Kenneth R Chien. Fibulin-5/dance is essential for elas-
togenesis in vivo. Nature, 415(6868):171–5, Jan 2002.

[223] T Sasaki, W Göhring, N Miosge, W R Abrams, J Rosenbloom, and R Timpl. Tropoelastin binding
to fibulins, nidogen-2 and other extracellular matrix proteins. FEBS Lett, 460(2):280–4, Oct 1999.

[224] Hiromi Yanagisawa, Elaine C Davis, Barry C Starcher, Takashi Ouchi, Masashi Yanagisawa, James A
Richardson, and Eric N Olson. Fibulin-5 is an elastin-binding protein essential for elastic fibre
development in vivo. Nature, 415(6868):168–71, Jan 2002.

[225] Richard P Visconti, Jeremy L Barth, Fred W Keeley, and CHARLES D LITTLE. Codistribu-
tion analysis of elastin and related fibrillar proteins in early vertebrate development. Matrix Biol,
22(2):109–21, Apr 2003.

[226] W S Argraves, K Dickerson, W H Burgess, and E Ruoslahti. Fibulin, a novel protein that interacts
with the fibronectin receptor beta subunit cytoplasmic domain. Cell, 58(4):623–9, Aug 1989.

[227] Alexandra Scholze, Else-Marie Bladbjerg, Johannes J Sidelmann, Axel Cp Diederichsen, Hans Mick-
ley, Mads Nybo, W Scott Argraves, Peter Marckmann, and Lars M Rasmussen. Plasma concentra-
tions of extracellular matrix protein fibulin-1 are related to cardiovascular risk markers in chronic
kidney disease and diabetes. Cardiovasc Diabetol, 12(1):6, Jan 2013.

[228] Claudia Cangemi, Vibe Skov, Michael Kjaer Poulsen, Jonas Funder, Waleed O Twal, Mari-Anne
Gall, Vibeke Hjortdal, Marie Louise Jespersen, Torben A Kruse, Jan Aagard, Hans-Henrik Parving,
Steen Knudsen, Poul-Flemming Høilund-Carlsen, Peter Rossing, Jan Erik Henriksen, William Scott
Argraves, and Lars Melholt Rasmussen. Fibulin-1 is a marker for arterial extracellular matrix
alterations in type 2 diabetes. Clinical Chemistry, 57(11):1556–65, Nov 2011.

[229] Anna Häggmark, Maja Neiman, Kimi Drobin, Martin Zwahlen, Mathias Uhlén, Peter Nilsson, and
Jochen M Schwenk. Classification of protein profiles from antibody microarrays using heat and
detergent treatment. N Biotechnol, 29(5):564–70, Jun 2012.

116


