
 

 
 
 

 

 

Antibody-based bead arrays for high-throughput 
protein profiling in human plasma and serum 

 
 
 
 
 

Kimi Drobin 
 
 
 
 
 
 
 
 
 
Licentiate Thesis 
Stockholm 2018 
 
KTH – Royal Institute of Technology 
School of Engineering Sciences in Chemistry, Biotechnology and Health 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© Kimi Drobin 2018 
 
KTH – Royal Institute of Technology 
Division of Affinity Proteomics 
Department of Protein Science 
School of Engineering Sciences in Chemistry, Biotechnology and Health 
Tomtebodavägen 23 A 
171 65 Solna, Sweden 
 
ISBN 978-91-7729-739-0 
TRITA-CBH-FOU-2018:9 
ISSN 1654-2312 
 
Printed by US-AB 2018 
Illustrations by Kimi Drobin unless otherwise stated 
 
 
  



 3 

Abstract 
 

Blood-derived plasma and serum are common and minimally invasive clinical sample types. 
Proteins present in blood due to leakage or other disease-related processes could potentially 
serve as biomarkers, which in turn could be used to aid in the diagnosis and prognosis of 
disease. However, there are still too few clinical biomarkers and the existing ones often lack 
specificity and sensitivity. Finding new biomarkers is a difficult and laborious process, but the 
identification of additional disease-associated proteins could provide new insights in the 
mechanism of disease pathophysiology as well as help improving the precision of clinical 
diagnostics.  

Affinity-based proteomics is a concept where affinity binders are utilized to detect their 
target proteins in a large-scale manner. This thesis describes a high-throughput method, which 
enables the search for biomarker candidates in human plasma and serum. This approach uses 
a highly multiplexed antibody-based suspension bead array (SBA), which is created by 
coupling antibodies generated in the Human Protein Atlas project to color-coded, magnetic 
beads. The beads are then combined for parallel analysis of up to 384 different analytes in a 
large number of samples from patients and control individuals. This provides data to compare 
protein levels from the different groups. 

In paper I osteoporosis patients are compared to healthy individuals to find proteins linked 
to the disease. A high-throughput untargeted discovery screening was conducted using 
approximately 4600 antibodies in 16 osteoporosis cases and 6 controls. This revealed 72 
unique proteins, which appeared differentially abundant in the cases and controls. A validation 
screening of a larger set of 91 cases and 89 controls confirmed that the protein autocrine 
motility factor receptor (AMFR) is decreased in the osteoporosis patient samples. 

Paper II investigates the risk proteome of inflammatory bowel disease (IBD). Antibodies 
targeting 209 proteins corresponding to 163 IBD genetic risk loci were selected. To find 
proteins related to the disease or subgroups of IBD, sera from 49 patients with Crohn’s disease, 
51 with ulcerative colitis and 50 matched controls were analyzed. From these targeted assays, 
the known inflammation-related marker serum amyloid protein A (SAA) was shown to be 
elevated in the IBD cases. In addition, the protein laccase (multi-copper oxidoreductase) 
domain containing 1 (LACC1) was found to be significantly decreased in samples from IBD 
subjects.  

In conclusion, assays using affinity-based bead arrays were developed and applied to screen 
sets of human plasma and serum samples in two different disease contexts. Both untargeted 
and targeted screening strategies were applied to discover disease-associated proteins. Upon 
further validation, these potential biomarker candidates could prove to be valuable in future 
disease studies. 
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Visual abstract 
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Populärvetenskaplig sammanfattning 
 
Blodet som transporterar det livsviktiga syret till alla delar av vår kropp innehåller också 
information om vår hälsa och eventuella sjukdomar. En del av informationen kommer från 
proteiner, vilka kan vara kopplade till ett sjukdomstillstånd, då också kallade för biomarkörer. 
Kända biomarkörer som till exempel indikerar om kroppen har en pågående inflammation eller 
om det finns risk för prostatacancer används redan i vården idag, men det skulle kunna finnas 
fler och bättre biomarkörer. Problemet är bara att identifiera vilka av människans cirka 20 000 
proteiner det handlar det om. 

Sökandet efter biomarkörer har traditionellt varit en komplicerad och långsam process som 
krävt mycket kunskap om en sjukdoms bakomliggande mekanismer. Från dessa har man 
kunnat göra antaganden om vilka proteiner som skulle kunna skilja friska från sjuka individer 
och man har sedan undersökt varje antagande separat. 

Denna process kan snabbas upp avsevärt med hjälp av metoder som systematiskt undersöker 
hundratals eller till och med tusentals proteiner parallellt i blodprover från sjuka och friska. 
Proteomik är ett område vars målsättning är att kunna undersöka och kartlägga alla proteiner i 
exempelvis människan. Detta möjliggör en jämförelse av proteinnivåerna i prover från 
patienter med ett specifikt sjukdomstillstånd med nivåerna i friska individer och sedan 
undersöka hur proteinerna som skiljer sig åt är kopplade till sjukdomen. Man kan sedan 
undersöka om dessa proteiner kan identifiera patienter med tillräcklig exakthet. Denna 
arbetsmetod kan både leda fram till upptäckten av nya biomarkörer, men kan också ge nya 
insikter i hur en sjukdom fungerar. 

Affinitetsproteomik använder sig av molekyler med förmåga att fånga proteiner genom s.k. 
affinitet. Molekylerna kopplas till en fast yta och utnyttjas sedan för att undersöka 
proteininnehållet i olika typer av prover genom att detektera de infångade proteinerna med 
hjälp av fluorescens. Ett exempel på detta är så kallade kulbaserade antikroppsarrayer. 
Antikroppar är en naturligt förkommande molekyl i immunförsvaret, som binder till 
sjukdomsalstrande organismer för att bekämpa dem. Dessa molekyler kan också användas som 
ett verktyg för att fånga specifika proteiner. The Human Protein Atlas project har bl.a. som 
målsättning att skapa ett bibliotek av antikroppar som binder vart och ett av alla mänskliga 
proteiner. I dagsläget har antikroppar mot uppemot 90% av alla proteiner genererats. Med 
dessa kan man undersöka proteininnehållet i exempelvis blodprover, men även i andra 
provtyper. Antikropparna kopplas till färgkodade mikroskopiska kulor, där varje typ av kula 
kopplas till antikroppar som fångar ett sorts protein och upp till 500 olika proteiner kan då 
undersökas parallellt i prover från hundratals sjuka och friska individer under loppet av bara 
några timmar. Man kan sedan undersöka 500 nya proteiner i samma set med prover och så 
vidare tills man teoretiskt sett har undersökt alla mänskliga proteiner.  

I den här avhandlingen har denna metod använts för att undersöka benskörhet, även kallat 
osteoporos, samt inflammatorisk tarmsjukdom, vilken innefattar Crohn’s sjukdom och ulcerös 
kolit.  

I artikel I har resultatet från en tidigare screening med cirka 4600 antikroppar av en rad 
sjukdomar, däribland osteoporos, identifierat proteiner vars nivåer potentiellt skiljer sig i sjuka 
och friska individer. I en större valideringsstudie kunde man sedan bekräfta att nivåerna av 
proteinet AMFR är lägre i blodproverna från individer med osteoporos. 

Artikel II utgår ifrån de gener som utgör riskfaktorer för att drabbas av inflammatorisk 
tarmsjukdom. Proteiner kopplade till dessa gener har sedan undersökts i blodprover från 



 6 

patienter med Crohns sjukdom, ulcerös kolit och jämförts med friska kontrollindivider. 
Nivåerna av proteinet LACC1 detekterades i lägre nivåer i proverna från individer med 
inflammatorisk tarmsjukdom. 

Dessa två studier visar hur metoden att använda antikroppsbaserade arrayer med kulor i 
suspension kan användas för att systematiskt undersöka proteinnivåerna i blod från friska och 
sjuka individer för att identifiera sjukdomsassocierade proteiner, som i sin tur kan avslöja något 
om en sjukdomsmekanism eller som med ytterligare validering skulle kunna användas som en 
sjukdomsmarkör. 
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Introduction 
 

Proteins are often referred to as the building blocks of life and studying them in relation to 
health and disease holds the promise to expand our current understanding and thus improve 
the management and treatments of disease. Affinity proteomic methods have the capacity to 
investigate protein function, localization and abundance in large-scale experiments. Profiling 
the protein content using technologies that measure many proteins in parallel, such as antibody-
based suspension bead arrays, is an effective method when trying to establish if a disease can 
be revealed by the changes in the presence of specific proteins. 

 In general, disease is a condition, which impairs normal functions of the body and usually 
manifests with specific signs and symptoms. Humans have tried to treat illnesses with varying 
degrees of success throughout history. The progress made by modern science has made it 
possible to cure or treat conditions, which previously were considered fatal. The first step to 
curing or alleviating a disease is usually to understand the underlying causes and identify the 
affected processes. Finding out what features differ between healthy and diseased individuals 
can provide both clues to the mechanism behind the disease and means of simplifying 
diagnostics. Diagnosing a disease correctly can be difficult due to human heterogeneity and 
might in certain instances even require painful and invasive procedures. This process could be 
made less cumbersome through the use of so called biomarkers. 

A disease biomarker is a feature, which indicates pathogenic processes in the body. To be 
clinically useful, a biomarker preferably needs to be detectable in an easy to obtain sample 
type, such as blood [1]. Biomarkers can be used for diagnosis, disease prognosis or prediction 
of disease or treatment outcome. Proteins are responsible for carrying out most of the essential 
functions in an organism and are thus of special interest in this context. They are directly 
involved in both normal and pathogenic processes and are often either secreted or leaked out 
into the blood. Identifying protein biomarkers, which indicate specific diseases in patient blood 
samples, holds the promise of diagnosing a disease quicker and more easily. Many diseases 
are difficult to diagnose and finding new biomarkers would make healthcare more efficient 
and improve the life quality for many patients. There are some clinical biomarkers in existence 
today, although they often lack sufficient specificity and sensitivity, which means they 
frequently need to be combined with other, often invasive, means of diagnostics. 
Unfortunately, finding and validating new biomarkers have proven to be difficult. 
Traditionally, finding a biomarker has required extensive knowledge of a disease to be able to 
hypothesize and select which proteins could be possible candidates and then painstakingly test 
each protein individually.  

To study as many proteins as possible, the field of proteomics has emerged. It describes the 
large-scale study of proteins and provides a high-throughput approach to investigating the 
proteins involved in both normal biological processes and in diseases. Since proteomic studies 
aim at studying a large proportion of all proteins present in a given sample, the technology may 
circumvent the need to always know what proteins to look for beforehand.  

Affinity proteomics refers to one of the branches of proteomics which essentially uses 
affinity binders, such as antibodies, to selectively bind a specific target protein in a sample. 
One of the large-scale efforts to generate binders is the Human Protein Atlas project [2], that 
has made affinity proteomics a valuable alternative to mass spectrometry. Applications such 
as the antibody suspension bead array can be used as one approach to analyze the protein 
content in a large number of human blood samples [3]. This type of high-throughput protein 
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profiling method has been used to study proteins to be able to differentiate healthy and diseased 
individuals and to reveal the mechanisms behind a disease. 

The overall aim of this thesis is to describe the development and application of antibody-
based suspension bead arrays as a tool to aid biomarker discovery. The optimized antibody-
based bead arrays have been utilized for large-scale untargeted discovery screenings as well as 
for targeted screening efforts, identifying potentially disease-specific proteins. Discoveries 
from the untargeted screenings have subsequently been taken further into validation, as shown 
in the osteoporosis study presented as paper I of the thesis. The investigation of the “risk 
proteome” of inflammatory bowel disease exemplifies how the method is used with a larger 
set of pre-selected proteins in a targeted study and is discussed in paper II.  

To better understand the presented work some background is introduced in the following 
chapters.  Chapter 1 describes what proteins are, what constitutes a proteome and what the 
field of proteomics is. Chapter 2 brings forward further insights into affinity proteomics and 
affinity binders, such as antibodies. In chapter 3 plasma proteomics and biomarker discovery 
are discussed, and chapter 4 provides details about the array technology in general and 
suspension bead arrays in particular. Lastly, the present investigations are summarized in 
chapter 5, which also concludes this thesis. 
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Chapter 1 – Proteins and proteomics 
 

This chapter aims at describing the protein, how these essential biomolecules make up a 
proteome and how it is studied in a systematic manner. 

 

 
Fig 1. A protein is a globular biomolecule made of amino acid residues, a proteome is the 
complete set of proteins in a given environment and proteomics is the large-scale study of 
proteins. 
 
Proteins 
 

Proteins carry out most of the essential functions in the cells and are key players in normal 
and abnormal processes in the cells and organs of the body. Enzymes, ion channels, receptors 
and immunoglobulins are just a small example of the varying functions of proteins [4].  

To build a protein, the genetic information in our cells is first transcribed into messenger 
RNA (mRNA), which is then translated into chains of amino acids. Once the DNA has been 
transcribed into mRNA, it leaves the nucleus and ribosomes in the cytoplasm or endoplasmic 
reticulum starts synthesizing the protein. Aided by the ribosome, amino acid-carrying transfer 
RNA (tRNA) bind to matching parts on the mRNA, called codons. The amino acid residue on 
the tRNA then binds to the previous amino acid and the tRNA detaches, making room for the 
next one to deliver an amino acid residue to a growing polypeptide chain. This linear chain of 
amino acid residues forms the primary structure of the protein, which then folds into different 
structural subunits, such as alpha helices and beta sheets. These subunits constitute the 
secondary protein structure, which is then again folded into a more globular conformation—
the tertiary structure. Multimeric proteins, consisting of more than one sub-unit of polypeptide 
chains, have a quaternary structure, where the individual chains can fold in particular relations 
to each other [4, 5]. Once the protein has been translated it can also undergo several different 
types of post-translational modifications, such as phosphorylation and glycosylation [4]. The 
functional activity of a protein depends on its structures and incorrect folding can impair the 
proteins’ function and cause diseases [4].  

Protein

Proteome

Proteomics
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Cystic fibrosis is one illustrative example of how genetic mutations in the cystic fibrosis 
transmembrane conductance regulator (CFTR) gene can cause detrimental structural changes 
in the expressed protein. This disease affects the lungs and several other important organs and 
causes severe lung infections due to altered mucus viscosity, which decreases life-expectancy 
substantially [6].  

Alzheimer’s disease is another example, where a high degree of protein aggregations called 
amyloid plaques and neurofibrillary tangles can be seen in the brain by imaging techniques. 
Although the mechanisms of Alzheimer’s disease are not yet fully understood, it is believed 
that incorrectly processed proteins are involved in the pathogenesis [7]. 

Since proteins are the biomolecules that are involved in most of the cellular processes, it is 
not surprising that most drugs target proteins and their functional units. The exploration of 
proteins also offers an opportunity to discover new therapeutic targets and diagnostics [4] .  
 

 
 

Fig 2. The central dogma of molecular biology describes how the information stored in DNA 
is transcribed into mRNA and then translated into a protein. 
 

DNA

mRNA

mRNA

Ribosome

tRNA

amino acid
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chain

Nucleus

Cytosol
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Fig 3. The 4 levels of protein structure. 1) The primary linear chain of amino acid residues of 
the proteins, 2) the secondary structural subunits, 3) the tertiary globular structure of the 
protein and 4) the quaternary structure of multimeric proteins. 
 
Proteomes 
 

The word proteome was first described in the 1990’s [8], during a time when the first 
mapping of the human genome was headed for completion. Already then it became very clear 
that only knowing the sequence of a gene was not enough to fully understand the function of 
the expressed protein.    

The human genome contains approximately 20 000 protein-coding genes (20 338 genes, 
www.ensembl.org, v 91.38), however processes such as alternative splicing and post-
translational modifications (PTMs) create many isoforms of a protein. When accounting for 
all variations of a protein, or proteoforms, there could be millions of different proteins in the 
human body, even if a gene-centric view of proteomics is often used when systematically 
mapping the proteome to make it more comprehensible [9]. 

A proteome can be seen as a complete collection of the proteins in a cell, tissue, biological 
sample or organism at a given point in time [8]. In contrast to the genome, which remains 
largely unchanged throughout an organisms’ lifetime, the proteome is dynamic. What proteins 
your body produces in its different organs and cells will vary depending on, for instance, if you 
are a newborn baby, an adolescent or going through menopause. Your age, gender and other 
factors will affect the proteins expressed, as will your health. Diseases are often reflected in 
the levels of certain proteins, both as a causative factor but also as a response to the pathological 
changes inferred by the disease. Different cells and tissues will also express different proteins, 

1. 2.

3. 4.
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although the fraction of specific proteins is surprisingly small [10]. The plasma proteome is 
yet another area of special interest when searching for biomarkers. This will be further be 
discussed in more detail in chapter 3. 
 
Proteomics 
 

The knowledge of human biology increased rapidly with the first drafts of the human 
genome, which were published in 2001 [11, 12]. Large-scale analysis of the human genes, or 
genomics, has had a huge impact on science and development of efficient high-throughput 
technologies has enhanced biomedical research and enabled hypothesis-free large-scale data 
generation [4]. However, genomics does not provide sufficient information on protein 
function, activity, location or abundance. The functionality of an expressed protein is often 
heavily dependent on its three-dimensional structure, interaction with other molecules, post-
translational modifications (PTMs) and localization [4, 13, 14] which is not yet possible to 
predict only from the gene sequence. 

The field of transcriptomics lies as an intermediate between genomics and proteomics. It 
measures the transcribed mRNA and allows inference of the protein abundance from this data. 
However, it still remains unclear if the mRNA levels and expressed protein abundance 
correlate to any higher degree [15] or if these are unique for each RNA-to-protein process [16].  

Analyzing all proteins is more of a challenge than sequencing the genome or transcriptome 
since there is no amplification method available to generate copies of proteins and proteins 
also have a wide dynamic range of concentrations, structures and locations [13]. However, 
even if transcriptomics would be able to accurately predict protein abundance, it would still be 
necessary to directly analyze proteins to correctly identify post-translational modifications, 
which cannot be determined at the mRNA level.  

In the different cellular processes, PTMs regulate the protein activity and affect the structure 
and function of a protein. Hundreds of different types of chemical modifications have been 
identified. Phosphorylations and glycosylations are examples of common forms of PTMs. 
Phosphorylations are reversible and involved in many cellular processes, such as signal 
transduction and regulation of cell division. It is believed that up to a third of all eukaryotic 
proteins are phosphorylated at any given time point [4]. Glycosylations on the other hand are 
more permanent and achieved by adding a short-chain carbohydrate residue to a protein. Some 
of the functions of this type of PTM involves secretion and protein interactions [4]. Incorrect 
post-translational modifications have also been linked to diseases, such as phosphorylated 
alpha-Synuclein in Parkinson’s disease [17].  

Another aspect to consider is that post-transcriptional splice variants originating from the 
same gene often produce proteins with different functions. These transcripts are usually 
distinguishable at the mRNA level, but can sometimes give rise to proteins with different 
functions which would not be detectable [4]. 

Proteomics, or the large-scale study of proteins, is thus essential to gain information about 
the expressed protein functions. However, the biological function of a protein cannot always 
be investigated in large scale by any direct methods, but protein abundance can be used as a 
way to infer the function [13]. If a protein is present at a different level in patients with a 
specific disease compared to healthy subjects, this is an indication that the protein might be 
relevant to the disease mechanism, which can then be further explored.  
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High-throughput analysis of many proteins in parallel is usually achieved either with mass 
spectrometry-based methods or affinity-based methods. Of the two, it is mass spectrometry 
(MS) that is by far the more common method used. It typically involves sample preparation, 
using trypsin to digest the proteins into smaller peptides and then fractionating the sample 
using for instance liquid chromatography. The peptides are then ionized and their mass-to-
charge (m/z) ratio is measured. The mass spectra are then matched against a database to reveal 
the protein identities [4, 14]. An untargeted approach to MS now allows analysis of up to 
thousands of proteins, covering a large part of the human proteome [18]. This is a versatile 
tool, which does not require labeling and provides a hypothesis-free approach to generate large 
data sets [19]. Problems with very abundant proteins masking lower abundant ones in complex 
solutions, such as blood plasma, have been addressed by depleting the highest concentrated 
proteins before analysis [1]. The field struggles with low sensitivity, but improvements in the 
technology have enabled more sensitive results [1]. Targeted MS can provide more sensitive 
detection of proteins, since the analytical conditions are optimized for the specific analytes, 
but is this far only suitable for a limited set of known proteins [19]. In spite of recent advances 
[1] sample through-put remains a bottle-neck in both targeted and untargeted MS.  

In contrast to MS, affinity proteomics makes use of molecules with affinities towards 
specific proteins, which makes it possible to bind and identify proteins in complex samples, 
like tissue slices or blood plasma. This approach was not feasible until large repositories of 
binders were available, which in turn were cumbersome to generate until genomics had made 
the DNA sequences of protein-coding genes accessible [3, 20]. The use of affinity binders has 
many strengths such as high sample throughput and analytical sensitivity, but also face some 
difficulties with selectivity and the need to validate target binding, which have to be addressed. 
This will be explored further in the next chapter. 
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Chapter 2 – Affinity proteomics and antibodies 
 

As mentioned earlier, affinity proteomics refers to the branch of proteomics, which studies 
the proteome using affinity reagents. An affinity binder can, in this context, basically be any 
molecule which can selectively bind to a protein. This makes it possible to “fish out” desired 
protein targets from a complex solution or bind proteins found on the outside and inside of 
tissue samples or cells. This chapter discusses some general aspects of affinity proteomics and 
how the essential binders, like antibodies, are produced, validated and used. 
 

 
Fig 4. Affinity proteomics utilizes affinity binders, like antibodies, to capture specific proteins. 
This is done in large-scale parallel analysis, in contrast to traditional protein analysis 
methods, such as Western blots and ELISAs. In this figure, the fish represent different proteins 
in a sample and the hooks represent affinity binders. 
 
Affinity proteomics 
 
     Traditional affinity-based protein analysis such as Western blots [21] and enzyme-linked 
immunosorbent assays (ELISA) [22] uses antibodies to detect the presence of a single protein. 
These methods are well-established and still widely used today, but are limited to analyzing 
one or a few proteins at a time. Affinity proteomics aims at analyzing hundreds or even 
thousands of analytes, either in a single experiment or in a series of experiments, provided that 
there are available and functional affinity binders for the given samples and assays. 

The availability of binders is essential to large scale affinity proteomics and this is one of 
the major bottle-necks of the field. Initiatives generating binders, such as the Human Protein 
Atlas project have enabled large-scale protein analysis using antibodies generated against 
unique parts of human proteins. Platforms such as Antibodypedia (www.antibodypedia.com) 

Traditional protein 
analysis methods

Affinity proteomics Affinity binders
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indicate that there are almost 3 million antibody products available to cover almost 95% of the 
human proteome. 

Compared to mass spectrometry, the uses of affinity-based assays circumvent the need to 
deplete and digest the samples before analysis, because the binders can find and directly attach 
to its corresponding protein in a complex sample. In some instances, this makes sample 
handling easier and faster and it also avoids losing proteins which might be associated with the 
high abundant ones in complexes. It is also known that the enrichment steps make the analyses 
more sensitive compared to most mass spectrometry-based methods [23]. However, affinity 
proteomic methods require a large collection of good-quality, validated binders with 
preferentially high affinity towards its intended target to enable a sensitive detection. This is 
to avoid off-target binding to proteins that are either more abundant than the intended target or 
similar in its sequence to the intended protein, which is a major challenge today [24].  

Array technology is commonly used in affinity proteomics as a tool for multiplexed analysis 
[25]. These types of arrays most often consist of a solid support combined with molecules with 
the capacity to capture other molecules. One example of this is the suspension bead array, 
which utilizes magnetic microspheres with a functional surface. To create an antibody-based 
bead array, antibodies are coupled to the bead surface. Up to 500 different bead types with 500 
antibodies with different binding-specificities can be used to create an array, which could then 
be used to analyze 384 different samples in a matter of hours. This is the technology mainly 
used in the work presented in this thesis. The different types of protein arrays are discussed in 
chapter 4. 

 
Antibodies and other affinity reagents 
 

Antibodies, or immunoglobulins (Ig), are a class of proteins that are produced in the body 
as a part of the immune system. These molecules are generally shaped as a Y, with an antigen-
binding site on each arm. The body produces antibodies with diverse binding-specificities as a 
defense against pathogens, such as virus and bacteria.  

In general, there are 5 different types of immunoglobulins, which differ mainly in heavy 
chain isotypes - IgA, IgG, IgD, IgE and IgM. Naive B cells, which have not encountered an 
antigen yet, have IgM and IgD bound to their membranes as antigen receptors. When an 
antigen has been recognized by the receptors, the B cell is activated and starts proliferating and 
differentiating. Differentiated plasma cells secrete antibodies with the same binding specificity 
as the receptors of the naive B cell. Class switching enables secretion of antibody isotypes 
other than IgM, which is the first antibody class to be secreted in response to an antigen being 
recognized. The antibody isotypes have different functions in the humoral immune response. 
IgM activates the classical pathway of complement, while IgG opsonize bacteria and viruses 
so that macrophages and neutrophils can recognize and phagocyte them, as well as activate the 
classical complement pathway. IgG is also able to pass from mother to fetus and is the most 
abundant antibody in the body. IgE is specialized in targeting parasitic worms by activation of 
mast cells and eosinophils, but this isotype is also involved in allergies. IgA is responsible for 
the mucosal immunity and is also present in secretions, such as tears and breast milk. IgD is 
mainly found as antigen receptors and even though trace amounts can be detected in plasma 
their secreted function is yet unknown [26].  
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Fig 5. The different secreted immunoglobulin isotypes and their respective distribution in the 
body. IgM, IgG and IgE can be found in the blood, although IgE is the least abundant. IgG 
can be transferred between mother and fetus. IgA is present in the mucosa and secretions such 
as tears and breast milk. [Part of illustration adapted from Immunology 6th ed.] 

 
Structurally, the antibody is made up by two identical heavy chains and two identical light 

chains, which are held together by disulfide bonds. Each chain contains a variable region and 
one or more constant regions. Each variable region contains 3 hypervariable regions, also 
called complementarity-determining regions (CDRs), which together with the CDRs on the 
neighboring variable region form an antigen-binding site on each side of the antibody. It is in 
the CDRs most variation occur, maximizing the variability at the antigen-binding site without 
changing the structure of the antibody. This diversity in binding ability is made possible by 
rearrangement of gene segments coding for the different parts of the antibody and by junctional 
diversity, which randomly adds or removes nucleotides in the junction between the gene 
segments [26].  

The antigen-binding sites on an antibody are also called paratopes, which bind to an epitope 
on the antigen. An epitope can either involve a continuous stretch of amino acid residues or be 
discontinuous and involve tertiary elements [27]. Consequently, continuous epitopes are a 
chain of consecutive amino acids, whereas discontinuous epitopes are folded in three 
dimensions to form a conformation which also allows amino acids from different parts of a 
polypeptide chain to form an epitope. Nomenclature of epitopes may differ and epitopes are 
sometimes referred to as linear and conformational epitopes. This has caused some controversy 
since linear epitopes are also believed to have conformational parts [27].  
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Fig 6. Schematic illustration of an IgG type antibody, consisting of two identical heavy chains 
and two identical light chains. The light chains and the heavy chains are attached through 
disulfide bonds. The upper part includes the antigen binding sites and is called Fab (fragment, 
antigen-binding) and the lower part is called Fc (fragment, crystalline). The hinge region 
allows flexibility of the two antigen-binding regions in relation to each other.  
 

 
Fig 7. Schematic illustration of antibodies binding to discontinuous (left) and continuous 
epitopes (right). The epitopes are pictured in red. 
 

The strength of the non-covalent and reversible interaction between a paratope and epitope 
is also termed affinity and defines the binding between an antibody and its target. The 
interaction is driven by hydrophobic interactions, electrostatic forces, hydrogen bonds and van 
der Waals forces. Lastly, it is the avidity, also called functional affinity that defines the 
combined strength of the binding through multiple affinities from repeated binding event of 
polyvalent binders. This is relevant to antibodies, since they have at least two binding sites and 
the classes IgA and IgM form multimers, increasing the number of available binding-sites [26]. 

The binding properties of antibodies are very useful for bioanalytical applications. 
Antibodies can be raised against specific antigens and then used for capturing molecules in 
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complex samples. The properties of an antibody dictate the sensitivity and selectivity of an 
immunoassay. The sensitivity of an immunoassay is its limit of detection, meaning the lowest 
level at which a target would be detectable above the intrinsic background [28]. An antibody’s 
selectivity, on the other hand, describes its ability to bind to the epitope of its intended target 
protein, called on-target binding, in the presence of other proteins, which may interfere with 
the primary interaction, causing off-target binding. Unspecific binding can be caused by 
general protein interactions of proteins “sticking” to each other. Specificity describes the 
antibody selectivity under ideal circumstances [29]. The binding-capacity of an antibody is 
application dependent and influenced by how accessible the epitope is. Antibodies with 
binding-selectivity towards a structural epitope on a protein might not perform well in 
applications such as Western blot where the proteins are denatured, but might instead perform 
as intended in an application where the native conformation of a protein would be retained 
(e.g. ELISA) [24]. 
 

 
 

Fig 8. Figure showing on-target binding, off-target binding due to high concentration of a 
protein with low affinity to the antibody and unspecific binding, due to proteins “sticking” to 
the antibody. 
 

Antibodies can be generated using an organism’s immune system. By immunizing an animal 
with an antigen, the body will react to this foreign substance by producing antibodies against 
its sequence or structure. The antibodies can then be purified using different enrichment 
methods  [30]. The antibodies collected from this procedure will come from several different 
B cell clones and bind to different epitopes on the antigen, hence referred to as polyclonal 
antibodies [31].  

Monoclonal antibodies, on the other hand, are generated by fusing immortalized myeloma 
cells with the B cells found in immunized animals. The hybridomas that are created can be 
screened to find the clone which exhibits the required antigen-binding property, and each carry 
one particular clone, hence are referred to as monoclonal antibodies [32].  

In comparison, polyclonal antibodies will come from different B cell clones with binding-
specificity toward different epitopes on the same antigen. Monoclonal antibodies, on the other, 
hand will only bind one single epitope. Polyclonal antibodies are less time-consuming to 
create, but batch-to-batch variation may not allow a prolonged supply. A batch of polyclonal 

Antibody

Target protein

On-target binding

Off-target binding

Unspecific binding



 23 

antibodies are not renewable, since injecting another animal with the same antigen does not 
produce the exact same composition of antibodies targeting that antigen [23]. A batch of 
monoclonal antibodies on the other hand can in principle be regenerated indefinitely. Here, 
one type of antibody with a particular affinity to one epitope is produced. This can both be an 
advantage and disadvantage depending on the application they are used in [33]. The 
accessibility of particular epitopes can be essential for a successful use, and polyclonal binders 
have several positions to bind to compared to its monoclonal counterparts. 

Antibodies, especially of the IgG subtype, are very important and versatile work tools in 
molecular biology research and are used in various types of applications. As the body of 
research studies, which utilizes antibody-based methods, increases it has become more and 
more evident that the field struggles with an irreproducibility problem as shown and discussed 
in several studies and articles [34-36]. Part of this problem stems from poorly validated 
antibodies. It seems like many commercially available antibodies have not been properly 
validated prior to the advertised use, causing unspecific or incorrect target binding that make 
the data impossible to be reproduced. The importance of assay-specific and sample-specific 
antibody validation has become increasingly evident. Many steps have been taken to annotate 
and, for the long term, assure good-quality antibodies. Standard measures for validation has 
been proposed [24]. 

In addition to antibodies, alternative affinity binders such as antibody fragments, affibodies 
and DARPins can also be used to detect proteins in various sample types. Smaller fragments 
of antibodies, such as scFV and nanobodies, can be produced using recombinant techniques, 
like phage display technology, to enable in vitro selection and maturation [23]. Binders with 
other scaffolds than immunoglobulin domains are also available. Affibodies are based on the 
staphylococcal protein A [37], DARPins are based on Ankyrin repeat proteins [38] and 
aptamers are composed of short single-stranded nucleic acids [39]. However, antibodies 
remain the most established and used binders and have a wide range of applications as 
secondary reagents. Although, recombinant binders have advantages such as the possibility to 
control and refine the wanted binding properties for a theoretically unlimited supply [23]. 
 

 
Fig 9. Schematic representation of alternative affinity binders. 
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The Human Protein Atlas Project 
 

The Human Protein Atlas (HPA) project has set out to map out the human proteome in cells 
and tissues. As a central element to this endeavor, it uses a production pipeline to generate and 
validate polyclonal antibodies. Besides their primary use in cell and tissue-based assays, these 
antibodies can also be used for detection of proteins in human body fluids such as blood-
derived serum or plasma samples. The latter has been done in the work presented in this thesis.  

The HPA project started in 2003, with the goal to map the gene-centric human proteome in 
cells tissues and organs. The outcomes of these efforts are made publicly available in the 
Human Protein Atlas portal (www.proteinatlas.org), which is a database containing expression 
data and data from immunohistochemistry and immunofluorescence microscopy experiments. 
The portal currently hosts three major atlas categories: a tissue atlas [10], a cell atlas [40] and 
a pathology atlas [41]. The tissue atlas shows the distribution of a protein in major organs and 
tissues using immunohistochemistry, the cell atlas provides insights into the subcellular 
localization of the protein using confocal microscopy and the pathology atlas provides insights 
into the connection between mRNA and protein levels in cancer tissues.  

To achieve a systematic mapping, large-scale generation of binders targeting human 
proteins were initiated [20]. When this thesis was written, 26,009 antibodies had been 
systematically generated to explore 17,000 unique targets as part of the public portal (Version 
18, updated 2017-12-01). The workflow for the generation of polyclonal antibodies involves 
the immunization of rabbits with antigens denoted protein epitope signature tag (PrEST). A 
PrEST represents the protein as a fragment, which contains around 50-150 amino acid residues. 
They are designed in silico to exhibit <60% sequence homology to other human proteins. 
Transmembrane region and signal peptides are also avoided [42]. The PrEST sequence is then 
cloned into an expression vector and the protein fragment is produced in an E. coli suspension 
culture. The PrEST also encompasses an albumin-binding domain and a polyhistidine tag. The 
poyhistidine tag allows purification of the protein fragment using nickel columns and the 
albumin-binding domain acts as an immunopotentiator, amplifying the immunological reaction 
in the immunized animal. The antibodies targeting a specific PrEST is extracted from the rabbit 
sera through affinity chromatography, using the prEST they have been raised against. The 
polyclonal antibodies generated in this way are also referred to as monospecific. The 
specificity of the purified polyclonal antibodies is validated on a 384-plex PrEST array, which 
is used detect cross-reactivity with other PrESTs [30].  

The antibodies that pass this validation are used for further analysis, such as 
immunohistochemical staining of different tissues. A tissue microarray consisting of 64 
different human tissues including 20 cancer types is used to characterize the protein 
distribution in cells, tissues and organs [10] as a part of the tissue and pathology atlases. The 
cell atlas uses 3 human cell lines to provide information on the subcellular localization of a 
protein employing confocal microscopy [40]. The antibody-based analyses are complemented 
with RNA sequencing (RNA-seq) of 32 organs and tissues and additional antibody validation 
using siRNA knockdown [41]. Western blots are also used for assessing the antibodies, using 
both cell and tissue lysates and human plasma [43]. 
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Fig 10. The antibody production flow in the HPA project. The PrEST sequence is designed in 
silico and then cloned into an expression vector to produce the protein fragment in E. coli. The 
purified PrESTs are used for immunization of rabbits and then antibody purification. The 
binding selectivity of the resulting antibodies are validated using PrEST arrays before being 
used in various analyses.   
 

A benefit of the HPA project is that the produced antibodies and PrESTs can be used in 
other applications as well, such as array-based protein profiling in plasma, which is presented 
in this thesis, or for autoantibody profiling using the PrESTs as baits [44].  

There are other initiatives and programs which focus on the large-scale generation of 
binders. One example is AFFINOMICS (www.affinomics.org), which mainly focused on the 
production of recombinant affinity binders, such as affibodies, DARPins, scFV fragments and 
nanobodies [45] for a set of defined antigens. Another example is the Antibody 
Characterization Program by the National Cancer Institute (NCI), which focuses on mouse 
monoclonal antibodies targeting cancer-associated proteins [46]. 

The HPA project has provided a lot of new insights into human biology and the open access 
database makes it possible for other scientists to make use of the knowledge and expand on it 
in their own research with new perspectives and insights.  
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Chapter 3 – Plasma proteomics and biomarker discovery 
 

Blood is an important and easily obtainable body fluid, which is routinely collected and 
clinically tested. This chapter discusses biomarker discovery in blood and how the dynamic 
protein content in blood is both promising and challenging when searching for potential new 
biomarkers.  

 
 

Fig 11. Blood circulates the whole body and its protein content is complex and dynamic, 
providing both an opportunity and challenge for biomarker discovery. Plasma proteomics uses 
large-scale methods to investigate the protein content in blood-derived samples such as plasma 
and serum. Group comparisons of the plasma protein content can be used in biomarker 
discovery. 
 
Biomarkers 
 

A biological marker—or biomarker—can be defined as a “characteristic that is objectively 
measured and evaluated as an indicator of normal biological processes, pathogenic processes, 
or pharmacologic responses to a therapeutic intervention” [47]. According to this definition 
physiological features like blood pressure and heart rate can also be considered biomarkers 
[48]. It also means that any molecule with the ability to differentiate patients with a specific 
condition or predisposition is a biomarker. However, since proteins are the biomolecules 
carrying out the biological functions related to health and disease they could be considered to 
be a logical starting point when looking for distinguishing features of a disease [13]. 

There are three major types of biomarkers: diagnostic, prognostic and predictive. A 
diagnostic biomarker can be used to establish a disease diagnosis, while a prognostic biomarker 
is indicative of the outcome of a disease-state, and a predictive biomarker can be used to predict 
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and monitor the clinical response to a treatment [47]. To be of clinical use, a biomarker needs 
to be able to identify patients with high sensitivity and specificity. High sensitivity means that 
a clinical test should be able to identify a large proportion of—or preferably all—true positive 
cases. High specificity means that a large proportion of—or preferably all—healthy individuals 
will be correctly identified as such. A 96% sensitivity means that there is a 96% probability 
that a patient with a disease will receive a positive test result. A 90% specificity entails that 
there is a 90% probability that a healthy person will get a negative test outcome [49].  

 

 
Fig 12. Sensitivity and specificity of a biomarker. The green people represent healthy 
individuals and the pink ones have a disease. The dotted circle represents the individuals 
detected as positive by a disease biomarker. 7 detected diseased individuals (true positives) 
out of a total of 9 (2 false negatives) gives an approximate sensitivity of 78%. One healthy 
person incorrectly detected as sick (false positive) out of a total of 7 truly healthy individuals 
identified as such (true negatives) gives a specificity of 87.5%.  
 

Specificity and sensitivity has proven to be a problem for many biomarkers in clinical use 
today [1]. An example is the prostate-specific antigen (PSA), which identifies patients at risk 
for prostate cancer. However, benign conditions of the prostate can also increase the amount 
of PSA in the blood, causing unnecessary testing and complications [50]. 

Finding single biomarkers, which unambiguously identifies patients with a particular 
disease, has been shown to be difficult. It is feasible that a panel of markers, which could 
provide a disease-specific signature or pattern, would identify patients more accurately [51]. 
A successful example of this is the OVA1 and subsequently the Overa test, which are FDA 
approved biomarker signatures to assess ovarian cancer [52, 53]. These tests have improved 
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the sensitivity of the ovarian cancer biomarker cancer antigen 125 (CA125) by adding 
additional markers [53]. 

Biomarkers can be measured with different methods in various biological samples. Blood 
is an attractive sample type because it is minimally invasive, readily available in biobanks and 
already used for clinical diagnostics. Blood is also a body fluid which comes into contact with 
all organ systems in the body and, over time, it may present the whole proteome. This makes 
blood-derived samples suitable for biomarker discovery [54]. 

 
Blood and plasma proteomics 
 

Plasma proteomics is the large-scale study of the dynamic proteome found in the blood. 
An adult human has about 4-5 liters of blood in the body. About 55% consists of plasma and 
the rest are erythrocytes (red blood cells), thrombocytes (platelets) and leukocytes (white blood 
cells). The blood plasma is 90% water and about 7 % is proteins [55]. Blood is an extremely 
important systemic body fluid, which transports oxygen and nutrients and removes waste 
products. It also regulates homeostasis and protects the body from pathogenic invaders. These 
diverse functions are reflected in the proteins present in the blood. Some of the most abundant 
proteins in blood are, for instance, the transporter protein albumin, the immune-related 
immunoglobulins and fibrinogen, which is involved in coagulation. Together, these proteins 
make up around 90% of the total amount of proteins in the plasma [56]. Proteins involved in 
other processes such as, for instance cytokines, which are involved in signaling are usually 
present in blood at very low concentrations. Albumin, which is the most abundant protein, has 
a concentration of around 50 mg/ml, whereas the cytokine interleukin-6 has a baseline 
concentration of about 5 pg/ml. This means that the plasma proteome has a 1010-fold dynamic 
concentration range [1]. Today, there are > 3500 proteins being detected in the plasma 
proteome [54]. 

There are two major types of preparations of blood samples. Both sample types are prepared 
by centrifugation to remove blood cells. While plasma is created by adding an anti-coagulant 
such as EDTA, heparin or citrate, serum is created by letting the blood clot and then removing 
the coagulated blood through centrifugation. Serum is slightly less complex since many of the 
abundant coagulations factors and associated proteins have been removed with the fibrin clot. 
This can be an advantage, but also causes some proteins to be lost in the preparation process. 
Plasma retains all proteins, but is more complex and contains an additional chemical which 
can interfere with some types of assays [56]. The most important aspect of sampling is to be 
consistent across all samples which are to be analyzed. 

Since blood is a systemic body fluid, it is in contact with all parts of the body and can also 
contain proteins leaked into the blood due to tissue damage or other pathological processes. It 
is also believed that all human proteins will be present in the blood at some point in time, either 
through natural functions, transportation or leakage [57]. This means that the health status of 
an individual could be reflected in the plasma proteome.  

However, in spite of the advantages of protein profiling blood samples, it is also analytically 
a very challenging sample type. The large differences in concentrations are problematic, since 
the very abundant proteins can mask or interfere with the detection of lower abundant proteins. 
The analysis method might not even be able to detect the lowest abundant proteins, even though 
the sensitivity of different experimental methods is constantly being improved and refined. The 
individual variation of the plasma proteome is also a big challenge, since some proteins will 
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show variation over time in individuals and some proteins levels are stable within an individual 
but vary within a population [1]. This can create a lot of non-disease related variations when 
trying to find a disease-specific protein. The study design, sample collection, handling and 
experimental set-up is of utmost importance to be able to generate useful high-quality data 
[54].  

The expectations on the field of proteomics have been huge. It was believed to be able to 
identify a vast number of biomarkers in a short amount of time. This has unfortunately not 
been the case and the field has struggled with irreproducibility of many reported results [58, 
59]. One aspect of this problem, at least when it comes to the field of affinity proteomics, has 
been the inadequate validation of antibody binding, as mentioned in chapter 2. This problem 
is currently being emphasized and addressed [24]. Other important factors concern the samples 
and statistical methods used for analysis. The study design and sample handling taking place 
before the experimental analysis could be the biggest source of unknown bias, which makes 
disease-specific variations difficult to detect and validate downstream. 
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Biomarker discovery in blood 
 

When searching for markers related to a disease, it is logical that the affected tissue contains 
disease-associated proteins. However, tissue biopsies are invasive and sometimes impossible 
to obtain while the patient is still alive and therefor easily accessible sample types like blood, 
which can even be collected continuously to monitor a patient’s health status, can be used 
instead [60]. This following section will discuss considerations when conducting studies to 
identify disease-associated proteins in blood-derived samples in more detail. 

 
 

 
 

Fig 13. Schematic diagram of the different steps in biomarker discovery. The work in this thesis 
mainly concerns assays and validation, as the study design is usually already completed by 
collaborators when we receive sample sets and the verification is performed once a promising 
candidate marker has been discovered and thoroughly validated. 
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Study design 
It is extremely important to define the design of a study with regards to the objective and 

hypothesis being investigated. What do we want to examine and why? 
There are two types of general study designs in medical research: experimental and 

observational studies. Experimental study designs are used to test hypotheses by manipulating 
a variable in one group and comparing the outcome to a control group. This type of experiment 
is not always possible to perform due to practical or ethical reasons and instead an 
observational study can be conducted. In observational studies different groups are compared 
to each other, predicting that the groups will differ from each other based on a hypothesis [61]. 
Cohort studies, case-control studies and cross-sectional studies are different types of 
observational studies [62]. Cohort studies are often longitudinal and follow a group of people 
over time, either prospectively or sometimes even retrospectively. This study design is less 
prone to selection bias but requires a very large sample group. Case-control studies are most 
often retrospective and compares groups of individuals with a known condition with a group 
of individuals without the condition. This type of study generally takes less time to conduct 
and does not require as large sample groups. The cases and controls need to be well-matched 
in regards to known confounding factors such as age, gender, BMI, life style, ethnicity or other 
aspects which could affect the outcome. Cross-sectional studies aim at investigating a whole 
study population at a specific time point [63], but is not commonly used in biomarker discovery 
and will not be further addressed here.  

The sample availability, time and cost of a study is of course important considerations and 
retrospective case-control studies are common in biomarker discovery. However, recent work 
shows that the individual plasma proteome varies more between individuals than generally 
anticipated, while often remaining quite constant within an individual [64]. This indicates that 
a shift towards longitudinal studies might be necessary to avoid the high inter-individual 
variability of the study subjects’ plasma proteomes. Since this makes it difficult to distinguish 
disease-associated proteins from proteins which might differ across individuals due to various 
other reasons. This especially becomes a problem if there is bias in the sample collection and 
the cases and controls are insufficiently matched. 

Target selection is another important aspect of the study design. In biomarker discovery 
either a targeted or untargeted approach can be selected. A targeted approach requires prior 
knowledge of a known set of targets to be analyzed whereas an untargeted approach screens 
the samples in a hypothesis-free manner. In affinity proteomics, this means that the samples 
can be investigated with a large number of affinity binders purely based on availability rather 
than selecting them due to the known disease relevance of their targets. The untargeted 
approach requires a large pre-existing collection of binders, such as the antibody repository of 
the HPA project. Similar aspects apply to mass spectrometry, where methods and instrumental 
settings differ, either measuring as many proteins as possible (shotgun MS) or only those that 
are of interested (targeted MS). 

 
Sample handling 

The study design dictates which samples will be collected and selected, but an important 
factor to also consider is how the samples have been collected and handled thereafter. It may 
well be so that the manner in which the samples are collected and handled has a bigger effect 
on the differences between groups than the disease status and hence presents a very big 
contribution to unwanted variation in the data. The time elapsed before the blood samples are 
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processed into serum or plasma and then stored in, preferably, -80° C affects the protein content 
of the sample. Some proteins are believed to be quite stable, whereas some are denatured or 
cleaved by proteolytic activity [65]. This is not necessarily a problem as long as all samples 
are treated equally. However, if patient samples and control samples are collected in, for 
instance, different hospitals with differing protocols, then variations in the protein content 
could mistakenly be taken for being disease-related but are actually an unknown effect of 
sample handling. These problems need to be addressed by introducing more rigorous routines 
and guidelines into biobanking procedures [65 , 66]. It is recommended to thoroughly record 
and note handling procedures to be able to identify effects caused by this. It is also noteworthy 
to mention that different techniques may be influenced in different ways by pre-analytical 
factors. 
 
Experimental design 

Once the samples have been chosen and collected they are to be analyzed. This section is 
discussed in relation to the antibody bead array procedure and may differ from other methods.  

To avoid bias being introduced during the actual experimental procedure, several strategies 
can be adapted. The samples are to be randomized within the assay plate to avoid introducing 
biases caused by the assay procedure in case of a sequential readout. A sample pool consisting 
of a small volume from all samples can be distributed as a replicate within assay plates. This 
serves as a control of the technical variability within an assay run. The same experiment can 
also be repeated to ensure robustness and reproducibility of the data.  

Another type of quality control is sample-free technical controls. Buffer without any 
biological material is treated as a sample to establish background signals and detect 
contaminations or other indications that the data quality is compromised. It is worth 
mentioning that adding samples containing defined concentrations of a target protein are also 
well-established routines to determine the assay performance. This can expand into using these 
controls as standards, and when analyzing these in dilution series, will allow to determine the 
concentration of the target in the investigated set of samples. 
 
Data analysis  

The purpose of data analysis is to extract and summarize information generated for 
biologically or clinically plausible hypotheses. To be able to convert the obtained raw data 
from high throughput experiments into meaningful biological information, the data often needs 
to be pre-processed into an appropriate format in order to be analyzed with suitable statistical 
methods. The type and format of raw data depends on the type of method and instrument used.  

This section briefly discusses the analysis of data and focuses on data generated from 
fluorescence-based detection of proteins using antibody suspension bead arrays. The 
instruments used for these analyses uses two lasers and detectors to report the bead identities 
and the amount of fluorescence carried on the bead. The data is then presented in the form of 
median fluorescent intensity (MFI) values, which is the median of the fluorescent intensity 
across all (most often > 50) events detected per bead identity. 
 
Quality control 

Before any processing of the data takes place, it is important to investigate the data quality. 
This is often done by evaluating the positive and negative controls. In most antibody-based 
SBAs rabbit anti-albumin antibody and donkey anti-human IgG are coupled to beads as 
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positive controls. The signals from the positive controls indicate that sample transfer, 
biotinylation and detection has proceeded as expected.  

IgG from non-immunized rabbits is used as a negative control together with a bead identity 
which has undergone coupling with protein-free buffer. Proteins binding unspecifically to 
either the rabbit IgG or to the bead itself give rise to signals from the negative controls, thus 
indicating a background “noise” level. Signals above the positive controls and below the 
negative controls are often filtered out since they have either reached saturation or are below 
the background levels. 

Another way to assess data from SBA assays is by calculating the technical and biological 
coefficient of variation (CV). A replicated sample pool is used as a reference to establish the 
technical variation in the assay. A coefficient of variation, which is defined as the ratio between 
the standard deviation to the mean, is calculated for each analyte (antibody) and the distribution 
of the CVs for all analytes is examined. If more than one sample plate is processed, the CV is 
calculated within one plate and across all plates. The biological CV is calculated for each 
analyte across all samples and can be compared to the technical CV, which is calculated from 
a repeated sample. A higher biological CV indicates that the variations observed in the samples 
are not caused merely by the variations introduced by the experimental procedure. 
 
Preprocessing of data 

Preprocessing of raw data is often needed to avoid that systematic biases, caused by for 
instance the experimental procedure or batch effects, influence the outcome of the statistical 
analyses. For the SBA assays it is possible to use, for instance, Probabilistic Quotient 
Normalization (PQN) in order to account and correct for differences between samples, e.g. the 
total sum of the intensity values per sample [67]. Otherwise technical aspects, such as total 
protein concentrations may cause variations in the signal intensity distribution in the samples 
[68, 69]. This type of normalization assumes that all samples should have an equal median 
protein content. This assumption is considered more suitable for larger and untargeted arrays 
but is not ideal for smaller and targeted arrays where the selection may have been based on 
previously known differences.  

As a next procedure, application of Multidimensional MA and MA-loess normalization is 
a possible approach to minimize plate effects, when measurements have been performed on 
samples spread out over several different plates. This procedure requires the samples to be 
randomized and distributed homogenously across the plates as it would otherwise also 
compensate for a difference between samples or sample groups [70]. 
 
Data processing 

The statistical analysis of the obtained and quality-checked data can be performed using 
many different methods. The overview is here limited to those relevant for the thesis and 
explored in the presented projects. 

Univariate hypothesis testing is a way to investigate whether a feature differs in the case 
and control groups. A probability value, or p-value, is calculated to indicate how likely it is to 
obtain the observed data when a specified null hypothesis is true. The null hypothesis is often 
formulated as “there is no difference between the groups”. The smaller the p-value, the more 
unlikely it is that there is no difference between the groups. The significance cut-off is 
arbitrarily chosen, although a p-value cut-off of 0.05 or 0.01 is often used. In this context, it 
means that there is a 5%, or 1 %, or lower probability of the observed difference to only be 
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seen by chance. Even a very low p-value can never prove that there is a real biological 
difference, but merely state a probability and in the same way a non-significant p-value does 
not prove that a protein does not differ in abundance in the groups. The p-values are also 
dependent on the number of samples used in the study [71].  

There are parametric and non-parametric univariate tests. Parametric tests assume a 
particular distribution of the signals. The well-known Student’s t-test for instance assumes a 
normal distribution of the signals. When correctly used, these tests have more statistical power, 
meaning that they reject a null hypothesis more accurately than non-parametric tests. The non-
parametric tests, like the Wilcoxon rank sum test, do not assume a normal distribution. It is 
more generally applicable than the Student’s test, even though the statistical power is 
somewhat lower [71]. Linear regression can also be used and have the advantage of being able 
to take confounders into account in the constructed model [72]. It is always important to 
consider what criteria which need to be fulfilled for a statistical test to be applicable. It is a 
common problem within life science that p-values are often incorrectly used [73-75].  

In multiplexed analysis, the total number of tests performed on a set of samples also has an 
influence on the p-values, which is often corrected for. When performing multiple testing it is 
important to consider that a p-value cut-off of 0.05 means there is still a 5% chance of a false 
positive result, also called a type I error. When performing hundreds of parallel tests, that 
means there will be quite a few type I errors [76]. To avoid this, it is possible to account for 
multiple testing by false discovery rate (FDR) correction [77]. It is also possible to use 
Bonferroni correction [78], but this method is considered to be quite stringent and conservative, 
which instead increases the likelihood of false negative results, also called a type II error [76].  

When performing discovery studies, it could be advantageous to be moderate with applying 
significance cut-off levels, since false positive results would most likely be eliminated in the 
validation phase. There needs to be a balance between inclusiveness when narrowing down 
what analytes to include in the validation phase and what is economically, technically and 
practically feasible [76]. 

Multivariate analysis approaches can identify patterns of several proteins, which separate 
groups. Unsupervised pattern recognition, such as cluster analysis and principal component 
analysis (PCA) and sparse partial least square (sPLS) analysis, have been used [79]. This type 
of analysis is favorable since they can take the interaction between proteins into account, but 
are less suitable when the sample numbers are low and it is also less straight-forward to 
interpret the results compared to univariate methods.  

Receiver operating curves (ROC) [80] is a popular way to visualize the sensitivity and 
specificity of a model [51]. The area under the curve (AUC) gives a value between 0-1 and 
indicates how well a model works, where 0.5 means it is like flipping a coin while 1.0 means 
a perfect classification.  

In summary, appropriate preprocessing of data is necessary to avoid bias. An analytical 
method should then be chosen to suit the purpose and hypothesis of the study. Preferentially 
independent sets of data are used to confirm the relevance of the findings in relation to the aim 
of the study. 
 
Validation 
     Once proteins which differ between compared groups have been identified, these results 
need to be validated. Technical validation means that complementary technologies are used to 
verify that the discovered protein is correctly identified. This is especially important since 
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single-binder assays depend on the interactions of one antibody, which could potentially be 
binding other proteins than expected. Sandwich immunoassays utilizes two antibodies binding 
independently to a protein, strengthening that it is the intended protein which has been bound 
[28]. Western blotting is regularly used for validation and can confirm the expected molecular 
weight of a protein [21], while the epitopes recognized by antibodies can be revealed by epitope 
mapping [81]. Mass spectrometry methods are also a good way to validate findings. 
Immunocapture mass spectrometry (IC-MS) enables identification of proteins captured by 
antibodies by combining affinity-based capture with mass spectrometry [82]. 
     Biological validation is important to ensure a biologically relevant discovery. Investigating 
more samples, preferably from a different sample cohort, ensures that a finding is not an 
artefact dependent on a specific sample set.  
     Once thorough technical and biological validation has been performed the clinical utility of 
the discovered biomarker candidate can be further verified. 
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Chapter 4 – Protein arrays and beads 
 

A microarray can generally be described as an analytical assay that involves a solid support 
with many probe molecules attached in a small space or area. This chapter mentions the 
different types of protein arrays and discusses the development and application of the antibody 
suspension bead array workflow, which is the main method used in the studies presented in 
this thesis. 
 

 
Fig 14. Forward-phase arrays have capture molecules (binders) bound to their surface, which 
can either be planar or bead based. Samples are applied to the arrays to investigate their 
content. Reverse-phase arrays have samples printed to their surface and capture molecules 
are applied to the array. 
 
Protein arrays 
 

Multiplexed affinity-based assays provide an efficient approach for biomarker discovery, 
by being able to simultaneously measure hundreds if not thousands of proteins in blood 
samples from hundreds or thousands of healthy and sick individuals. Protein arrays, which is 
the technology used in affinity proteomics, uses miniaturized and parallelized affinity 
interactions for protein analysis. Array technology has an advantage of a high sample 
throughput compared to mass spectrometry-based methods even though the latter often is able 
to identify a wider spectrum of proteins [54]. Also, health-care providers often use 
immunoassays for clinical tests and results from affinity-based methods are more comparable 
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and offer a direct route for translation into, for instance, a classical ELISA, which could be 
used by the infrastructure of clinical laboratories. 

There are two main microarray formats: reverse-phase and forward-phase microarrays [83]. 
Reverse-phase microarrays enables the parallel analysis of many samples with one parameter 
by, for instance spotting samples on a functionalized, solid surface and investigating the sample 
contents with one applied binder at a time. A reverse-phase protein array with over 12000 
blood-derived samples has recently been generated [84]. Forward-phase arrays analyze many 
parameters in one sample at a time by spotting capture reagents, such as antibodies or protein 
fragments and applying a sample to the array. 

Protein arrays can be fabricated onto planar surfaces, utilizing a glass-slide with a 
functionalized surface to spot capture molecules on. The identity of the capture molecules on 
planar arrays is retained through the known coordinates of the spot or in suspension. The other 
type is suspension bead arrays, which uses tiny beads with different identities coupled to 
capture molecules in solution. The identities of the beads can be created with different internal 
dyes, giving each bead type its own spectral identity [85].  

A planar protein array is produced by spotting peptides or proteins on a functional surface 
using an array printer instrument. The printed surface is then blocked to prevent further 
binding. Incubation with a sample is followed by washing and incubation with a secondary 
reagent carrying a fluorophore being applied to the array. An image is captured by a laser 
scanner and the fluorescent signal is evaluated with an image analysis software. Planar arrays 
can be used to spot very large number of analytes but require the appropriate infrastructure 
with printing instruments for the spotting of the microarray and a scanner to obtain the data 
from the experiment. 

Suspension bead arrays provide an alternative and, in some aspects, more flexible array 
format, which enables parallel analysis of up to 500 analytes with the possibility to combine 
coupled bead identities according to need. The immobilization of a protein on the bead requires 
only standard lab equipment and reagents. Although a suspension bead array cannot compete 
with a planar array in the number of analytes detected in parallel, suspension bead arrays 
provide faster and more convenient sample throughput.  
 
Suspension bead arrays 
 

Suspension bead array (SBA) technology is a flow cytometry-based method, which utilizes 
color-coded beads for multiplexing. This method was developed in the 1990’s by the Luminex 
corporation [85].  

The Luminex multi-analyte profiling (xMAP) technology is based on color-coded 
polystyrene microspheres. The beads are 6.3 micrometers in diameter and contain a ratio of 2 
or 3 fluorescent dyes, making it possible to distinguish between up to 500 different types of 
beads [86]. The beads used nowadays are magnetic and the surface is covered with functional 
carboxyl groups, which enables immobilization of molecules via their primary amines.  
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Fig 15. Schematic figure showing how color-ratios create distinguishable 100-plex and 500-
plex bead identities.  
 

An antibody-based suspension bead array can be created by attaching antibodies to the 
color-coded microspheres via active ester chemistry. Approximately 1.75 µg antibody is 
needed for coupling to 500 000 beads of the same identity [87]. The bead surface is covered 
with carboxyl groups, which are activated when using a combination of EDC (1-Ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride) and sulfo-NHS (N-
hydroxysulfosuccinimide). This creates a reactive intermediate which is replaced when 
reacting with the primary amines on the antibodies, thus covalently attaching them to the bead 
surface. Primary amines are present on the N-terminus of the peptide chain and on the side 
chain of the amino acid lysine. 

There are different ways to detect binding of the target protein to the immobilized 
antibodies. In single-binder assays direct labeling of the samples is used and dual-binder assays 
uses a second binder for detection. The detection antibody in a dual-binder assay increases the 
likelihood that the actual target of interest is the reported protein. Although some degree of 
multiplexing is possible for the dual binder assays, they do require a time-consuming 
optimization and matching of every individual assay. Direct-labeling in a single-binder assay 
allows the use of a wider range of bead identities because there is no cross-reactivity from the 
detection antibodies. Both assay types do require testing of the optimal sample concentration 
to be able to detect the protein above background and below saturation. 

In direct labelling assays, the proteins in the sample are modified with sulfo-N-
hydroxysuccinimide-polyethylene oxide containing biotin (NHS-PEO4-Biotin). The NHS will 
bind to primary amines, like the N-terminus or to lysine side chains of proteins. In the assays 
used for this thesis, the biotinylated samples are diluted and heat-treated to make the epitopes 
more accessible [3]. This is done because the HPA antibodies are generated against smaller 
protein fragments of the targeted proteins, hence the epitopes will likely not bear a dimensional 
conformation over a large stretch of amino acid residues. All proteins which have been 
captured on an antibody bead can be detected using a common reagent. For this purpose, 
streptavidin-conjugated phycoerythrin (SAPE) is used. Streptavidin is a bacteria-derived 
protein with a very high affinity to the molecule biotin, which is a naturally occurring B 
vitamin. The binding capacity of biotin to streptavidin is taken advantage of in many 
biotechnological applications [88]. Phycoerythrin is a red-colored protein fluorophore 
originating from algae, which is also common in many different types of applications [89]. 
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After all necessary washing steps, the captured protein can also be crosslinked with the 
antibody using a 0.4% paraformaldehyde solution. This is to avoid dissociation during the 
following steps of experimental processing, such as a prolonged time elapsed during the 
sequential read-out of the 384-well plates. Ultimately, the beads are aspirated into the flow 
cytometer of a Flexmap3D instrument (Luminex Corp.), where the internal fluorescence from 
the beads and the fluorescence from the phycoerythrin bound to the biotinylated proteins 
caught on the bead surfaces are detected with a dual laser system. The instrument also employs 
two detectors that classify the identity of the beads and assign a fluorescent intensity to each 
bead. The Flexmap3D allows the sequential handling of up to 384 samples in one run and 
analyzes up to 500 different analytes in parallel. The smaller systems, Luminex 200 (up to 80 
analytes and 96 samples/run) and MagPix (up to 50 analytes and 96 samples/run) can be used 
in a similar manner [86]. The median of preferably 50 or more beads is then reported as a 
median fluorescent intensity (MFI) that defines the amount of the captured target protein. This 
method provides relative quantification since no internal standard is used and because the 
number of biotins carried by each protein will vary depending on the composition of the protein 
and its available lysine residues. Even though this method does not provide an absolute protein 
concentration and cannot be used to compare amounts of different proteins, it enables a 
comparison of the amounts of one protein in-between samples. In these single binder assays, 
only 3 µl of plasma samples are needed to investigate the relative abundance of several sets of 
384-plexed assays. In this way, a very large number of samples can be screened for thousands 
of analytes from a single sample preparation step [87]. 
     A challenge of single binder assays is that an antibody can either bind its intended target 
protein or a protein with a similar epitope. Antibodies can also bind to proteins with a weak 
affinity simply because is present in a much higher concentration than the target of interest. 
Single-binder assays are effective ways for screening the protein content in various sample 
types, but it is important to validate the results, especially in cases with no paired antibodies, 
as discussed in chapter 3. 
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Fig 16. Illustration of the direct labeling, single binder bead-based assay workflow. The 
plasma or serum samples are first randomized and then diluted and biotinylated. The labeled 
samples are further diluted and heat treated before incubation with the 384-plex suspension 
bead array, created by coupling HPA antibodies to magnetic, color-coded microspheres. A 
flowcytometer-based instrument utilizing lasers, detects the bead identities and the fluorescent 
intensities from the streptavidin-conjugated fluorophores bound to the biotinylated captured 
proteins. The median fluorescent intensities can then be compared in-between groups to reveal 
differences in protein abundance. 
 
 
The development and application of the suspension bead array SOP 
 

This bead-based technology offers features that can be aligned with the growing antibody 
repository of the HPA project and it enables the analysis of the protein content in various body 
fluids [69, 90]. It has, for instance, been used for large-scale hypothesis-free screenings in 
several different disease contexts, including different cancer types, as well as samples from 
non-diseased (healthy) samples. These untargeted direct-labeling screenings have primarily 
served as an opportunity for discoveries. The outcomes have then been followed-up in targeted 
studies, where some of the results have been validated and published [69, 91-93]. 

The first pilot study was started in 2010 with the aim to screen for a large set of targets in 
several different diseases. In summary, 572 plasma samples from ALS, MS, Parkinson’s 
disease, Alzheimer’s disease, mild cognitive impairment, coronary heart disease, myocardial 
infarction, liver toxicology, osteoporosis, breast cancer, colon cancer, lung cancer, malignant 
melanoma, ovarian cancer, pancreatic cancer, prostate cancer, urinary bladder cancer, stomach 
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cancer and samples from healthy individuals were distributed into microtiter plates. The 
samples were randomized in six 96-well plates to avoid plate effects. The samples were then 
screened with the available HPA antibody collection, which primarily had to pass the HPA 
validation steps and be available at an appropriate concentration of >0.05 mg/ml. 
Approximately 4600 antibodies were used to create a set of 12 SBAs. This work lead to the 
development of a 384-plexing (instead of 500) of the arrays being made a standard operating 
procedure in the lab since handling 4x96-well plates was the most optimal during the coupling 
procedures.  

Due to the antibodies in the HPA project varying in concentration, they initially had to be 
diluted by hand to achieve the optimal protein amount for coupling. This time-consuming step 
was consequently automated by using a liquid handling device (Freedom EVO, Tecan). The 
HPA project is supported by a LIMS system, which allowed different applications to be 
connected to the database. A function was added to the internal LIMS, allowing scripts for the 
robot to be generated automatically so that each antibody concentration was normalized to the 
optimal concentration for the coupling procedure. 

Parts of the coupling procedure was further automated through the use of a plate washer 
(EL406, BioTek), which made the washing procedure less variable and faster. This was made 
possible by the fact that the beads are paramagnetic and can sediment onto the bottoms of the 
wells by placing a magnet below the plates.  

Diluted, heat-treated and biotin-labeled samples were then combined with antibody-coupled 
beads and processed in the available FM3D instrument. The six sample plates had to be handled 
and run separately, since the instrument only allows one plate at a time. Each disease sample 
group was relatively small, but some proteins found at different levels in the disease group and 
its matching control group could be confirmed in follow-up studies. Article I in this thesis 
describes how the results from this pilot screening effort could be combined with other 
potentially disease-related targets to conduct a targeted study to investigate the protein profiles 
samples from healthy individuals and patients with osteoporosis [93]. At the conclusion of this 
large-scale study we realized that the method could be made even more robust by handling the 
samples in parallel instead of consecutively. 

The second large-scale screening effort was started in 2011 and aimed at protein profiling 
380 serum or plasma samples from males and females aged 5-85 to investigate differentiating 
features of age and/or gender. A total of 7500 antibodies were used for this screening. The 
biotin-labeled samples were now transferred to a 384-well plate prior to the addition of the 
SBA. This was made possible with a new liquid-handling device specialized on handling low 
liquid volumes (SELMA, CyBio). All samples could be processed simultaneously and more 
accurately, both for labeling of the samples and for the addition assay reagents. An additional 
change was that the beads, which originally where delivered in bottles and had to be manually 
pipetted one-by-one into a plate format, were now customized to be delivered in an appropriate 
plate-compatible format, removing another time-consuming and error prone step. The 
outcomes from this study are currently being evaluated and validated. 

With the experience gained from these two initial screening efforts, a third and even larger 
untargeted discovery screening of several cancer types was initiated in 2012. In total 376 
samples from breast cancer, prostate cancer, colorectal cancer, pancreatic cancer and 
lymphoma were randomized, biotinylated and screened using 10 000 antibodies. Possibly 
disease-related proteins revealed in this study have been used as starting-points for further 
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investigation in larger sample sets. This study was performed in parallel to a study on 
cardiovascular diseases, which is not further discussed here. 

Each large-scale screening effort has provided insights on how to improve the assay 
performance and optimize the workflow to maximize throughput. The developed 384 x 384 
protocol has become the in-house standard for basically all bead-based protein profiling in 
plasma and serum. More than 20 studies have been published since the first paper in 2008 [3]. 
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Chapter 5 – Present investigations 
 

The aim of the studies presented in this thesis was to find disease-related proteins by 
utilizing the antibody collection from the Human Protein Atlas project in assays based on 
multiplexed suspension bead arrays. Two representative projects were chosen to exemplify an 
untargeted and a targeted approach, as well as demonstrate the use of plasma and serum as 
sample sources. Protein profiles obtained from patients were compared to healthy controls in 
osteoporosis using plasma samples (paper I) and in subgroups of inflammatory bowel disease 
using serum samples (paper II). The studies revealed proteins with a possible involvement in 
the respective disease. These candidates could now be further validated to investigate their 
potential as biomarkers. Both studies also discuss the need for subsequent experimental 
validation of the findings.  

In paper I, a hypothesis-free screening approach was chosen to conduct a discovery study 
in several different disease contexts using approximately 4600 antibody binders. The proteins 
found to be osteoporosis-related were then further evaluated in a larger, independent sample 
set.  

Paper II describes a targeted approach, where antibodies towards proteins encoded by 
genes known to be associated to the risk of developing inflammatory bowel disease (IBD) were 
selected for protein profiling of the samples. Validation was performed using several different 
methods. 

Paper I represents one of several studies that have emerged from the first large-scale 
screening effort made within the group, where I was responsible for conducting the 
experiments and for generating the data. The insights gained from the untargeted large-scale 
discovery studies I have been involved in have been crucial for the further development and 
improvement of the method and to establish a standard operating procedure (SOP) of protein 
profiling using antibody-based suspension bead arrays. The experience I, and others in the 
group, have gained from the high-throughput screenings has driven further advances, such as 
integration of the data into a LIMS database, automating processes with liquid handlers, 
creating a more reliable, robust and efficient experimental workflow that can be used by others. 
The developed SOP is now in regular use in untargeted screening efforts as well as targeted 
approaches, such as the work presented in paper II. 
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Fig 17. The protein AMFR was discovered to be decreased in osteoporosis samples through 
untargeted analysis and targeted analysis validated the finding. Targeted analysis revealed a 
decreased level of LACC1 protein in IBD samples, which was validated with complementary 
methods. 
 
Paper I: Affinity proteomics discovers decreased levels of AMFR in plasma from 
osteoporosis patients 
 

Osteoporosis is a multifactorial disease common in elderly people and especially in women. 
The disease causes reduced bone density and easily fractured bones, which can lead to painful 
complications. It is approximated that 200 million people suffer from this disease worldwide 
[94]. Osteoporosis is usually discovered using bone mineral density scanning [95] and although 
there are bone turnover markers which offer limited aid in diagnosis, they are not disease-
specific and discovering additional disease-specific targets would be of value [96].  

In an initial untargeted large-scale discovery phase, which included 16 osteoporosis cases 
and 6 controls from the Swedish Mammography Cohort-Clinical (SMC-C), a broad selection 
criterion of potentially disease-related targets listed 142 antibodies targeting 72 unique proteins 
to have differing protein profiles in the cases and controls. This list was expanded with 34 
antibodies targeting 25 unique proteins, derived from osteoporosis-related literature on 
genome wide association studies.  

The targeted validation phase of this study investigated 89 female osteoporosis patients and 
91 age-matched healthy controls from two independent plasma sample sets; SMC-C and the 
Prospective Investigation of the Vasculature in Uppsala Seniors (PIVUS). 

For the assays, a 181-plex suspension bead array was created by attaching the polyclonal 
HPA antibodies to the activated microsphere surfaces. The coupled magnetic color-coded 
beads were then pooled together to form a suspension bead array and a small amount was 
mixed with the randomized, biotinylated plasma samples. The samples were diluted and heat 
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treated prior to the over-night incubation, which was followed by washing, applying stop 
solution and incubating with streptavidin-conjugated phycoerythrin fluorophore. A 
FlexMap3D instrument was used to measure the number of beads detected per bead identity 
and the median fluorescent intensity (MFI) per identity. The assay was repeated creating two 
data sets, each data set containing samples from independent collections. The data from the 
replicated assays correlated with a median rho=0.98. The data sets were then PQN and MA 
normalized and then log transformed before a Student’s t-test was used to evaluate proteins 
exhibiting different trends in the sample groups. The protein autocrine motility factor receptor 
(AMFR) was detected at significantly (p<0.05) lower level in the osteoporosis samples 
compared to controls in both sample sets.  

The binding selectivity of the HPA antibody used for the detection of the protein was 
validated using Western blot, epitope mapping and protein microarrays. Western blotting 
confirmed bands in the predicted mass range in samples from tonsil lysate, plasma and cell 
lysate overexpressing AMFR protein. Epitope mapping was performed on an ultra-dense 
peptide array and identified at least one binding epitope within the epitope region [81]. 
Validation on a microarray containing more than 13000 PrESTs, representing almost 10 000 
unique proteins, showed that only 15 out of these fragments were detected by the antibody and 
none exceeded 15% of the signal for the detected AMFR protein fragment. 

This study showed that a large untargeted discovery screening of only a limited number of 
samples has yielded results, which could be validated in larger sample sets. However, to assess 
if this protein is truly disease-specific and relevant, these results need to be further validated 
in an even larger sample set. The technical validation of the assay could also include different 
technologies, such as MS or a combination of technologies like immunocapture MS, and then 
ultimately use ELISA type of assays for quantifying AMFR in independent studies. 

 
Paper II: Targeted analysis of serum proteins encoded at known inflammatory bowel 
disease risk loci  
 

This paper describes how a targeted approach was used to investigate the “risk proteome” 
of inflammatory bowel disease (IBD). IBD is believed to be caused by a loss of tolerance 
against the commensal gut microbiota, but many of the mechanisms behind the disease is still 
unknown. The disease is inflammatory and affects the gastrointestinal (GI) tract. The two 
major forms of IBD are Crohn’s disease (CD) and ulcerative colitis (UC), though similar in 
symptoms and hard to separate they can manifest inflammation in different parts of the GI tract 
and can also differ in severity, treatments and disease prognosis. IBD and its subtypes are 
diagnosed using a combination of colonoscopy together with different types of markers in feces 
or blood [97]. Identifying disease-associated proteins could help to elucidate the disease 
mechanism and aid in the diagnosis of IBD and its subtypes. 

 A study identifying IBD risk loci using GWAS [98] was used to select corresponding 
protein targets.  A set of inflammation and neutrophil-associated targets was included and 365 
antibodies against 218 unique proteins were subsequently selected primarily based on 
availability, binding specificity and concentration.  

A sample set consisting of serum samples from 49 CD patients, 51 UC patients and 50 age 
and gender matched controls were screened with an antibody-based bead array. A second set 
of 33 CD and 31 UC samples was used to validate findings between the subgroups. The 
samples were randomized and processed as previously described and the antibody suspension 
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bead array was used to profile the protein content of the samples. A subset of the samples was 
replicated within the assay to ensure robustness of the data.  

The raw data was normalized using multidimensional MA and then univariate analysis 
using a linear regression model to separate IBD cases from controls was performed in the first 
sample set. Comparisons between CD and UC cases were attained for both sample sets. When 
comparing IBD cases to healthy controls 13 antibodies showed significant differences when 
using false discovery rate (FDR) corrected q value < 0.01 as a cut-off. Two antibodies targeting 
different parts of the protein laccase (multi-copper oxidoreductase) domain containing 1 
(LACC1) were found to show a significantly decreased detected protein level in the IBD cases 
compared to the controls. The two antibodies correlated with a Spearman rho=0.6 indicating 
selective binding to a common target protein. The selectivity of the antibody showing the 
strongest association in the group comparison was further validated using Western blot, epitope 
mapping and immunocapture mass spectrometry (IC-MS). Western blot confirmed binding to 
protein extracts from LACC1 over-expressing cells and epitope mapping identified three 
epitopes only matching the LACC1 protein. Finally, IC-MS confirmed that the antibody does 
bind its intended target. Genetic variations in the LACC1 gene has previously been associated 
with IBD, leprosy and juvenile idiopathic arthritis [99]. The protein is involved in macrophage 
immune-metabolic function [99]. It is possible that the decreased level of LACC1 observed in 
the IBD cases could be linked to the finding that LACC1 gene variants with reduced function 
have been associated to increased risk of CD [100]. 

Antibodies against the immune-related proteins serum amyloid protein A1 and A2 (SAA) 
and the transcription factor cyclic AMP-responsive element-binding protein 5 (CREB5) 
indicated higher abundance of the corresponding proteins in the CD cases compared to the UC 
cases. The increased level of SAA might be related to the higher degree of inflammation seen 
in CD patients and the upregulation of CREB5 has been reported in peripheral blood 
mononuclear cells in patients with CD [101]. However, further investigations are needed to 
assess if these proteins can be used to separate patients with different subtypes of IBD and in 
independent set of samples. 

This study showed how a targeted protein profiling approach utilizing the HPA antibody 
repository on bead arrays was used to investigate protein products from known genetic risk 
loci. Out of 218 unique targets, proteins with potential ability to distinguish patients with IBD 
or its specific subtypes were identified and could be studied further in follow-up studies to 
assess their suitability as potential biomarkers. 

 
Concluding remarks and future perspectives  
 

This thesis describes how suspension bead array technology has been combined with the 
resource of HPA’s systematic antibody generating efforts in order to explore disease-
associated proteins in blood-derived serum and plasma. The presented work illustrates how 
this combination has been established for both large untargeted and smaller targeted affinity 
proteomics approaches in protein biomarker discovery studies. 

The foundation of this work is the development and optimization of a screening protocol 
using bead array technology. This protocol has been established and applied in large-scale 
untargeted discovery studies that employed thousands of antibodies and several hundreds of 
samples from different disease areas. The generated data from these discovery approaches has 
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served as staring points for selection of candidates for follow-up investigations and validation 
studies. 

The exploratory use of affinity binders always comes with some uncertainty regarding 
which proteins in a sample have actually been captured. It is important to use antibodies with 
binding properties that have been pre-evaluated for the application they are to be used in. There 
is now consensus within the field that this needs to be more systematically addressed and 
initiatives to promote and standardize this have been started. In the context of this thesis, it was 
possible to validate any findings with several binders raised against a common target or by 
applying other orthogonal technological methods in order to ensure that it is the expected target 
which has been identified. An advantage with using the HPA antibodies is that binders are 
available against many proteins and a lot of additional information about each antibody is 
provided, although not every antibody will be suitable for the analysis of proteins in serum or 
plasma. 

A few interesting disease marker candidates have been described in this thesis, but once a 
target has been technically validated it also needs biological validation. The samples used can 
have a substantial impact on the outcome of a study. Individual variations in protein content 
of blood can cause proteins to be falsely connected to a disease. This is especially a challenge 
when sample sizes are small, which is still too often the case in discovery studies found in 
recent literature. Although sample throughput is increased as technologies are improving, it is 
crucial that utmost care is taken when designing a study. A shift towards a longitudinal study 
design would for instance be favorable even though it may not always be possible due to a lack 
of available samples.  

The suspension bead array technology offers a good compromise between the number of 
analyzed proteins per assay and sample throughput. The presented method shows that even 
though it relies on single-binder assays and off-target binding may occur, some candidates did 
survive the technical validation. Confirmation of the finding in a large, independent set of 
samples ensures that an observed difference between groups is not dependent on the sample 
set, but more likely connected to the studied disease. Once this has been established the 
findings can be further evaluated to verify if a biomarker candidate, or pattern from combining 
several markers, is clinically useful. Here, the previous use of antibodies can be an advantage 
when, for instance, building ELISA-type assays to determine a possible clinical value. 

Finding new biomarkers has proven to be a complicated endeavor, and antibody-based 
suspension bead arrays provide a valuable alternative approach to search for disease-related 
proteins, as exemplified in this thesis. 
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