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“What’s in a breath?  

What’s in a heartbeat? 

An anchor towards now 
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Abstract 

To increase our understanding of the human body in both health and disease, 

proteins can be studied in samples such as plasma and serum to provide a 

molecular profile of the physiological status. In the work presented in this thesis, 

array-based methods were used to study associations of protein and autoantibody 

profiles with disease. The methods included antibody suspension bead arrays for 

protein profiling and planar antigen arrays or antigen suspension bead arrays for 

autoantibody profiling.  

In Paper I, we studied protein levels in the context of the neurodegenerative 

disease amyotrophic lateral sclerosis (ALS). We identified three proteins, NEFM, 

RGS18 and SLC25A20, to be significantly elevated in patients with ALS. We also 

evaluated the diagnostic potential of these proteins, reaching areas under the 

curves (AUCs) between 0.78 and 0.86 for each of the three proteins individually.  

In Paper II, drug-induced liver injury (DILI) cases and controls were studied in four 

independent cohorts of longitudinal and cross-sectional design and covering a 

range of drugs. The protein FABP1 was elevated in DILI cases upon initiation of 

treatment whereas CDH5 were elevated before treatment. Furthermore, we 

compared FABP1 with the clinically measured alanine aminotransferase (ALT), and 

identified some aspects in which FABP1 was superior: tissue distribution – FABP1 

was not found in skeletal and heart muscle tissue, injuries in which can cause 

elevations of ALT; kinetics – FABP1 is smaller and has a lower half-life compared to 

ALT. Both of these circumstances mean that FABP1 as a biomarker has the 

potential to more accurately reflect ongoing injury. 

In Paper III, asthma of different severities, chronic obstructive pulmonary disease 

and healthy controls from two independent cohorts were studied. The levels of ten 

proteins were verified to be significantly elevated in severe asthma compared to 

both mild-to-moderate asthma and healthy controls in both cohorts. We also 

clustered asthma patients based on their protein profiles and identified six 

subgroups that could help to guide the appropriate treatment. 

In Paper IV, atopic dermatitis (AD) of different severities and healthy controls were 

studied. Increased autoantibody reactivity to four antigens, KRTAP17-1, HSPA4, 

S100A12 and S100Z, were observed in AD patients or in any of the two severity 

disease subgroups compared to controls. 
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In summary, the work included in this thesis highlights the applicability of protein 

array-based methods in various contexts and in studying various research 

questions. Disease-associated proteins were identified and further studies will 

determine their utility. 

 

Keywords:  

Affinity proteomics, Antibody array, Antigen array, Amyotrophic lateral sclerosis, 

Asthma, Atopic dermatitis, Biomarker discovery, Drug-induced liver injury, 
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Popular science summary 

What are proteins? 

One common idea is that proteins are something that one gets from food. Those 

who exercise tend to be aware that protein-rich food is needed to build muscles. 

That is correct but proteins are also so much more. In fact, proteins are actually 

produced by the body. The body builds proteins by looking at the blueprints in our 

genes and in this process, the body needs some of the components of proteins in 

the food. Proteins are central building blocks and are active workers in the human 

body. There are a variety of proteins and researchers estimate them to at least 

20,000 in a human body. Proteins have a wealth of different functions. For 

example, they make it possible for us to absorb the nutrients of the food, that 

blood can transport oxygen, they build up the organs of our bodies, they 

participate in our immune system and much more. 

What do proteins have to do with diseases? 

A patient is usually only informed about the result of a test, that it was normal or 

that any disease or condition could be indicated. What is seldom mentioned is that 

proteins are measured in many of these tests. In disease, the levels of proteins can 

be increased or decreased from normal or a certain protein can be missing 

completely. 

Genes, lifestyle and environment can also affect proteins and result in disease. 

When a protein changes in some way that it should not, it can be called a disease-

associated protein. Researchers look at proteins to learn more about diseases and 

to find more disease-associated proteins. That knowledge can be used to find new 

tests, treat diseases and develop cures. 

How can proteins be studied? 

There are many ways to study proteins. The methods on which this thesis is based 

use a certain type of tool that, like a fish hook with bait, catches specific proteins 

from a sample. By changing bait, you can catch different proteins. The bait can be 

attached to different types of hooks, for example, they can be flat surfaces or 

round like on beads. Methods using different baits to study many proteins at the 

same time are called "affinity proteomics". Affinity refers to a kind of attraction 

that exists between the bait and the protein. The methods that were used in this 

thesis are called "antibody bead arrays" and "planar protein arrays". 
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What has been done in this thesis? 

In the first of the four articles of this thesis, we compared the levels of proteins in 

blood samples from patients with ALS (amyotrophic lateral sclerosis) and healthy 

controls. We found three proteins that were associated with the disease. In the 

second article, we studied blood from people who had liver damage after taking 

different types of drugs. We found a protein that had elevated levels before the 

drug treatment and another protein that was increased during treatment. With this 

knowledge, such liver damage can be discovered earlier and potentially avoided. 

The work of the third article focused on identifying proteins that differed between 

patients with different severities of asthma. In the fourth article, levels of 

autoantibodies (a variant of protein) were studied in those with atopic eczema and 

healthy controls. 

 

Thanks to patients who share their blood samples, knowledge of proteins and 

advanced technology, we can take small steps in the right direction for human well-

being. 
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Populärvetenskaplig sammanfattning 

Vad är proteiner? 

En vanlig uppfattning är att proteiner är något som man får i sig genom maten. De 

som tränar brukar vara medvetna om att det behövs proteinrik mat för att bygga 

muskler. Den bilden stämmer men proteiner är också så mycket mer. Faktum är att 

kroppen själv producerar proteiner. Det gör den utifrån de ritningar som finns i 

våra gener och till detta måste den få vissa komponenter från proteiner i maten. 

Proteiner utgör centrala byggstenar och är aktiva arbetare i människokroppen. Det 

finns en mängd olika varianter av proteiner och forskarna uppskattar dem till minst 

20 000 i en människokropp. Proteiner har en uppsjö av olika funktioner. De gör 

exempelvis så att vi kan tillgodogöra oss näringen i maten, att blodet kan 

transportera syre, de bygger upp alla våra organ, de deltar i vårt immunförsvar och 

mycket mer.  

Vad har proteiner med sjukdomar att göra? 

Till exempel får en patient inom sjukvården oftast bara veta resultatet av ett 

provsvar, att det såg bra ut eller att någon sjukdom eller åkomma kunde indikeras. 

Det som sällan nämns är att i många av de analyser som görs så är det proteiner 

man tittar på. Vid sjukdom kan deras nivåer öka eller minska från det normala eller 

så kan ett protein saknas helt. 

Gener, livsstil och miljö kan också påverka proteinbalansen och resultera i att en 

sjukdom uppstår. När ett protein ändras på något sätt som det inte är tänkt, kallas 

det för ett sjukdomsassocierat protein. Även forskarna tittar på proteiner för att 

lära sig mer om sjukdomar och för att hitta fler sjukdomsassocierade proteiner. 

Den kunskapen kan användas till att hitta nya tester, behandla sjukdomar samt ta 

fram botemedel. 

Hur kan proteiner studeras? 

Det finns många olika sätt att studera proteiner på. Metoderna som denna 

avhandling bygger på använder sig av en viss typ av verktyg som likt en fiskekrok 

med bete fiskar ut specifika proteiner från ett prov. Genom att ändra bete så kan 

man få olika fångst. Betena kan sättas fast på olika krokar, de kan exempelvis vara 

plana ytor eller runda som på kulor. Dessa metoder som använder sig av olika 

beten för att studera många proteiner samtidigt kallas för ”affinitetsproteomik-
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metoder”. Affinitet syftar här på en sorts dragningskraft som finns mellan betet och 

proteinet.  

Vad har gjorts i denna avhandling? 

I den första av de fyra artiklarna i denna avhandling kunde vi genom att jämföra 

nivåer av proteiner i blodprover från patienter med nervsjukdomen ALS 

(amyotrofisk lateral skleros) och friska kontrollpersoner hitta tre proteiner som var 

associerade med sjukdomen. I den andra artikeln studerades personer som fått 

leverskada av att ha tagit läkemedel. Där kunde vi hitta ett protein som redan innan 

läkemedelsbehandling hade förhöjda nivåer och ett annat som blev förhöjt i och 

med behandlingen. Med denna kunskap kan sådana leverskador upptäckas tidigare 

och potentiellt undvikas. Arbetet i den tredje artikeln fokuserade på att identifiera 

proteiner som skiljde sig mellan patienter med en svår form av astma och dem med 

en lindrigare. I den fjärde artikeln studerades antikroppsnivåer (en variant av 

protein) hos de med atopiskt eksem och friska kontrollpersoner. 

 

Tack vare patienter som delar med sig av sina blodprover, kunskapen kring 

proteiner och avancerad teknik kan vi ta små steg i rätt riktning för människans 

välbefinnande. 
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~ Chapter 1 ~ 

Introduction 

The human body has a complex architecture which is structurally organized at 

different levels of increasing complexity. Macromolecules, such as nucleic acids, 

proteins, lipids and polysaccharides, are the chemical building blocks and 

components of organelles and cells. The human body is made up of trillions of cells 

[1], the basic units of life, all of which organize into different tissues, each with a 

specialized function. Two or more tissue types in turn organize into organs that 

further group into organ systems that together make up the human body at the 

organismal level. It is the combined effort of all of these key components and layers 

that makes us alive and healthy. This also implies that dysregulation in any of these 

processes can result in disease that presents itself with different clinical signs and 

symptoms, a disease phenotype. In the quest for understanding the human body in 

both health and disease, the body can be examined at the different organizational 

levels.  

A common approach is studying the lower level macromolecules, being the very 

molecules that the bodily architecture rests on, to gain an understanding of the 

higher levels (Figure 1). Genes, transcripts, proteins and metabolites are commonly 

or at least aimed at being studied at a so-called “whole -ome” level. The 

technologies facilitating this large-scale analysis are covered under the respective 

omics term. The study of all of these components and their interactions in a 

systems medicine type of way, also known as multi-omics or panomics [2], 

addresses the human from a holistic perspective and is an area currently growing. 

Much information can also be gained from studying the components separately. In 

a simplified view recognized by many, studying the genome can be seen to 

represent what can happen and the transcriptome what appears to happen. 

Studying the proteome, on the other hand, represents what made it happen, and 

thereby provides a closer link to the actual physiological processes taking place. 
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2 
 

Even though the cause of a disease may be genetic, ultimately it often comes down 

to proteins not being there to perform their functions or performing them in an 

altered way. It is therefore not surprising that the absolute majority of drugs 

actually targets proteins [3, 4].  

 

 

This thesis is centred on the analysis of proteins and how they can be seen as 

messengers of health and disease in humans. A lot can be learned from studying 

where proteins are, how they interact with each other and how much there is of 

them. Proteins can be studied in cells, tissues and body fluids, providing a 

molecular snapshot or profile of the physiological status.  

The following chapters will introduce proteins and how they form various types of 

more or less complex proteomes (Chapter 2), how proteins can be associated with 

disease (Chapter 3) and proteomic technologies and molecular tools that can be 

used to analyse proteins (Chapter 4). The work included in this thesis has applied 

some of these methods to investigate four disease contexts. Altogether the work 

highlights the usefulness of these methods in the quest for identifying disease-

associated proteins. 

 

Figure 1. The human body can be examined at different organizational levels of increasing 
complexity such as cells, tissues and organs. By analysing the lower level macromolecules 
such as genes, transcripts, proteins and metabolites at a large scale with the use of omics 
technologies, understanding of the human body and different phenotypes can be gained. 
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~ Chapter 2 ~ 

Proteins 

Proteins can be seen as the ultimate “doers” in our body, carrying out diverse 

biological functions that are essential to life (Figure 2). These functions include 

catalysis of biochemical reactions by enzymes, such as deoxyribonucleic acid (DNA) 

polymerase in DNA replication and the various enzymes responsible for digesting 

food into its separate components to serve as nutrients and building blocks for the 

cell. They also function as cell-bound or cell-free transporters such as haemoglobin 

transporting oxygen. Receptors, ion channels and protein signalling molecules such 

as hormones facilitate interaction and conveying of signals between distant parts of 

the body as well as between and within cells. Proteins also provide structural 

support and are central for maintaining the integrity of cells and tissues. 

Furthermore, many proteins have a protective role exemplified by the antibodies of 

our immune response that recognize and neutralize pathogens.  

This chapter introduces proteins, the molecules that have been investigated in the 

work presented in this thesis, and how an area of research is dedicated to the study 

of many of them together in an attempt to map all the proteins in the different 

sub-compartments of the human body.  



 Proteins 
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Proteome and complexity 

The term “proteome” was coined in 1994 and was then defined as “the entire 

PROTein complement expressed by a genOME” [5], distinguishing further the 

proteomes expressed by a certain cell or tissue type. Already then the complexity 

of a proteome in relation to a genome was acknowledged. First, the genome is 

present in all types of cells of the human body (with mature red blood cells being 

an exception as a result of enucleation to leave more room for haemoglobin). On 

the contrary, the protein content varies across cell types and in fact several 

different tissue proteomes exist in the same organism. Second, the genome 

Figure 2. Proteins have various functions in our bodies, here illustrated with five examples. 
Catalysis: proteins called enzymes perform biochemical reactions such as breaking a larger 
molecule into two. Transport: haemoglobin, a protein found in the red blood cells, is 
responsible for transporting oxygen throughout the body. Structural: proteins provide 
structural support to the cell by forming the cytoskeleton, here showing actin filaments 
(green), microtubules (red) and intermediate filaments (purple). Signalling: cells can 
communicate with each other by sending messages in the form of proteins. Protection: 
antibodies are special proteins in our immune system that recognize and neutralize 
pathogens such as bacteria. 
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remains the same to a large extent over time whereas the proteome is highly 

dynamic.  

“How big is the human proteome?” This is a question that continues to engage 

researchers. There are 20,376 protein-coding human genes (Ensembl release 

92.38) [6] and this number can be seen to constitute a lower boundary for an 

estimation of the size of the human proteome. This is also known as the gene-

centric proteome. However, there are a number of events that introduce variation 

and together increase the diversity and complexity of the proteome [7]. The 

variation on the DNA level includes mutations and single-nucleotide 

polymorphisms (SNPs) in coding sequences that transfer to the ribonucleic acid 

(RNA) and protein level through transcription and translation. On the RNA level, 

further variation can be attained by the alternative splicing of multiple exon 

sequences to generate more than one messenger RNA molecule from a single 

gene. In humans, more than 90% of the protein-coding genes are estimated to 

undergo alternative splicing [8, 9]. This diversity does not only have structural 

consequences, but also increases the functional repertoire from a fixed set of 

genes. Alternatively spliced isoforms from the very same gene can display 

interaction patterns that are as different as if they had been encoded by different 

genes [10]. Furthermore, co- and post-translational events are responsible for 

increasing the diversity at the protein level by chemically modifying or decorating 

proteins with chemical groups that range from more simple (e.g. phosphorylation, 

acetylation and methylation) to more complex (e.g. glycosylation and 

ubiquitinylation). These modifications can be transient or static and irreversible, 

and serve as a way of modulating protein structure and activity, steering protein 

localization or affecting interaction possibilities. All of the above-mentioned events 

create distinct molecular forms of proteins, i.e. proteoforms, from a single gene 

[11]. When defined to include all of these proteoforms, the human proteome is 

estimated to contain millions of different proteins [7, 12]. Despite recent efforts to 

theoretically predict the number of proteoforms [7, 12], a precise estimate still 

does not exist, further proving the complexity of the proteome. The value of 

analysing proteoforms has been recognized. This analysis is necessary to capture 

the complete picture of functional regulation in biological systems. In addition, 

proteoforms have the potential to explain disease phenotypes and serve as 

markers or therapeutic targets. The full realization of large-scale analysis, however, 

awaits advances in proteome-wide strategies [13]. 

In addition to this “total” proteome, the human body can also be viewed in terms 

of its sub-proteomes on a tissue, organ and cellular level. Focused efforts have 
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aimed at defining the various tissue proteomes such as that of the liver [14], 

gastrointestinal tract [15], testis [16] and brain [17]. Similarly to the complex 

organization of the human body, each individual cell can be seen as a body with 

multiple specialized organs, or organelles. The proteomes of different cells and 

cellular compartments have been systematically investigated [18]. Although the 

proteome of a single cell is compartmentalized, allowing specialized functions and 

spatiotemporal regulation, thousands of proteins can be found in multiple locations 

at the same time. Mapping which proteins are expressed in which cells and tissues 

as well as their spatial and temporal distribution, provides valuable clues to protein 

function. Further, comparing several tissue proteomes on a global level also 

provides information as to which proteins seem to be more or less tissue specific. 

Recent work by Uhlén et al shed light on this matter [4]. Analysing 32 tissues and 

organs, they found that 12% of all protein-coding genes showed enriched 

expression at the transcript level in one tissue compared to all other. Enriched 

meant in this case that the messenger RNA (mRNA) level in one tissue was at least 

five times higher than the highest level in all other tissues. Furthermore, 44% of all 

genes were expressed in all 32 tissues. This general tissue distribution suggests that 

analysing merely the presence or absence of proteins should be complemented 

with a quantitative analysis of the levels of proteins. The knowledge of tissue 

distribution can be useful when evaluating the applicability of a potential 

biomarker or in the identification of potential drug targets. 

The interest in exploring proteomes extends to various body fluids with the 

rationale that they can reflect the health state of organs and tissues that are in 

direct or close proximity to the fluid. Body fluids often represent a less invasive 

mean to interrogate the body than for example taking a tissue biopsy and can 

sometimes be the only option due to limited availability of tissue material. Fluids 

are thereby mapped and mined with the hope that knowledge of which proteins 

are present and their levels of abundance will in the long run enable identification 

of disease-associated proteins. Subfields of proteomics have thereby emerged 

specialized in proteomic profiling of the blood-derived plasma and serum as well as 

cerebrospinal fluid [19, 20], saliva [21], bronchoalveolar lavage fluid [22], tears [23], 

and many more. The relevance of a fluid as a diagnostic sample material depends 

on the disease context and which part of the body that is affected. Blood is 

collected in a relatively noninvasive manner and the derived serum and plasma are 

fluids routinely used in the clinic and is also the most common sample used for 

diagnosis. As the work presented in this thesis is based on analysis of serum and 
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plasma, the proteomes of these especially informative fluids will be separately 

discussed in the following section. 

Proteome of blood 

Blood is a fluid that continuously circulates throughout our bodies in a fine network 

of veins, arteries and capillaries. The functions of blood are many [24]. Blood is 

responsible for transportation and distribution of oxygen, nutrients, hormones, 

vitamins and metabolites in addition to removal of carbon dioxide and other 

cellular waste products. Blood also regulates the pH and body temperature. 

Through its composition, blood in addition has a protective role in regulating blood 

loss by coagulation as well as in immune defence (e.g. immune cells and 

antibodies).  

Blood is a mixture of liquid and cellar components. The liquid part is an 

extracellular fluid called plasma and makes up 55% of the total blood volume. 

Plasma mainly contains water but also different solutes such as nutrients, vitamins, 

electrolytes and proteins [24]. The cellular part includes erythrocytes (red blood 

cells), leukocytes (white blood cells) and thrombocytes (platelets) and makes up 

the other 45%. From blood, two types of fluids can be derived, namely plasma and 

serum. Plasma is prepared by centrifuging blood together with an anticoagulant 

such as EDTA, heparin or citrate that will prevent blood from clotting. 

Centrifugation is then used to remove all cells resulting in a liquid free of cells. 

Serum is instead prepared by first allowing the blood to clot by a coagulation 

process where fibrinogen is converted to fibrin. The blood clot and all cells are then 

removed by centrifugation resulting in a liquid free of cells, fibrinogen and clotting 

factors. To large extent, the protein content of plasma and serum is similar. 

Because no clotting factors are removed from plasma, it can be considered as a 

more representative sample as it is the fluid found in vivo with the exception of the 

added anticoagulant. As will be discussed in Chapter 3, variation in the handling of 

a blood sample, including its preparation and processing can influence proteins and 

their levels in different ways.  

There are several reasons why a protein can be present in plasma. The classical 

plasma proteins are a group of abundant proteins that have a function in the blood 

[25]. To large extent, these proteins are secreted by the liver and the intestines 

[26]. These include albumin, apolipoproteins, acute phase proteins and proteins 

that are part of the coagulation process. The group of immunoglobulins, or 
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antibodies, can be seen as classical plasma proteins or a group of their own. This 

group is highly complex, including antibodies of many specificities; typically in the 

range of millions of antibodies are believed to be present in the blood of a healthy 

adult [26]. The tissue leakage group includes proteins that are released from cells in 

an injured or diseased tissue. These proteins usually have a function within cells 

but not in blood. The group of signalling proteins includes peptide and protein 

hormones as well as cytokines. Plasma can also contain proteins from pathogens. 

The protein content of plasma is diverse in terms of two aspects. First, proteins are 

present at a wide range of concentrations, believed to be at least 10 orders of 

magnitude. This can be exemplified by the ratio of human albumin, which is the 

most abundant protein in plasma, present at 50 mg/ml, and the cytokine 

interleukin 6, present at 5 pg/ml [25]. Second, the distribution of proteins is 

skewed. The total protein content of plasma is 66-85 g/l and roughly half is made 

up of just one protein, namely albumin [24]. An especially interesting aspect of 

plasma related to its systemic nature, is the possibility that every protein can be 

expected in plasma at some point in time as a consequence of active secretion or 

tissue leakage [26].  

Several efforts, past and present, have tried to define and characterize the protein 

content of plasma, a plasma proteome, an undertaking highly dependent on 

available technology and advancements. The plasma proteome can be defined 

from two viewpoints. In the first, only proteins having a function in plasma are 

counted, thereby adopting a more restrictive view that is also based on current 

assumptions and knowledge of protein function. In the second, all proteins present 

in blood at any given point in time and irrespective of origin or function, are 

covered. This viewpoint is therefore not constrained by the present knowledge of 

the function of proteins, likely resulting in a more complete picture. The second 

view was adopted by Anderson and Anderson in 2002 [26] when compiling a list of 

289 proteins reported in plasma from the literature. Not long thereafter, this list 

increased fourfold to 1175 proteins when combining results from the literature 

with three experimental approaches all using mass spectrometry-based 

identification [27]. Worthy of note is that only 46 proteins were found in all four 

datasets. Since the start of the Human Plasma Proteome Project (HPPP) in 2002, it 

has provided us with further insights into the content of plasma [28-31]. Recently 

the Human Plasma Proteome Project reported a draft of the plasma proteome 

including 3509 proteins based on 178 experiments from mass spectrometry-based 

efforts [32]. This considerable progress seen over the last decades go hand in hand 

with technological advances and developed methods for sample preparation such 
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as immunoaffinity depletion of high abundant proteins. As it is believed that every 

protein in the human body is likely to be present in plasma at some time point, the 

theoretical size of the human plasma proteome would be that of the sum of all 

cellular proteomes. We can therefore only expect the number to increase. This will 

require that methods reach even higher sensitivity and application of fractionation 

and depletion methods. However, this is not only a technical matter; the sample 

itself is equally important. A protein being present in plasma at some point in time 

does not say anything about when, how often or for how long (the half-life). 

Plasma can thereby be seen as a community with permanent residents but also 

travellers passing by more or less frequently at certain occasions and we need 

samples from these to have a chance of observing them. 

The plasma proteome has been called exceptional. Because it contains subsets of 

other tissue proteomes it is also seen as the most complex proteome and one can 

actually expect members of it to change with many or most human diseases [26, 

33]. The information that can be gained from these disease-associated protein 

changes is the focus of the next chapter. 





11 
 

~ Chapter 3 ~ 

Disease-associated proteins 

The human proteome, whether it is in the cells, the tissues or the various body 

fluids, can be mined for disease-associated proteins. With a better understanding 

of diseases comes the possibility of preventing, treating or curing them. A disease-

associated protein is a protein that shows an association in a disease context. There 

are numerous ways in which a protein can be related to disease; in general terms, 

these can be qualitative and/or quantitative associations. A protein can be present 

or absent, be modified or unmodified. The protein sequence may change leading to 

altered structure, function and interaction with other proteins. Protein expression 

can further be upregulated or downregulated and show differential levels between 

groups or correlate with clinical variables. On a spatial level, the localization of the 

protein within the cell or its distribution within the body may change. All of the 

above-mentioned aspects can also be altered on a temporal level. Studying how 

different aspects of proteins change in response to disease can increase our 

understanding of the disease in general and provide mechanistic insights. This 

knowledge also opens up for a field where proteins are studied to serve as 

biomarkers of biological processes.  

Proteins as biomarkers 

According to the definition by the Food and Drug Administration (FDA) and the 

National Institutes of Health (NIH), a biomarker is “a defined characteristic that is 

measured as an indicator of normal biological processes, pathogenic processes, or 

responses to an exposure or intervention” [34]. This defined characteristic can be 

of a molecular, histological, radiographical or physiological type. Molecular 



 Disease-associated proteins 

 

12 
 

biomarkers include DNA, RNA, proteins, lipids, polysaccharides and small molecules 

and can be assessed by their presence or more quantitatively by their levels. 

Biomarkers are used in clinical practice to guide clinicians when making a diagnosis, 

guiding the choice of treatment and monitoring the response or assessing the risk 

of disease. They are also used throughout the drug development process, for 

example when evaluating effects and toxicity in pre-clinical models or when 

selecting subsets of subjects or stratifying them in clinical trials.  

Biomarkers serve different purposes and can be categorized based on application. 

Diagnostic biomarkers are used to detect the presence of a disease or condition. 

Besides being used to confirm a disease, they can also be used within a disease 

context to categorize patients further into subgroups. The subgroups can reflect 

the stage of disease such as mild, moderate and severe, or how advanced the 

disease is. Most settings are benefited by early diagnostic biomarkers, capable of 

detecting disease at an early stage as this means that appropriate measures can be 

taken to manage the disease as well as potentially stopping the disease from 

advancing further. Predictive biomarkers should be distinguished from prognostic. 

Predictive markers are used to assess the likelihood of a favourable or unfavourable 

response to intervention such as therapy. A favourable response includes relief of 

symptoms and improved survival whereas an unfavourable response covers any 

adverse effects such as organ toxicity. These markers can thereby be used to guide 

the choice of treatment. Prognostic markers, on the other hand, consider the 

likelihood of a future clinical event such as death, progression or relapse of disease. 

Both types of markers are useful in the clinical trial setting where they can be used 

in the enrichment of the study population or in the stratification of patients in 

subgroups based on the presence and absence or level of the biomarker. 

Depending on the information a biomarker provides, the very same marker can 

actually be diagnostic, prognostic and predictive at the same time. This can be 

illustrated by a biomarker used to classify patients into disease subtype A or B 

(diagnostic) where the two subtypes are likely to respond differently to treatment 

(predictive) and additionally the associated disease-free survival is higher for 

subtype A (prognostic). Susceptibility or risk biomarkers are used in clinically 

apparently healthy individuals to evaluate the likelihood of developing a disease or 

condition in the future. Being able to identify individuals with a greater risk of 

disease, before any clinical signs or symptoms, is of great value when there are 

interventions that can perhaps prevent the disease from developing or at least 

decrease the risk. Safety biomarkers can detect or indicate the potential for 

adverse effects by being measured before, during or after the exposure (Figure 3). 
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They can thereby, depending on the information they provide, be seen as a 

subcategory of the already mentioned biomarker types. Some drugs are known to 

have a risk of inducing organ injuries, so-called drug-induced organ injuries, and 

require monitoring to be able to detect any signs of toxicity. This could in turn 

necessitate lowering of the dose or even interruption of treatment. There is a need 

for safety biomarkers that can detect signs of toxicity and injury as early as possible 

before it has progressed to clinically significant injury that may or may not be 

reversible. Pharmacodynamic or response biomarkers are used to evaluate the 

biological response to intervention as measured by a change in levels of the 

marker. Monitoring biomarkers are measured at multiple points in time to follow 

the status of a disease or condition. When any of the previously mentioned 

categories are measured serially over time, they are also to be considered as 

monitoring biomarkers.  

 

Going back to the definition of a biomarker, an interesting aspect is that it does not 

say anything regarding causality. Being an indicator, whether it is causing and being 

directly involved in the disease or indirectly being affected, it is enough that it 

indicates. In either way, biomarkers can provide clues to the mechanism of disease. 

A perhaps provoking thought is whether the identity of a biomarker needs to be 

known or if it is enough if it can be reproducibly measured and consistently relate 

to disease. Although the biomarker would still be helpful regarding the information 

 

Figure 3. Illustration of a safety biomarker measured over time. The level of the biomarker 
before exposure to a drug may be predictive of the toxicity response: no response (green), 
a transient response for example by stop taking the drug (blue) and a response that either 
levels out (red) or continues to increase (dashed red). The safety biomarker can also be 
monitored over time to detect signs of a toxic effect. 
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it provides, probably it would be settling for less. The opportunities in treating and 

curing disease increase the more we know and the identity is vital in this regard.  

Blood as a source of biomarkers 

Blood is a particularly attractive body fluid for the identification of disease-

associated proteins and biomarkers. Due to its systemic nature, the derived plasma 

and serum samples can be seen to mirror the health status of an individual [35]. On 

the contrary to tissue material, blood can be collected in a minimally invasive 

manner in relation to the amount of information that can be extracted from it. The 

invasiveness of sample collection has implications for the sample size of a study as 

well as the access to non-diseased and perhaps more representative controls.  

The types of proteins that can be expected in plasma were discussed in the 

previous chapter, including functional proteins and leakage proteins. As a result of 

a disease, the protein content of plasma can change both in terms of members and 

their levels. In the work presented in this thesis, protein levels were studied in 

Paper I-III. A special class of functional proteins is the antibodies. Antibodies are 

generated by the immune system to recognize pathogens. Antibodies can, 

however, also be part of an autoimmune reaction where the antibodies instead 

recognize the body’s own proteins as foreign [36]. These auto-reactive antibodies 

are called autoantibodies and the self-antigens they recognize are also called 

autoantigens. Both these components are studied in autoimmune disease and in 

Paper IV, we performed autoantibody profiling of IgG-reactivity. 

Performance of biomarkers 

The diagnostic performance of a biomarker when used in a test can be described in 

terms of clinical sensitivity and specificity (not to be confused with analytical 

sensitivity and specificity that relates to the method and will be discussed in 

Chapter 4). These are statistical terms that relate to the ability of a test to correctly 

assign tested individuals among two groups, such as diseased or healthy that will 

be used in the examples below. Sensitivity states the probability of a positive test 

result when the disease is present (i.e. true positive) whereas specificity states the 

probability of a negative test result when the disease is absent (i.e. true negative) 

[37]. Similarly, one can calculate the probability of a positive test when the disease 

is absent (i.e. false positive) or a negative result when the disease is present (i.e. 
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false negative). The ideal test would have 100% sensitivity and 100% specificity. 

Deciding when a test is positive or negative is a matter of selecting a cut-off value 

such as positive if above the value X and negative if below (Figure 4A and B).  

A convenient tool for evaluating and visualizing the effect of differently chosen cut-

offs is by receiver operating characteristic (ROC) analysis [38]. Here, the sensitivity 

(also known as the true positive rate) is plotted against the “1 – specificity” (the 

false positive rate). This generates a ROC curve (Figure 4C) where matched values 

of sensitivity and specificity for different cut-offs can be derived. The area under 

the curve (AUC) can be calculated as a global assessment of the performance of a 

test in terms of its discriminatory power or predictive accuracy. The AUC is defined 

as the probability that a random person from the disease group has a higher value 

than a random person from the healthy group. An AUC of 1 represents a perfect 

test whereas an AUC of 0.5 means that the test performs no better than random. If 

a test is determined to be clinically useful and able to discriminate between the 

groups of interest, a local assessment can be made in selecting the best cut-off 

value. Naturally, this cut-off has consequences for the sensitivity and specificity and 

the cost of having false positive and false negative tests need to be evaluated [37]. 

This cost relates both to the consequences for the individual person being classified 

incorrectly as well as the financial costs. The ROC analysis represents a convenient 

way to compare the performance of multiple tests for example against a diagnostic 

standard test, as was done in Paper II. 

“The more, the merrier” is an expression that captures the belief that the 

identification of one single protein biomarker for one disease is unlikely and that a 

panel of multiple proteins may perform better. However, while increasing the 

number of proteins, the risk of overfitting increases. In ROC analysis, the 

performance of a panel can be compared with that of the proteins individually, as 

was performed in Paper I.  
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Challenges 

Identification of disease-associated proteins is associated with some challenges. 

There are many publications in the field of biomarker discovery research, yet very 

few markers reach the clinic. The introduction rate of novel protein biomarkers, 

 
Figure 4. Clinical sensitivity, specificity and receiver operator characteristic (ROC) curves. 
Changing the cut-off value for what constitutes a positive or negative test has 
consequences for the number of false positives and false negatives, here illustrated with 
two examples: high sensitivity but low specificity (A) or high specificity but low sensitivity 
(B). ROC curves for two proteins to assess and compare their classification performance as 
compared to the dashed diagonal line corresponding to separation no better than random 
(C). Here, the blue curve performs better than the pink. 
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being approved or cleared by the FDA, has been relatively stable at an average of 

1.5 per year [39]. Here it is important to clarify what is meant when referring to 

biomarker discovery—it can be the initial phase where interesting proteins are 

identified to be worthy of further verification and exploration (meaning not yet a 

biomarker), or it can be the discovery of a biomarker. With this distinction, one 

may say that there are many biomarker discovery studies aiming for identification 

of biomarkers, but few actual discoveries. This section will highlight some factors 

and possible reasons for the limited success.  

Ideally, when studying proteins and comparing their levels between disease states, 

only the disease should contribute to observed differences, i.e. the difference is 

specific to a disease. The ideal case is, however, seldom reality and factors other 

than disease-related can potentially influence the observed results. As this may 

mask true actual differences and maybe, more importantly, lead to false 

differences and discoveries, proteomic studies need to address their effects [40]. 

Failure to do so has been mentioned as one of the reasons for potential markers 

proving to not be clinically relevant upon further evaluation [40]. Factors originate 

from variation and errors introduced in the pre-analytical, analytical or post-

analytical stages [41]. Pre-analytical factors, as the name implies, can influence the 

levels of proteins before the analytical procedure and cover all effects acting on the 

individual or the sample itself. The former is called biological pre-analytical factors 

and the latter technical pre-analytical factors, both of which will be discussed 

below. It is important to note that the effect of many of these factors can be 

prevented or at least minimized.  

Biological factors 

Biological factors are directly related to the individual and can be endogenous such 

as genetic constitution, age, sex, ethnicity and body mass index (BMI) [41]. 

Exogenous factors include lifestyle, food and drug intake, sleep and exercise. In 

addition, there is intrinsic biological variation, meaning that the levels show 

random variation around a homeostatic set point value that is typical for the 

individual. The biological factors contribute to the variation that can be seen 

between individuals (i.e. inter-individual variation) and even within the same 

individual (i.e. intra-individual variation). The inter-individual variation is generally 

larger than the intra-individual variation seen over time. This section will cover a 

number of biological factors that may influence the levels of proteins. One way to 

account for biological factors is by establishing reference intervals that are specific 

for different contexts. This includes having different intervals for men and women 

and for different age groups such as children and elderly. This is already recognized 
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and established for the laboratory tests in clinical routine. In the research setting, 

reference intervals may be difficult to relate to the applied method or be lacking 

for the studied proteins. Here, the data can be analysed by stratification of 

potential influencing factors. Efforts aimed at evaluating the association of 

biological factors with protein levels are greatly benefited by the use of multiplex 

assays, allowing broader conclusions to be made.  

Although we are genetically very similar, no human being is genetically identical to 

another. Our genetic composition can influence the levels of proteins, as recently 

highlighted in the work by Sun and colleagues [42]. In their genomic atlas of the 

human plasma proteome, they combined proteomic plasma profiling of 2994 

proteins with array-based genotyping of more than 3000 healthy subjects. Testing 

associations with almost 10.6 million genetic variants, the authors identified 1927 

genotype-protein associations (so-called protein quantitative trait loci or pQTLs) for 

1478 proteins, meaning that the levels of these proteins were affected by genetic 

variation. Enroth et al studied the influence of genetic, clinical and lifestyle factors 

on the levels of 77 proteins in plasma from more than 1000 healthy individuals 

[43]. Taken together, these non-disease factors accounted for up to 56% of the 

variation in levels. Age, systolic blood pressure and weight were the non-genetic 

factors that affected most proteins. The results from these two studies highlight 

that the extent to which genetic variation and lifestyle factors explain variation in 

protein levels is different for different proteins.  

Proteins are dynamic entities, responding to the needs of the body set by inner and 

outer environmental stimuli. As a consequence protein levels can vary over 

different time intervals with daily, monthly and seasonal patterns. Protein levels 

can also be affected by aging. To gain insight into how much the plasma proteome 

varies across a day, Depner et al studied the relative levels of 1129 proteins across 

the 24-h day [44]. Plasma was sampled every fourth hour from six healthy men 

during a circadian aligned day, meaning food intake during the day and sleep 

during the night, and during a misaligned day, meaning sleep during the day and 

food intake during the night. They found that 573 proteins displayed a 24-h time-

of-day pattern. Furthermore, 127 proteins were significantly altered in their 

patterns and/or levels when comparing alignment and misalignments days. Not 

unexpectedly, differential proteins were associated with biological processes in 

energy metabolism but also immune functions. Although based on a limited 

number of subjects of which all were men, the findings illustrate the effects of daily 

natural variation as well as variation induced by altered behaviour. The effects of 

daily variation and food intake can be minimized by collecting samples at a 
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specified time of the day, commonly in the morning, and under conditions of 

fasting. Altered sleep behaviour, for example in the case of night shift work, could 

be more difficult to control for. In addition, work by Geyer and colleagues showed 

that protein levels across a year can vary considerably between individuals but 

remain relatively stable within an individual [45]. They also identified proteins with 

low variation both between and within individuals, indicating that the levels of 

these are under tight biological control. Seasonal patterns in proteins have also 

been observed [46]. 

Another factor that can have an effect on proteins is sex, with physiological and 

hormone-induced differences. The menstrual cycle and pregnancy also give rise to 

alterations in protein composition. Protein profiling over the course of pregnancy 

revealed how the maternal plasma protein levels changed for 112 proteins, 

including proteins associated with expected processes such as growth regulation, 

embryogenesis and angiogenesis [47]. Pregnancy is a common exclusion criterion in 

many studies. This is due to ethical reasons as some studies could represent a 

safety concern, but it is also because of the possible confounding of pregnancy. 

Protein levels can vary with BMI and change in response to weight loss. This is 

especially studied in obese individuals [45, 48, 49]. Moreno et al observed that 

weight loss in obese induced decreased levels in many inflammatory proteins 

including C-reactive protein, S100A8 and S100A9 [49], an observation also done by 

Geyer et al [45]. Obesity is known to be associated with a chronic and systemic low-

grade inflammation [50]. 

Diseases are complex and often include large heterogeneity in terms of the clinical 

representation and symptoms as well as in the cause and underlying mechanisms. 

This heterogeneity within disease should be considered on top of the inter-

individual variation as well as potentially other diseases or comorbidities. Linked to 

disease and comorbidity is medication related or unrelated to the disease of 

interest. Naturally, the use of medication will not affect all proteins. This was 

illustrated by Enroth and colleagues, reporting that medication had either specific 

or wide-spread effects on protein levels in the circulation [51]. Out of 425 studied 

proteins, 36% were affected by medication. Comorbidities are typically exclusion 

factors of research studies to achieve more homogeneous groups. Large study 

groups are typically needed for statistical power, but this also collects more of the 

natural variation among individuals. Often we observe variation in the protein 

levels both within disease groups as well as within the group of healthy controls, 

likely reflecting some of the heterogeneity caused by biological factors. 
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Additionally, some degree of overlap is often seen between compared groups, even 

for proteins providing a significant difference between groups. This has effects on 

sensitivity and specificity as discussed earlier in this chapter. Within heterogeneous 

groups, there is a possibility for identification of novel subgroups of the disease. In 

Paper III, we investigated the potential of protein-driven subgroups using cluster 

analysis. In Paper IV, we identified subgroups of patients with IgG reactivity. 

Disease groups are commonly compared to a group of healthy controls but a study 

can also be greatly benefited by including disease controls. The definition of a 

healthy, normal individual is based on assumptions and is not always 

straightforward [52]. Studying a particular neurodegenerative disease could be 

benefited from including disease controls with other neurodegenerative disorders. 

Likewise studying a disease that affects a certain organ can be benefited by 

studying other diseases also affecting that organ. This provides valuable 

information about the clinical specificity of a finding. In Paper III, we studied 

asthma and thanks to the inclusion of patients with chronic obstructive pulmonary 

disorder (COPD), we could relate the findings to another inflammatory lung 

disease.  

Much of the lack of success in translating findings from research to the clinic has 

been attributed to the sample size of studies. Proteomic profiling research has 

much to gain from a shift from the somewhat traditionally prevailing race in 

reaching higher protein numbers to a race in sample numbers [49]. The number of 

subjects included in a study is related to the statistical power, the probability of 

detecting an effect when there is one. By increasing the sample size, more of the 

factors contributing to inter-individual variation and diversity can be taken into 

account and the findings are more likely to be robust and reproducible [49]. The 

bead array technology that was used in all papers included in this thesis, allows for 

high-throughput analysis of large sample sets, making it a valuable approach. 

One of the most important contributors to reliable findings is biological validation. 

This relates to investigating whether findings are true only for the studied sample 

set or actually translatable to other study sets. A comprehensive review of the 

literature within MS-based proteomics biomarker research in plasma or serum 

recently reported that ~50% included any validation of the reported findings [25]. 

Furthermore, independent sample material was used in only half of the studies 

with a validation phase. Although this was based on MS-based proteomics studies, 

it is likely to extend to other fields of proteomics and is a great concern. A 

particular strength of Paper II and Paper III is that we had access to multiple 
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independent cohorts, providing extra confidence to the findings that were 

replicated. 

Technical factors 

The technical factors are related to various aspects of the sample collection 

procedure as well as the sample handling that includes the processing, storage and 

transportation of the sample. Here, the time, temperature and various sample 

additives are important aspects for all these factors. With awareness of these 

factors, their contribution to variation can be controlled for with standardized and 

equal handling of samples.  

As mentioned above, the levels of proteins could vary according to factors related 

to the individual before sample collection. To control for this, routine tests are 

usually collected in the morning under fasting conditions. The patient’s posture at 

the time of sample collection can have significant effects on the concentration of 

many blood components. Changes in posture cause changes in plasma volume due 

to a normal physiological process where gravity and pressure result in an exchange 

of liquid between interstitial and plasma compartments. Changing posture from 

standing to lying position leads to movement of water into the bloodstream and 

increases the plasma volume between 8 and 10% [53]. This in turn leads to a 

decrease in the concentration of many components in plasma including proteins. 

The change in plasma volume is time-dependent and varies between individuals 

[54]. It takes around 10-30 minutes for the process to settle, depending on if the 

change was from standing to lying or vice versa. Importantly, this has implications 

for the clinical as well as the research setting. Clinically, a change in the 

concentration of a certain component may be mistaken for a pathological 

response. This could be the case if samples are collected differently upon hospital 

admission (e.g. recently been standing) and after admission (e.g. lying), as 

highlighted by the measurement of haematocrit [54]. In the research setting, 

studies comparing groups of diseased and healthy may be affected because 

inpatient and sick people could have been on bed rest for some time whereas the 

healthy might be sampled in the normal sitting position. Studies collecting samples 

longitudinally, for example to study the progress of a disease, may also be affected 

if the collection is changed as the disease becomes more severe. This would result 

in bias where posture is confounding observed differences in protein profiles. In 

the routine analysis, samples are usually collected after 15 minutes of rest in a 

sitting position.  
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The preparation of plasma and serum from blood can affect proteins in a number 

of ways including their functions, structures, levels and stability. Different 

anticoagulants can be more or less suitable to measure certain proteins as they 

affect proteins differently [55] and may in some cases interfere with the method. 

One example is the addition of EDTA that may inhibit the activity of enzymes by 

chelating the metal ions needed as co-factors. Processing delays, from sample 

collection to centrifugation to freezer, may also have effects on some proteins [56]. 

In the case of serum, incomplete clotting may result in haemolysis. Once the 

sample is prepared, factors related to the storage, at what temperature and for 

how long, will also affect proteins [46]. The number of freeze-thawing cycles can in 

turn also influence the stability of proteins.  

Research studies are commonly separated in different phases where sample 

collection may be done years apart. Protein levels can in these cases be affected by 

the sample collection round, for example due to differences in storage time and 

degradation of proteins [43]. Increasingly research is also performed in large 

consortia of many participating clinics and laboratories, so-called multi-centre 

studies. Apart from being beneficial from a collaborative point of view, this typically 

increases the sample size of a study. In the case of studying rare diseases, these 

arrangements are almost a requirement. This puts a high demand that 

standardized measures are taken across sites to avoid the bias of site-specific 

differences in protocols and sample handling.  

 

To conclude, protein levels are affected by our genetic composition, lifestyle and 

behavioural processes in combination with the environment as well as the 

technical handling of the protein-containing sample. It is important to be aware of 

that those conclusions from studies trying to evaluate the effects of pre-analytical 

variables can be method-dependent and it is not necessary that findings translate 

to other methods. The above-mentioned factors contribute to the challenges faced 

in identifying proteins related to disease; how do we know that the differences we 

observe are related to the disease and not any of the other biological or technical 

factors? In one way, it is almost as if the reason for us studying proteins in the first 

place, their dynamic nature, backfires against us. Despite all these challenges, there 

are ways to handle them. First, the effect of pre-analytical factors can be evaluated 

at the stage of data analysis [40]. With a large sample size, subjects can be 

stratified into smaller subgroups based on different parameters of interest. Also, 

documentation of the handling procedures and any deviations are of value so that 
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all steps from needle to analysis stage can be traced. Furthermore, standardization 

and consistency throughout all the phases of a research study ensure that subjects 

in different groups, and thereby also their proteomes, are treated as equal as 

possible. Finally, a key factor for reliable results is to validate findings in multiple 

cohorts. 
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~ Chapter 4 ~  

Array-based protein profiling 

The field of proteomics deals with the large-scale analysis of proteins and is 

commonly divided into mass spectrometry (MS)- and affinity-based methods, or a 

combination of the two. MS-based proteomics can, depending on its format, be a 

hypothesis-free approach, capable of analysing thousands of proteins qualitatively 

or quantitatively. Due to this, the word proteomics is often even used 

synonymously with MS-based proteomics. The MS analysis can also be targeted to 

a preselected set of proteins of interest. MS-based proteomics has been applied in 

numerous biomarker discovery studies and recently it contributed to the first drafts 

of the human proteomes [57, 58]. The affinity-based strategies are on the rise and 

are where the focus has been on the presented work. These methods rely on the 

use of capture molecules called affinity reagents or binders that enable the 

targeted capture and analysis of proteins. Antibodies are the most widely used 

affinity reagent. Due to the need for a pre-selection of the reagents, these methods 

are inherently not hypothesis-free. What traditionally has limited the use of 

affinity-based methods has been the access to large collections of affinity reagents. 

Some of the efforts that have helped with this matter are discussed in this chapter. 

It is worth to mention that the two fields also complement each other. Affinity 

reagents can, for example, be used to decrease the sample complexity by either 

depleting or enriching a sample prior to the MS analysis. Methods from the two 

fields also provide opportunities in validating findings using independent methods. 

This chapter is focused on aspects of affinity-based methods, as these have enabled 

the work presented in this thesis.  
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Affinity-based profiling 

Affinity-based methods can be used to study protein-protein interactions, protein 

modifications, localization as well as abundances of proteins. Proteins are typically 

not lone wolves and instead often work together with one or several proteins in 

complexes to perform a certain task. Their activity can also be modified by the 

interactions they make. Changes in the interaction patterns can be directly or 

indirectly involved in a disease process. Proteins also interact with DNA and RNA 

such as transcription factors controlling the transcription of a gene and as parts of 

ribosomes facilitating the translation of proteins from mRNA. Studying how 

proteins interact with each other or other components lies at the heart of 

understanding molecular pathways. Modifications of a protein in the form of PTMs 

have effect on protein structure, activity and interaction pattern. The localization of 

a protein may provide clues to its function – some may exert different functions 

when localized in different parts of the cell as well as in different parts of the body 

(different tissues, organs). The altered localization of a protein can also be a direct 

or indirect effect of the disease. Studying protein abundance and changes in levels 

in response to different stimuli or in different health states, can give information 

about protein regulation and disease mechanisms. All of these aspects of a protein 

are important to understanding human biology in both health and disease. For 

some research question, the mere presence or absence of a protein may be 

informational, but as mentioned in Chapter 2, there seem to be few tissue-specific 

proteins. The levels of proteins may, however, still vary among tissues. In the 

presented work of this thesis, the levels of proteins were studied to find 

associations with diseases. 

Affinity-based methods are commonly combined with array technologies for 

increased multiplexing and higher sample throughput. Miniaturization of assay 

formats in array systems has led to decreased consumption of reagents, lower 

sample volume and increased sensitivity than traditional assays. 

Array-based methods can broadly be classified into two categories relating to the 

format of how affinity reagents and samples are applied to the array (Figure 5). In 

the first format, forward phase protein microarray, the affinity reagents are 

immobilized onto a solid surface support for the capturing of proteins in the 

applied sample solution. In the second format, reverse phase protein array (RPPA), 

the sample itself is instead immobilized on the surface and probed for its protein 

components using affinity reagents.  
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Arrays can also be distinguished by the solid support, such as a planar array surface 

or a microsphere (bead) surface [59, 60] (Figure 5). Using bead-based arrays 

provides extra flexibility compared to a planar array in terms of expanding the 

array to more targets. Instead of manufacturing a new array, additional beads can 

be added. Yet another way to categorize an array is by the molecules attached to 

the surface, such as antibody arrays , antigen arrays [61], peptide arrays [62], lectin 

arrays [63], and so on. In the presented work of this thesis, antibody-based bead 

arrays (Paper I-III), planar antigen arrays (Paper IV) and antigen-based bead arrays 

(Paper IV) were applied.  

As mentioned in the introduction to this chapter, the affinity-based strategies are 

typically not considered hypothesis-free due to the requirement of preselecting 

binder reagents. This preselection can be based on existing knowledge and 

hypotheses of proteins and pathways that might be implicated in disease or based 

on proteins highly expressed in a tissue or organ of interest. This is commonly 

referred to as a targeted approach. The selection can also be done in an untargeted 

or random manner and thereby hypothesis-generating. The untargeted approach 

was used regarding the inclusion of antibodies in Paper II and protein fragments in 

Figure 5. Array formats classified as the forward phase or reverse phase arrays. Arrays can 
also be distinguished by the solid surface support on which affinity reagents or samples are 
immobilized, such as a planar surface or a microsphere. 
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Paper IV, and served to complement the targeted designs in the subsequent stages 

of the studies. The targeted approach was used in Paper I and III, basing the target 

design on literature, in-house performed related studies and knowledge within the 

consortia. As the number of available affinity reagents increase, the picture of 

affinity-based methods is challenged and approaches more of a hypothesis-free 

state.  

The Human Protein Atlas and affinity reagents 

The access to large collections of binders is something that traditionally has 

hampered the affinity proteomics field [64], instead relying on MS for the large-

scale analysis of proteins. There are several efforts designed to widen the affinity 

reagent toolbox [4, 64-66]. The Swedish-based Human Protein Atlas project is one 

such initiative that started in 2003 with the aim to systematically map the human 

proteome in cells, tissues and organs [4]. To enable this, a central part has been to 

establish a production pipeline for the large-scale generation of antibodies to all 

the proteins in the human body in a gene-centric manner [67, 68]. This resource of 

internally generated antibodies, as well as commercial antibodies, have been used 

for tissue- and organ-wide mapping of proteins with the use of tissue microarray-

based immunohistochemistry as well as subcellular localization using 

immunofluorescence and confocal microscopy, with images publicly available in an 

online portal (www.proteinatlas.org). Presently, the portal includes data from 

26,009 antibodies targeting 17,000 unique proteins (Version 18, updated 

2017-12-01). The Human Protein Atlas currently contains three sub-atlases: a tissue 

atlas shows the mRNA expression and protein distribution in tissues and organs [4], 

a cell atlas instead focuses on the subcellular localization of proteins [18] and a 

pathology atlas include mRNA expression and protein distribution in tissue from 

major cancer types [69]. Work is currently ongoing to generate a brain atlas with 

staining in full brain sections from mice as well as a human blood atlas. 

The production process is illustrated in Figure 6 and starts with the in silico design 

and selection of an antigen sequence to be used as a representative for each 

human protein [70]. The sequence is typically between 50 and 150 amino acids and 

designed to have low sequence similarity to other human proteins. Depending on 

the size of the protein, the full protein sequence is covered to a different extent. In 

the following, these antigens are referred to as protein fragments to emphasize 

that the strategy is not necessarily aimed for generation of full-length proteins. The 

sequence is cloned into an expression vector, transformed into Escherichia coli for 
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Figure 6. Human Protein Atlas production pipeline for large-scale generation of antibodies. 
For each protein, a sequence with low similarity to other human proteins is selected as an 
antigen (shown in blue). This sequence is cloned and expressed in Escherichia coli as a 
fusion with an affinity tag (grey), followed by purification and immunization. The 
antibodies are affinity-purified and further validated and characterized using antigen 
arrays, Western blotting (WB), immunohistochemistry (IHC), immunofluorescence (IF) and 
RNA sequencing. All data is publicly available on the Human Protein Atlas portal. 
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recombinant protein expression and purified [71, 72]. The protein fragment is 

expressed as a fusion with an N-terminal dual tag. A hexahistidine tag is used for 

affinity purification and an albumin binding protein domain is used for its 

immunostimulating properties. The purified protein fragment is then immunized 

into rabbits. Polyclonal antibody serum from the rabbit is then affinity purified 

making use of the protein fragment as an affinity ligand. The resulting antibodies 

are polyclonal and also referred to as monospecific. The polyclonal antibody is 

validated using antigen arrays [68, 73] and Western blotting [74]. The antigen array 

is composed of protein fragments spotted onto a glass slide.  The content includes 

the fragment that the antibody was raised against in addition to 383 other 

unrelated fragments. This allows for evaluation of antibody selectivity and cross-

reactivity. Currently, more than 50,000 antibodies (representing almost 19,000 

genes) have been generated and approved in the antigen array analysis. Western 

blot analysis tests the antibody on a number of cell lines and tissue lysates as well 

as plasma. Antibodies are furthermore used for expression profiling of tissue using 

tissue microarrays and immunohistochemistry [75] as well as of cells using 

immunofluorescence and confocal microscopy.  

The antibodies produced within the Human Protein Atlas project can as mentioned 

be used to study proteins in cells and tissues, but they are also important tools for 

studying proteins in body fluids. In the work of this thesis, they have enabled 

protein profiling of serum and plasma in both single-binder and sandwich assay 

formats. The protein fragments used to generate the antibodies have an additional 

application in profiling of autoantibody reactivity, as illustrated by the work in 

Paper IV. 

The antibodies produced by the Human Protein Atlas project are polyclonal. This 

means that a polyclonal mixture includes multiple antibodies that together 

recognize several epitopes on the same antigen that they were raised to (coming 

from several clones of B cells). Each of the individual antibodies, however, 

recognizes a single epitope. Antibodies can also be monoclonal, meaning that all 

antibodies of a monoclonal mixture bind to a single epitope of the antigen. 

Monoclonal antibodies are produced by hybridoma technology [76]. Similarly to 

the polyclonal antibodies, an animal is immunized with the antigen of interest. 

However, then the spleen cells are fused with myeloma cells to produce an 

immortalized cell line that secretes the antibodies.  

Even if antibodies are the most widely used affinity reagent, there are other 

alternatives. These include protein-based reagents of various sizes that can be 
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based on the antibody structure or other alternative scaffolds. Fragments of 

antibodies include fragment antigen binding (Fab) and single-chain variable 

fragments (scFvs). Alternative scaffolds, also known as antibody mimetics, include 

affibodies [77] and designed ankyrin repeat proteins (DARPins) [78, 79]. There are 

also non-protein-based binders such as nucleic acid aptamers [80] and slow off-rate 

modified aptamers (SOMAmers) [81]. 

Challenges in protein profiling 

Large-scale analysis of proteins has the promise of advancing our understanding of 

human biology and providing novel biomarkers for use in clinical practice. 

However, it also comes with challenges that relate to the molecules being studied, 

the proteins themselves, and aspects of the technologies used to analyse proteins. 

As already highlighted in Chapter 2 of this thesis, the human proteome is a complex 

biological entity, with boundaries that are yet to be defined. This complexity relates 

not only to the number of proteins but also to the wide dynamic concentration 

range at which these proteins are present in the same system. What is commonly 

called the dynamic range problem of plasma is nicely illustrated by imagining the 

difficulty in trying to find a particular person among the entire population of the 

world [26]. Furthermore, the composition of the proteome is skewed; a small 

proportion of the proteome make up most of its mass. This is especially challenging 

in the plasma proteome, where 22 highly abundant proteins make up ~99% of the 

total mass. Plasma has also been referred to as the most complex proteome [27]. 

These aspects of the proteome translate into both technological and analytical 

challenges. One challenge concerns reaching high coverage of the proteome, also 

known as proteome width. For the affinity-based methods, the immediate 

consequence is the need for access to a large number of affinity reagents. Even 

with the view of a simplified non-redundant proteome, counting one protein per 

gene in a gene-centric way, the number of proteins and thereby the required 

number of affinity binders is still in the range of ~20,000. When considering that 

some methods rely on not only one but two or more affinity reagents for each 

protein target (typically one for capture and one for detection), that number 

doubles. The access to large collections of affinity reagents is thereby of great 

importance.  

Reaching high enough analytical sensitivity is possibly the most important challenge 

[82], which of course also affects coverage. The analytical sensitivity can be defined 
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as the lowest level of protein that can be distinguished from the background. Due 

to the wide dynamic range of proteins, some proteins are highly abundant whereas 

some can be expected to be found in a few copies. Protein analysis of low 

abundant proteins is limited by the fact that there is no method that can multiply 

protein molecules in the same manner as the polymerase chain reaction (PCR) is 

used to amplify DNA or RNA [82]. However, there are a number of ways to amplify 

the signal and where some actually take advantage of PCR. One example includes 

secondary antibodies attached to DNA oligonucleotides that are amplified by 

rolling circle amplification resulting in an amplicon where several detection probes 

can hybridize and generate a signal. In another example, the primary antibodies 

themselves are attached to DNA oligonucleotides which are amplified and read by 

quantitative PCR [83]. 

Another challenge relates to the affinity reagents themselves and their analytical 

specificity or selectivity, meaning the ability to target the intended protein in the 

presence of others. It is important to distinguish between the possible events when 

applying an affinity reagent such as an antibody to a mixture of proteins. The 

antibody may bind with its intended target protein (on-target binding). If the 

antibody binds to other proteins than the intended, the interaction is an off-target 

binding. The cross-reactivity can be due to identical or similar epitopes. The binding 

of an affinity reagent to its target is sequence-, conformation- and concentration-

dependent. As assay conditions very much can affect these factors, it is only a 

natural consequence that the binding of an affinity reagent is depending on the 

context and method [74, 84]. There are ways to increase the likelihood of a highly 

selective interaction. These include sandwich immunoassays, proximity extension 

assays and proximity ligation assays that require the use of two affinity reagents to 

selectively interact with the intended protein target for a signal to be generated 

[85, 86]. In a single binder assay, a dual capture assay that relies on two sequential 

affinity capture steps can be applied [87].  

The importance of antibody validation has been widely discussed in recent articles 

[88-95]. These bring up concerns regarding the quality of antibodies, the part they 

play in reproducible research and the lack of guidelines or standardized methods 

for antibody validation. A single method for validation across all applications is 

likely not possible [84]. The sample preparation and whether the sample is handled 

under native or denaturing conditions differ between applications. An antibody 

that performs well in immunohistochemistry (denaturing conditions) might not 

perform well in a sandwich assay where the protein is typically in a native form. In 

addition, the concentration of the protein of interest in relation to other competing 
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proteins also has an effect. The International Working Group for Antibody 

Validation (IWGAV) has proposed guidelines for application-specific validation of 

antibodies, formulated as five pillars [84]: genetic strategies (e.g. gene knockdown 

or knockout), orthogonal strategies (antibody-independent method such as 

targeted MS), independent antibody strategies (multiple antibodies for the same 

target that correlate or provide same patterns), expression of tagged proteins 

(parallel detection of tag and protein of interest), immunocapture followed by MS 

(MS analysis of protein captured by the antibody). These strategies are applicable 

also to other affinity reagents. IWGAV recommends that antibody providers as well 

as users of antibodies use at least one of these strategies to provide evidence for 

on-target binding. Antibodies can also be analysed on various protein array formats 

to confirm binding and evaluate the extent of off-target binding [96-98]. Mapping 

of pQTLs provides an additional way to strengthen the reliability in the binding of 

affinity reagents. Genetic variation such as SNPs is here tested for association with 

protein levels. If the levels are associated with a pQTL residing in the same region 

as the gene encoding the protein (a so-called local or cis pQTL) this provides extra 

support [42]. 

Multiplex assays seek to optimize the amount of information that can be gained 

from a given sample in one analysis rather than analysing them one by one. As 

proteins are present in a wide range of abundances, ideally each protein should be 

measured at its optimal dilution of the sample. However, this could be difficult to 

accommodate in a multiplex screening setting. In the presented work, multiplexed 

assays were performed with up to 4594 antibodies and 1152 protein fragments. 

For practical reasons, this work relied on using one dilution for protein profiling and 

another for autoantibody profiling with the awareness that this dilution is likely not 

optimal for all proteins analysed.  
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~ Chapter 5 ~ 

Present investigations 

The work presented in this thesis aims to identify disease-associated proteins by 

applying array-based methods in combination with affinity reagents. In four papers 

(Paper I-IV), the thesis tells a story of how advanced technology has been applied 

in the context of amyotrophic lateral sclerosis (ALS; Paper I), drug-induced liver 

injury (DILI; Paper II), asthma (Paper III) and atopic dermatitis (Paper IV) to 

contribute with increased understanding of these diseases.  

All papers share array-based methods as a common base for the technology. 

However, they do differ in the types of affinity reagents and array formats that 

were used and thereby investigate different aspects of a disease. 

In Paper I-III, we aimed at profiling the levels of proteins in plasma and serum and 

here took advantage of the great resource of antibodies produced within the 

Human Protein Atlas project in the creation of in-house developed antibody 

suspension bead arrays (Figure 7). The suspension bead array is based on magnetic 

and uniquely color-coded microspheres. The color-coding is achieved by using 

three internal fluorescent dyes at different relative amounts. The current 

multiplexing capacity of this system is 500 different analytes, but for practical 

reasons when working with microtiter plates we commonly use 384. Each antibody 

is separately conjugated to a certain bead and then all beads are pooled to create a 

bead array in suspension. The bead array can then be used in a so-called single 

binder assay or in a sandwich assay format and commonly 384 samples are 

analysed in a single assay. In the single binder format, the samples are labelled with 

biotin and treated with heat at 56°C. Samples are then incubated with the bead 

array and bound proteins detected by a streptavidin-conjugated fluorophore in a 

flow cytometer-like instrument. In the read-out, one laser is used to excite the 
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Figure 7. Protein profiling using antibody suspension bead arrays. Samples are distributed 
in microtiter plates, diluted and biotinylated. In parallel, antibodies are coupled to the 
colour-coded beads and combined to form an array in suspension. The labelled samples are 
heat-treated and combined with the bead array. The interaction between an antibody and 
a protein is detected by a streptavidin-conjugated fluorophore. Read-out is performed in 
flow cytometer-like instrument, reading both the bead identity and the fluorophore. 
Protein levels can be compared between groups to reveal an association with disease. 
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fluorophores of the bead, thereby determining the identity of the bead, and 

another laser is used to excite the reporter fluorophore. The method yields relative 

intensity values referred to as median fluorescence intensity. In the sandwich assay 

format, the biotinylation of samples is omitted and instead a secondary antibody 

that can be directly or indirectly labelled with a fluorophore is used as a reporter. 

Protein levels can then be compared across groups of interest or related to other 

clinical parameters. 

In Paper IV, we aimed at profiling autoantibody reactivity in plasma and made use 

of the protein fragments produced as immunogens for antibody generation in the 

Human Protein Atlas project. These fragments were used in combination with 

planar arrays and suspension bead arrays in a setup that represented an efficient 

strategy for the screening of autoantibody reactivity (Figure 8). By combining 

several array designs, the planar array format enables analysis of thousands of 

antigens in a limited number of samples, typically in the range of 80 to a few 

hundred. The antigen bead arrays instead allow for analysis at a higher throughput 

in more samples but of fewer antigens relative to the planar array assay. As 

mentioned above, commonly 384 analytes (antigens in this case) are screened in 

384 samples at a time. This inverse of properties in multiplexing and sample 

throughput makes the two assays complementary. The very same planar antigen 

arrays are used in the routine evaluation of antibody specificity. As the 

manufacturing of these arrays is determined by the antibody production workflow, 

the content is already set. Arrays can be selected randomly or by choosing arrays 

containing a number of proteins of interest. In our hands, this allowed for a 

hypothesis-free screening. The content of the bead array is flexible and can be 

designed as desired. We therefore can design the content based on the top 

findings from the screening as well as include fragments representative of proteins 

from literature. In both the planar and suspension bead array format, samples are 

diluted, incubated with the array and any bound antibody detected by a secondary 

antibody. Autoantibody reactivity is here defined by using sample-specific cut-off 

values where the intensity from individual fragments is related to the signal from 

all other fragments. The frequency of autoantibody reactivity can then be 

compared across groups of interest. 

A common aspect to the work of all papers is the inclusion of multiple reagents for 

each target when possible. In Paper I-III, in line with one of the suggested antibody 

validation pillars [84], we used several antibodies generated against either the 

same parts but from different immunizations or against different parts of the 

protein. This allows for a broader coverage and having multiple antibodies that 
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Figure 8. Autoantibody profiling using planar antigen arrays or suspension bead arrays. 
The planar array contains protein fragments immobilized on a glass slide, altogether 384 
fragments in 12 replicated sub-arrays. Samples are diluted and incubated with the array.  
Detection with a fluorophore-conjugated secondary antibody is followed by scanning of 
slides. The bead array workflow includes distribution in microtiter plates and dilution. In 
parallel, protein fragments are coupled to beads and combined to form an array in 
suspension. Samples are incubated with the array and detected using a secondary 
antibody. The frequency of reactivity can be compared between groups to reveal an 
association with disease. 
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show correlating profiles, provides extra support for the capture of the intended 

protein. This is especially important in the single binder assay that relies on one 

binding event to generate a signal in contrast to sandwich assay that relies on at 

least two antibodies for a signal. There are, however several, reasons to why paired 

antibodies might give different results. In Paper IV, we included several protein 

fragments as representatives of different parts of the proteins in the suspension 

bead array phase. This allows for closer localization of the reactive region of a 

protein.  

All papers and manuscripts can be found in the Appendix of this thesis and will be 

summarised in the following. 
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Paper I: Plasma profiling reveals three proteins 

associated to amyotrophic lateral sclerosis 

 

Amyotrophic lateral sclerosis is a motor neuron disease where there is a gradual 

degeneration and death of motor neurons. Motor neurons convey messages from 

brain to spinal cord and from brain stem and spinal cord to peripheral nerves and 

muscles. There are both hereditary and sporadic forms of the disease, with 

sporadic being most common form.  

To increase our understanding of ALS, we performed protein profiling in plasma 

from 367 patients with ALS and 101 healthy controls. In the screening phase, we 

used an antibody suspension bead array of 352 antibodies targeting 278 proteins. 

The selection of proteins was hypothesis-driven based on reviewing the current 

literature for inclusion of proteins with potential implication in ALS as well as 

findings from internal studies in the context of neurological diseases. Samples were 

randomly split into two sets that were analysed separately on an experimental and 

statistical level. Statistically significant differences between ALS patients and 

controls were found for eight proteins when applying the criterion of significance 

(P value <0.05) in both sample sets.  

In the subsequent verification step, the samples were again analysed but using a 

focused set of 20 antibodies towards those 8 proteins identified in the screening. 

Again, comparing the levels between ALS patients and controls, three proteins 

were successfully replicated in this analysis: neurofilament medium polypeptide 

(NEFM), regulator of G-protein signaling 18 (RGS18) and solute carrier family 25 

(carnitine/acylcarnitine translocase) member 20 (SLC25A20), see Figure 9.  

We further characterized these proteins in relation to the available clinical 

parameters. Stratified analysis of familial or sporadic forms of ALS, El Escorial 

criteria (ALS is definite, probable, possible, or suspected), site of onset (bulbar or 

limb) and phenotype (classic, bulbar, pure lower motor neuron, pure upper motor 

neuron) here revealed no significant difference except for NEFM that were 

elevated in definite ALS compared to suspected ALS. Furthermore, no associations 

with disease duration, diagnosis delay and functional status were found.  

The diagnostic performance of the three proteins was evaluated with ROC curve 

analysis (Figure 10). When tested separately, the AUC was 0.80 for NEFM, 0.86 for 
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RGS18 and 0.78 for SLC25A20. When combined in a three-protein panel, the AUC 

was 0.86.  

 

 

In summary, in this study, we performed a highly multiplexed analysis of hundreds 

of proteins in plasma and identified three proteins as associated with ALS. The 

cohort had a large sample size relative to other efforts performed at that time. This 

allowed for stratified a analysis of different subgroups in addition to comparing ALS 

patients and healthy controls. Since the publication, efforts have focused on 

validating the findings in independent ALS cohorts and results from 1200 new 

plasma samples are currently being summarized. Studying the levels of proteins as 

well as potential autoantibody reactivity towards these proteins in plasma, 

cerebrospinal fluid and brain tissue would greatly increase our understanding of 

these proteins and work is initiated for some of these aspects. Future studies 

should study the proteins in longitudinally collected samples, as this would allow us 

to follow if and how their levels change before any symptoms and as the disease 

progresses. 

 

 

Figure 9. NEFM, RGS18 and SLC25A20 were observed at significantly higher levels in ALS 
cases compared to controls. 
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Figure 10. The diagnostic performance of NEFM, RGS18 and SLC25A20 evaluated as single 
proteins or in a panel. 
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Paper II: Elevated levels of circulating CDH5 and FABP1 in 

association with human drug-induced liver injury 

 

The liver is a central organ for numerous reasons. One of its responsibilities is to 

protect us from toxic substances by cleaning the blood. The major role of the liver 

in drug metabolism makes it especially susceptible to any potential toxic effects 

exerted by the drug itself or any of its metabolites. In rare cases, these toxic effects 

can cause injury to the liver, an adverse effect known as hepatotoxicity or drug-

induced liver injury (DILI). DILI represents a major concern for the pharmaceutical 

industry where it is the single leading cause for termination of drug development as 

well as a market withdrawal of approved drugs. The problems with the currently 

existing injury markers such as alanine and aspartate aminotransferases (ALT and 

AST), alkaline phosphatase (ALP) and bilirubin lie in their limited specificity and 

sensitivity. They are not exclusively specific to the liver and can thereby indicate 

other types of injuries. ALT, for example, is released following muscle tissue injury. 

The mentioned markers detect signs that the liver is not functioning after the 

damage has occurred and prediction of which patients that might develop injury is 

currently not possible. As the liver has a large reserve capacity, the injury can have 

progressed to severe stages before it gives a measurable effect. To address these 

needs, we aimed to identify novel candidate biomarkers for DILI by analysing 

protein levels in 1196 serum and plasma samples from 241 subjects across four 

independent cohorts of human DILI cases and controls (Figure 11).  

We identified two proteins, cadherin-5 (CDH5) and fatty acid-binding protein 1 liver 

(FABP1), to be elevated in DILI cases compared to controls. These findings were 

enabled by an extensive study design. We applied an affinity proteomics approach 

based on the antibody suspension bead array method. This study was divided into 

multiple stages. First, a random selection of almost 5000 antibodies corresponding 

to 3450 human proteins was used to profile samples from a cohort of healthy 

volunteers receiving acetaminophen (also known as paracetamol; cohort HV APAP). 

This first stage served to identify potential susceptibility targets as the samples 

profiled were collected from a time point before drug administration and thereby 

before any signs of DILI. We designed a DILI antibody array where antibodies to 

proteins identified as potential susceptibility markers in the first stage as well as 

proteins of relevance for liver toxicology where included. The DILI array was then 

used in a targeted profiling of two independent longitudinal cohorts: the complete 

HV APAP cohort (355 samples, 14 cases, 15 controls, 13 time points across 14 days) 
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and a human immunodeficiency virus (HIV) and/or tuberculosis (TB) cohort (472 

samples, 38 cases, 38 controls, 7 time points across 12 weeks).  

 

 

In the HV APAP and HIV/TB cohorts, CDH5 was elevated already in baseline 

samples, indicating a potential predictive use. FABP1 showed significant elevation 

after treatment initiation. Interestingly, FABP1 seemed to respond more rapidly 

than ALT in a number of individuals, exemplified in Figure 12. Both proteins were 

verified in the confirmatory cohort (cohort SAFE-T, 26 cases, 62 controls). We then 

studied the levels of the proteins in a fourth cohort where healthy volunteers 

received heparin drugs (cohort HV heparin, 48 cases, 6 time points, 12 days). 

Heparins are known to not cause clinically significant liver injury. In this cohort, 

CDH5 showed relatively stable levels. 

The tissue distribution of FABP1 using immunohistochemistry showed expression in 

liver and kidney but not in skeletal and heart muscle tissue (Figure 13). CDH5 was 

observed in all these tissues. The performance of the two proteins in separating 

DILI cases from controls was evaluated with ROC curves. The AUC was 0.94 for 

FABP1 and 0.74 for CDH5, whereas ALT had AUC=1. 

 

Figure 11. The experimental study design included four cohorts: 1) HV APAP, healthy 
volunteers receiving the drug acetaminophen; 2) HIV/TB, patients with human 
immunodeficiency virus and/or tuberculosis receiving antiretroviral and anti-tuberculosis 
drugs; 3) SAFE-T DILI, patients receiving different drugs and healthy controls; 4) HV Heparin, 
healthy volunteers receiving heparin drugs. In total, 1196 plasma or serum samples from 
241 subjects were analysed using antibody suspension bead arrays, with the number of 
antibodies and protein targets in the different stages of the study indicated in the figure. 
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The findings have potential applications as a diagnostic safety monitoring marker 

for earlier detection of liver injury or as a prognostic marker indicating 

susceptibility in both the clinic and clinical trial setting. Here, there is also room for 

investigating the proteins in animal models. Inter-species conservation is a highly 

desirable property for translational biomarkers to be used in pre-clinical animal 

models. CDH5 shows 75-100% sequence identity at the protein level for mouse, rat 

and primates. Human FABP1 shows 83-100% sequence identity for the same 

species. 

 

Figure 12. The level of FABP1 (blue circle) compared to ALT (red triangle) in three DILI cases 
from the cohort of healthy volunteers receiving acetaminophen. Acetaminophen was 
administered from day 4 to 11. The levels of FABP1 declined faster (A), increased earlier (B) 
or both (C) compared to ALT. 
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In summary, two candidate biomarkers were identified to be elevated in plasma 

from DILI cases on a variety of drug treatments. The main strength of the study 

includes its verification in multiple cohorts, against a background of different health 

status and drugs. Three of these cohorts were of longitudinal design which allowed 

us to study protein profiles over time and follow them over the course of treatment 

and development of DILI. The tissue distribution of FABP1 with no observed 

expression in skeletal and heart muscle tissue, suggests that it can be used to 

complement ALT as a way to rule out an injury of these tissues. Furthermore, the 

molecular weight of FABP1 is smaller than ALT and therefore has a shorter half-life, 

suggesting that FABP1 may be better at reflecting ongoing injury. A recent follow-

up of these proteins together with additional biomarker candidates in seven 

cohorts, revealed similar and promising results [99]. In that analysis, FABP1 

resulted in an AUC of 0.92 whereas CDH5 gave an AUC of 0.66, when separating 

DILI cases from controls. Furthermore, elevated levels of FABP1 showed a 

prognostic value in predicting death or requirement of liver transplantation. Future 

studies would benefit from studying these proteins in more cohorts as well as in 

the setting of other liver diseases. The ultimate aim is to be able to predict who is 

at risk of DILI before taking a drug, to diagnose and detect the injury earlier as this 

means that the injury can be minimized. 

  

Figure 13. Protein expression of FABP1 and CDH5 in liver, kidney, skeletal muscle and heart 
muscle using immunohistochemistry. 
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Paper III: Identification of proteins associated with 

asthma severity 

 

Asthma is a common heterogeneous disease, usually characterized by chronic 

inflammation and hyperresponsiveness of the airways. Diagnosis is based on the 

pattern of respiratory symptoms and lung function tests to detect variable 

expiratory airflow limitation. Increasingly it has been suggested that asthma is not 

one single disease and that it cannot be explained by just one mechanism. Instead, 

asthma is considered an umbrella diagnosis, covering multiple phenotypes and 

multiple underlying mechanisms. There is a need for increased understanding of 

the heterogeneity of asthma and how patients differ in regard to severity and 

differential response to treatment. 

We aimed for identification of proteins associated with asthma in general and 

severe asthma in particular, by profiling nearly 900 plasma samples from patients 

with different severities of asthma or chronic obstructive pulmonary disorder 

(COPD) and healthy controls (Figure 14). We designed a panel of proteins with 

potential interest in the context of asthma, COPD, expression in lung and airway or 

systemic inflammation. We used the antibody suspension bead array method to 

measure 177 proteins using 377 antibodies.  

 

 
Figure 14. Overview of the study design. The U-BIOPRED cohort included patients with 
severe asthma and that were either non-smokers (SAn) or smokers (SAs/ex) and patients 
with mild-to-moderate asthma (MMA) and healthy controls. The BIOAIR cohort included 
patients with SAn, MMA and chronic obstructive pulmonary disorder (COPD). An antibody 
suspension bead array was designed, including 377 antibodies towards 177 proteins, and 
used to profile both cohorts. Modified from Paper III. 
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First, to identify proteins associated with asthma, we used the bead array to screen 

525 samples from the “Unbiased Biomarkers for the Prediction of Respiratory 

Disease Outcomes” (U-BIOPRED) cohort. This cohort included patients with severe 

asthma and no smokers, severe asthma and former or current smokers, mild-to-

moderate asthma and healthy controls. Analysis between groups revealed a large 

number of proteins as elevated in severe asthma compared to mild-to-moderate or 

healthy controls. No proteins were in this analysis different between severe asthma 

with smoking and severe asthma without smoking or mild-to-moderate asthma and 

healthy controls. We then analysed 351 samples from 142 patients that were part 

of the “Longitudinal Assessment of Clinical Course and Biomarkers in Severe 

Chronic Airways Disease” (BIOAIR) cohort. This cohort included patients with 

severe asthma and no smoking, mild-to-moderate asthma and COPD. The patients 

were part of a two-week double-blind placebo-controlled parallel oral 

corticosteroid (OCS) intervention trial. Analysis between groups before the 

intervention revealed higher levels of proteins in severe asthma and COPD 

compared to mild-to-moderate asthma. We could verify ten proteins as elevated in 

severe asthma and no smoking compared to mild-to-moderate asthma in both 

cohorts (Figure 15).  

Next, we studied the influence of oral corticosteroid treatment on the profiles of 

proteins. We first compared samples taken before and after the OCS intervention 

from the BIOAIR cohort. The majority of the proteins were unaffected in this 

analysis, with only four proteins being different in the mild-to-moderate asthma 

group. In U-BIOPRED we had access to the medical history with prescription data 

and complemented this with steroid profiling of urine samples as a way to confirm 

adherence and detect non-reported use of steroids. The majority of proteins were 

consistently different when limiting the analysis to patients where OCS was not 

taken and not detected. We then performed analysis of the two severe asthma 

groups stratified by OCS use and detection. Interestingly, we here only observed a 

difference in protein levels in the severe asthma group with non-smokers but not in 

the group with former or current smokers.  

The heterogeneity among asthmatics is believed to be due to distinct subgroups. To 

investigate this further, we performed consensus clustering of all the patients with 

asthma in the U-BIOPRED cohort. We identified six clusters based on the protein 

profiles and characterized these clusters based on clinical information. Phenotyping 

based on molecular profiles will be part of more personalized treatment within 

asthma. It could provide a way to stratify patients in clinical trials when evaluating 
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new drugs and, further on, be used in the clinic to select the appropriate treatment 

to those that will benefit from it.  

 

 

 

Figure 15. The ten proteins that were verified as elevated in severe asthma and no smoking 
(SAn) and mild-to-moderate asthma (MMA) in both the U-BIOPRED and BIOAIR cohorts. 
HC, healthy controls, COPD, chronic obstructive pulmonary disorder. 
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As part of the central aim to increase our understanding of severe asthma, 

comparison to the less severe forms is informative. Both the U-BIOPRED and 

BIOAIR cohorts included patients with different severities of asthma, either mild-to-

moderate or severe. More importantly, this allowed us to verify findings in two 

independent cohorts. Smoking is a factor that was present in both cohorts but in 

different ways. U-BIOPRED included severe asthmatics that were current or former 

smokers (pack year history > 5), allowing us to perform analysis were severe 

asthma was stratified based on smoking status. In future studies, it would be 

preferable if the smoking aspect is included in all levels, i.e. mild-to-moderate 

asthma and healthy controls as well. In BIOAIR, smoking was represented by the 

COPD group. Inclusion of COPD made it possible to investigate the similarities and 

differences between asthma and COPD. Evidence points to that severe asthma 

shares more features with COPD than with mild-to-moderate asthma. Interestingly, 

in our study, we did not find any differences between severe asthma and COPD. 

Furthermore, no differences were seen between severe asthmatics grouped by 

smoking status.  

An additional strength of the presented work is that the two cohorts enabled us to 

investigate the influence of OCS on the protein profiles. Treatment adherence in 

patients can be difficult to control and self-reported adherence not always reliable 

for example due to overestimation. In U-BIOPRED, medical history prescription 

data was matched with the detection of prednisone metabolites in urine to control 

for nonadherence. There were cases where no corticosteroids should have been 

taken but were detected as well as the opposite where the medication should have 

been taken but were not detected among all groups of asthma but no healthy 

controls. One explanation for the discrepancy could be that the frequency of 

medication varied (at least twice a day to once a month) and would affect the 

availability for detection in urine. We addressed this by only considering patients 

that were taking their medication at least daily and where it was detected or 

medication was not taken and also not detected.  

Although we did not observe any differences between mild-to-moderate asthma 

and healthy controls in the U-BIOPRED cohort, it would be optimal to have a group 

of healthy controls as a reference also in the BIOAIR cohort. In addition, the 

inclusion of more inflammatory conditions and respiratory diseases would greatly 

increase our understanding of the identified proteins and their clinical utility.  

Many of the proteins included in the affinity proteomics panel are general 

inflammatory proteins and measured as single proteins they are likely not specific 
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as asthma markers. However, the inflammatory signature or profile may still be 

different between asthma and other inflammatory diseases and captured using a 

panel of multiple markers. It would therefore be of interest to evaluate the 

performance of for example the ten proteins verified in both cohorts with the use 

of ROC analysis. U-BIOPRED could here be used to generate a classification model, 

evaluating proteins separately and in different combinations. The model would 

then be tested in BIOAIR.  

In summary, we have profiled the levels of proteins in plasma from two cohorts 

and identified a number of proteins that were associated with the severity of 

asthma. Ten proteins were replicated in both cohorts as elevated in severe asthma 

compared to mild-to-moderate asthma and controls. Furthermore, we identified six 

clusters based on the protein profiles. These could provide a way to subgroup 

patients with asthma and may potentially guide targeted appropriate treatment, as 

would be evaluated in a treatment trial. 
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Paper IV: The antimicrobial protein S100A12 identified 

as a potential autoantigen in a subgroup of atopic 

dermatitis patients 

 

Atopic dermatitis (AD), also known as atopic eczema, is a chronic inflammatory skin 

disease. The pathogenesis includes a defect skin barrier and an abnormal immune 

response caused by genetic and environmental factors such as microbial agents. 

There is currently no single medical history, clinical factor or laboratory test that 

can be used in the diagnosis. Instead, lists of criteria such as that of the UK working 

party criteria (also known as William’s criteria) are used [100]. This includes one 

major criterion, having itchy skin, in combination with at least three out of five 

other minor criteria, including a typical appearance and distribution, dry skin, 

family history of atopic conditions. Even if this diagnostic routine was developed 

already in the 1990s, it is still the most extensively validated [101] and is what was 

used in the present study. 

The picture of AD as one disease is complex and patients display a variety of 

symptoms. On a molecular level, this heterogeneity includes multiple subgroups 

characterized by the presence of allergen-specific IgE, normal IgE levels or 

autoreactive-IgE against self-proteins in the epidermis. The contribution of 

autoreactive IgG in atopic dermatitis has not been extensively studied. 

In this study, we therefore aimed at investigating IgG reactivity in plasma from 173 

atopic dermatitis patients compared to 84 healthy controls. We also sought to see 

if the IgG reactivity could be related to the severity of atopic dermatitis, the levels 

of total IgG or presence allergen-specific IgE. 

By screening IgG reactivity to a randomly selected set of 1152 protein fragments in 

plasma from a subset of 40 patients with severe atopic dermatitis and 40 healthy 

controls, we identified increased IgG reactivity to 23 antigens. This knowledge was 

used together with literature findings to design the content of an antigen 

suspension bead array, resulting in 148 protein fragments representing 96 proteins. 

The whole cohort of 50 patients with a severe AD, 123 patients with a moderate AD 

and 84 healthy controls was then analysed. This resulted in the identification of 

increased reactivity to four antigens in patients with AD (Figure 16). These included 

keratin associated protein 17-1 (KRTAP17-1), heat shock protein family A (Hsp70) 

member 4 (HSPA4), S100 calcium binding protein A12 (S100A12) and S100 calcium 
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binding protein Z (S100Z). A larger proportion of patients with severe AD had IgG 

reactivity to at least one of these antigens compared to patients with moderate AD 

(66% vs 41%).  

 

In summary, here we studied IgG reactivity profiles in plasma from patients with AD 

and healthy controls using more than thousand protein fragments on antigen 

arrays. We identified four antigens with association with AD. Future work includes 

further evaluation of these antigens in collected independent sample material, 

including additional skin diseases and inflammatory diseases. To increase our 

understanding of the implication of these antigens in AD, reactivity should also be 

investigated on the level of IgE as well as with profiling of the levels of these 

proteins in plasma and tissue.  

 

 

 

 

 

 

 

 

Figure 16. Increased frequency of IgG reactivity to the four antigens KRTAP17-1, HSPA4, 

S100A12 and S100Z in atopic dermatitis (AD) compared to controls (HC). The group of AD 

patients is also divided into those with severe (sAD) and moderate AD (mAD).  
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~ Chapter 6 ~ 

Concluding remarks 

The work presented in this thesis has used array-based methods to analyse the 

levels of proteins and autoantibodies in plasma and serum samples from human 

patients with different diseases and controls. The applied methods fulfil many 

desirable technical criteria when studying diseases and aiming to identify disease-

associated protein profiles: 1) high multiplexing capability for testing many 

hypotheses effectively, 2) flexible assays where the content of the array can be 

designed flexibly, allowing for multi-stage experimental designs where the content 

can be adjusted as the study progresses, 3) high sample throughput enabled by the 

microtiter plate analysis and single binder assay formats, and 4) low sample 

consumption.  

The technological advancements in the various omics fields have enabled increased 

multiplexing as well as higher throughput. Complete genomes and transcriptomes 

can be sequenced, however, there is yet to be a method that identifies all the 

proteins present in for example a plasma sample. By combining several methods, 

an increased proteome depth and width can be reached. Even though multiplexing 

is an important aspect of efficiently testing multiple hypotheses at once, it is 

somewhat remarkable that so few markers have reached the clinic despite 

advanced technology. The clinical plasma proteome currently includes only a few 

hundred protein-based disease markers [39]. 

If technology composes one part of the puzzle laid by this thesis, the other part 

would be the samples. Samples are invaluable to the type of research that has been 

performed in the presented work. We are grateful for the willingness of individuals 

to donate their samples. Close collaborations with clinicians have furthermore 

been key to get access to sample collections. With their expertise, they know the 
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unmet needs and the gaps of knowledge in their disease area and they have 

designed and initiated studies to address these aspects. Their understanding of 

disease is important also in the interpretation of findings and their clinical utility. 

Access to independently collected sample materials is instrumental in the process 

of taking proteins of potential association with disease or potential candidate 

markers to the next level.  

The possibilities for future investigations of the findings from all of the presented 

work include analysis in additional and larger sample sets. Also, assessing the time 

course of the presented findings in longitudinally collected samples is of 

importance. In Paper II and Paper III, we had access to multiple independent 

cohorts and have thereby already taken some steps on the long journey of 

increasing the confidence in the identified findings. In Paper I-III, the relative levels 

of proteins in plasma or serum were studied. To gain more understanding, the 

aspects highlighted in Chapter 4 could be investigated for increased understanding, 

including interaction partners and PTM state. In Paper IV, we studied IgG reactivity 

in plasma and future work should address whether the levels of proteins are 

altered as well as investigation in skin biopsies. 

In conclusion, the work presented in this thesis has used array-based methods for 

multiplexed and high-throughput analysis. Through the four quite different papers, 

the work illustrates that these methods represent a valuable approach. Proteins 

with association with disease were identified and future studies will aim to give 

clues to if and how this association can be utilized within the respective diseases 

for diagnostic, predictive and prognostic purposes and potentially development of 

new treatments and cures. 
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