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Precision medicine aims to utilise biomarkers to ensure the right treatment is given to the right 
patient at the right time. In pursuit of this goal, sensitive protein detection is essential to improve 
opportunities for discovery, verification, validation and development of valuable protein 
biomarkers. The proximity Extension Assay (PEA) is a commercially established multiplex 
immunoassay that combines the specificity of dual antibody recognition assays with qPCR 
sensitivity to parallel analysis of up to 1161 human proteins in a single microlitre of plasma. 
Already widely applied in biomarker research, in this thesis we report on further developments 
of the PEA assay format, as well as applications for analysing disease responses and drug-
protein engagement. In paper I, we describe the development of a magnetic bead-based solid 
phase proximity extension assay (SP-PEA) for improved protein and exosome detection. We 
demonstrate increased sensitivity by up to two orders of magnitude for the detection of cytokines 
( IL-8, TNF-alpha, IL-10 and IL-6) as compared to the corresponding homogenous PEA assays. 
The method is also used for detection of exosomes in plasma samples.In paper II, we have 
adapted the PEA assay for detection of anti-SARS-CoV-2 antibodies in blood samples. We 
established the Antibody Proximity Extension Assay (Ab-PEA) as a sensitive and accurate 
method for detecting anti-SARS-CoV-2 antibodies, serving as a high-throughput solution for 
community surveillance of virus exposure and/or for testing the efficiency of vaccine induced 
immunity. In paper III, we use PEA to measure binding by small drug molecules to specific 
on and off-target proteins via cellular thermal shift assays (CETSA). The approach allows for 
analysis of target engagement by drugs in minimal samples of cells and tissues, with a potential 
for high multiplexing and high-throughput in clinically relevant samples. In paper IV, finally, we 
explore the use of recombinant single-chain binders (nanobodies) as substitutes or complements 
for antibodies in PEA. We further demonstrate the potential of PEA as a method to identify 
suitable pairs of protein binders for use in dual binder assays. 
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Introduction 

Our understanding and classification of diseases continue to change as in-

formed by new scientific discoveries and the development of new technolo-

gies.1 From symptom-based diagnosis and classification that precedes modern 

medicine to tissue biopsy and infectious agent-based diagnosis that is applied 

today, these advances bring improvements in treatment outcomes. The most 

recent drive for the reorganization of diseases is fueled by advances in molec-

ular biology made since the later stages of the 20th century.2 The application 

of molecular biology in medicine, “molecular medicine”, has necessitated the 

use of basic biological materials and systems as a guide for diagnosis, prog-

nosis, treatment, and monitoring of patients.3 Molecular medicine leverages 

knowledge generated from analyzing patient samples for genomic, tran-

scriptomic, proteomic and metabolomic biomarkers to give a detailed descrip-

tion of the state and direction of the disease, enabling the adoption of treatment 

regimens that are precise to the patient.   

The completion of the Human Genome Project (HGP) created an expanded 

data resource for understanding genetic complexity and its role in diseases, 

giving scientists and clinicians alike the opportunity to predict the likelihood 

that an individual will develop a disease based on their genetics.4 More im-

portantly, it initiated the cataloguing of all genes, proteins and non-coding nu-

cleic acids that form the dynamic biologic system that governs living organ-

isms. RNA as an intermediary between DNA and protein allows a window 

into which genes are being actively utilized by the cells at a given moment. 

RNA analyses can play an important role to evaluate disease processes or 

monitor the progress during treatment. Ultimately, proteins provide the func-

tionality of cells, tissues, and organisms though catalysis, signalling, and 

structure.5 Positioning proteins as both the main actors utilized by cells as well 

as the primary target of health interventions means following the change in 

protein composition of diseased cells/individuals is an essential part of deci-

sion making in molecular medicine.6 

A starring role for proteins in cellular function and environmental response 

requires a complex make-up in both structural variations and numerical mag-

nitude. This complexity has made the task of developing protein detection 

techniques for in depth analysis of the full protein complement a daunting 

challenge. Currently there is a myriad of protein detection techniques, identi-

fying proteins based on different properties, making it difficult to correlate 
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results from different platforms. Thus, to fully benefit from the newly gener-

ated proteomic knowledge from molecular medicine we will need to improve 

our ability to detect and analyze proteins. My PhD studies have focused on 

adapting the proximity extension assays (PEA) for detection of proteins in 

different aspects of precision medicine, from biomarker discovery, diagnosis, 

treatment response and drug development. 
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Precision medicine 

It has long been acknowledged in the world of fashion that the best fitting 

items are those made “bespoke” or made to order for a particular individual. 

In fact, this approach has proven valuable beyond fashion and has been widely 

adopted in modern manufacturing, from custom-made building materials to 

medical implants. Just as a shoe that fits one person comfortably, it can pinch 

the next person; treatments that are successful for certain patients may not be 

effective for others. As such, it should not come as a surprise that applying a 

one-size-fits-all approach does not yield the best results in healthcare either. 

Precision medicines seeks to “tailor make” treatments for individuals or 

groups of patients based on their genetic make-up, disease prognosis and their 

environment. In so doing, the hope is to provide the right therapy to the right 

patient at the right time.6 Although only becoming an important focus of 

health policy in the last decade as illustrated by the Precision Medicine Initi-

ative launched by U.S President Barack Obama in 2015, it can be argued that 

providing precision medicine has been the desire of healthcare professionals 

for millennia and only limited by knowledge.7 After all, Hippocrates in his 

book of prognostics boldly suggested, “He will manage the cure best who has 

foreseen what is to happen from the present state of matters”.8 The question 

then becomes, how can one foresee what is to happen from the present state?  
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Figure 1. Biomarker assisted categorization of patients into treatment subgroups 
to maximize treatment efficacy. 
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Biomarkers 

Biomarkers are medical characteristics that can be reproducibly and accu-

rately measured to indicate a particular physiological state of a patient.9 Clin-

ical biomarkers are classified based on their roles, mainly predisposition, di-

agnostic, prognostic, predictive and pharmacodynamic. Thus, biomarkers are 

applicable at every stage of healthcare and are the bedrock on which precision 

medicine aims to anchor its application.10 Firstly, predisposition biomarkers 

are used in determining the patients’ risk of developing disease which is fol-

lowed by testing for whether or not a patient has cancer using diagnostic mark-

ers. Prognostic markers then follow to predict the progression of the disease 

and determine if treatment is necessary. Predictive biomarkers indicate the 

likelihood of a patient reacting to therapy while pharmacodynamics markers 

give information about the expected pharmacological effect of the drug on the 

recipient.11,12 Use of biomarkers has significantly improved the diagnosis and 

management of disease, as is evident from lists of prognostic, diagnostic 

markers and targeted therapies that have been reported.13 Commonly used bi-

omarkers include the prostate-specific antigen (PSA), which has been used for 

more than two decades as a diagnostic biomarker for prostate cancer.14 Simi-

larly, genetic mutations in the BRCA1 and BRCA2 genes are used as a pre-

disposition marker for breast cancer in women.15  

Although body parameters such as temperature and blood pressure can be 

used to predict physiological conditions, most biomarkers are biomolecules 

such as DNA variants, RNA transcripts and proteins.  These biomolecules 

constitute the central core of molecular biology, i.e. “the central dogma”. At 

the center, DNA serves as the storage and carrier of information, transferring 

information down generations. An individual’s DNA is unique and carries the 

instructions to produce the proteins required for cell structure and functioning 

over an individual’s lifetime.16 Many diseases tend to occur continuously in 

families and are caused by the inheritance of the causative DNA variants. Of 

these, diseases can occur due to alterations in a single gene as is the case in 

diseases such as cystic fibrosis, thalassemia and sickle cell anemia.17,18 How-

ever, most diseases arise from complex inheritance patterns requiring a com-

binatorial effect from multiple genes and environmental factors as well as 

chance.19 As such, Genome Wide Association Studies (GWAS) are carried out 

to identify the genetic variants associated with the risk for specific diseases 

and has been successful in identifying thousands of loci linked to common 
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diseases such as type II diabetes and schizophrenia. 20,21 Much of the disease 

development however requires an understanding of the combined effect of en-

vironmental factors and variants in both coding and non-coding DNA which 

affect the processing of DNA into downstream biomolecules in RNA and pro-

tein.19  

The primary role of RNA in cells is to transmit genetic information, from 

DNA to protein and therefore gives dynamic information on which genes are 

being utilized at a given time in a cell. In addition, RNA provides information 

on changing levels of gene expression as well as indicate the presence of dif-

ferent protein variants through alternative splicing of mRNAs.22,23 Further-

more, other non-coding RNAs such as micro-RNAs (miRNA)24, long non-

coding RNAs (lncRNA)25 and circular RNAs (circRNA)26  are involved in 

post-transcriptional regulation and have been reported as potential predictive 

biomarkers in numerous diseases. Both RNA and DNA continue to be ex-

plored to gain more insights into disease progression and treatment. Fortu-

nately, large international projects have over the years been undertaken with 

increased the sample sizes of studies to allow uncovering more genomic and 

transcriptomic biomarkers to aid in diseases management. More importantly 

these projects developed technology that enables high throughput genomic 

and transcriptomic studies.  

 

 

 

Figure 2. Characterization of the central dogma of molecular biology. The hori-
zontal arrow shows increasing complexity while the vertical arrow shows the 
level of cataloguing done for the different molecules. 
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Proteomics 

Proteomics refers to the analysis of the entire protein complement in an or-

ganism or specific parts of it with the intention of characterizing their biolog-

ical roles, the pathways they are involved in and discovery of biomarkers and 

therapeutic targets.27,28 Proteins serve as the functional products of genes and 

they are essential for developing the phenotype that is coded for in DNA. As 

such, proteins are responsible for carrying out the structural and biochemical 

activities of the cell as well as effect response to the changing environment.29 

Proteins can be used to describe or predict the relative physiological condi-

tions of individuals, along with explaining the environmental stress that they 

have been exposed to. Indeed, Enroth et al., (2015) showed that by analyzing 

77 plasma proteins they could accurately predict chronological age as well as 

lifestyle factors that contribute to ageing.30 In addition to the dynamism of an 

individual’s proteome composition, proteins are also present in different 

isoforms due to mRNA splicing, alternative transcription initiation and termi-

nation sites as well as proteins coded for by closely related genes.31–33 Post 

translational modifications added onto the proteins after ribosomal synthesis 

also add to the properties and subsequently the functions of proteins, another 

layer of protein complexity that can serve as indicator of pathology.34 Thus, 

proteomics in medicine is aimed at finding the changes in individual proteins 

and proteomes that can be used to distinguish different physiological states. 

To successfully apply proteomic data generated from patients to disease 

models and use it to inform diagnosis, treatment and prognosis, there needs to 

be a base proteome from which to compare. With this aim in mind, the Human 

Proteome Project (HPP) was established by the Human Proteome Organiza-

tion (HUPO) in 2010.35 With only a third of the over 20 000 protein coding 

genes reported by the HGP having protein level data reported, the first mile-

stone targeted was to identify at least one representative protein encoded by 

each of the human genes.36As well as providing protein level data for every 

gene on each chromosome, other approaches focus on proteins involved in 

specific aspects of biology research or diseases.37 A prominent part of this 

initiative is the Human Protein Atlas (HPA) which is utilizing antibody based 

proteomics in conjunction with other omics approaches to map the spatial dis-

tribution and expression of every human protein in different human tissues, 

cancer types, and cell lines. With this approach, comprehensive protein ex-

pression and transcription data have been generated for tissues,38 the brain,38 
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blood39, cells and the human secretome amongst others. 40–42 Large-scale com-

parisons such as these at a whole proteome level have opened up the gateway 

for identification of proteomic biomarkers that are more specific as well as 

provide a foundation for the production of reagents required for analysis at all 

levels. 

Protein biomarkers  

Protein detection has long been applied in healthcare to explain physiological 

changes in patients, common examples include the detection of human chori-

onic gonadotropin (hCG) as confirmation of pregnancy.43 An encouraging fac-

tor for protein-based diagnostic is the release of cellular and tissue specific 

proteins into the blood stream, either through leakage or secretion. As blood 

is commonly collected and analyzed from patients, it makes plasma protein 

biomarkers an attractive means to diagnose disease using the current proce-

dures already available in clinics.44 The most common diagnostic biomarkers 

are abundance biomarkers which tend to increase in concentration following 

the development of disease, examples of these include prostate-specific anti-

gen (PSA) which has been used as a diagnostic marker for prostate cancer for 

more than 3 decades.  An emerging class of biomarkers are leakage bi-

omarkers that allow for the assessment of tissue specific damage through bod-

ily fluids analysis without sampling of the specific tissues.45 Biomarkers have 

been discovered for assessing disease development in often hard to sample 

organs/tissues such as the brain (e.g. neurofilament light chain protein) and 

heart (troponin) by measuring their levels in blood.46  

The use of protein biomarkers is not limited to diagnosing diseases such as 

cancer but can also be applied for detecting infections.47 Pathogen-specific 

antibodies are also used to diagnose infections and are often a cheaper alter-

native to viral culture or PCR diagnosis. Rapid tests for Immunoglobulin G 

(IgG) against HIV is used as a standard first-line test for HIV diagnosis in 

environments where PCR tests may not be readily available.48 Furthermore, 

IgG testing can be used to measure the prevalence of specific pathogens in the 

population that may be difficult to detect using antigen-based tests. Antibody-

based assays have been used to measure the prevalence of water-borne infec-

tions in populations both during and after epidemics.47 Antibodies also expand 

the utility of samples for proteomic biomarker detection as they can be found 

in most biological samples, including stool, saliva and blood.49 Autoantibodies 

that are produced against native proteins play a crucial role in diagnosis of 

diseases and are used routinely for diagnosing rheumatoid arthritis, rheumatic 

heart disease, multiple sclerosis, Sjogren’s syndrome and autoimmune hepa-

titis amongst others.50–52 More recently, detection of antibodies against SARS-

CoV-2 antigens have played a crucial role in determining the spread and prev-

alence of the coronavirus that caused the COVID-19 pandemic.53  Crucially, 
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autoantibody detection offers the possibility to predict development of disease 

years in advance as autoantibodies can sometimes be detected long before the 

development of clinical symptoms. For instance, the presence of islet cell-

specific autoantibodies is predictive of future development of type 1 diabetes 

and can often be detected as early as 9 years before disease development.54 

The presence of auto-antibodies may also predict the likely course of a dis-

ease. During the COVID-19 pandemic, Bastard et al., (2020) showed that the 

presence of autoantibodies against interferon-α and interferon-ꞷ1 are associ-

ated with more severe illness although.55 

Disease prognosis is essential for classifying patients and ensuring that they 

receive appropriate levels of care based on the projected progress of the dis-

ease. COVID-19 patients exhibit widely varied disease severity, ranging from 

asymptomatic to fatal illnesses. As such prognostic biomarkers are required 

to identify patients that will require close monitoring and allocate resources 

appropriately.56 Prognostic biomarkers are often used to choose suitable treat-

ment options as they also predict the course of the disease following different 

kinds of interventions.57 The overexpression of human epidermal growth fac-

tor receptor-2 (HER2) in breast cancer patients is associated with poor clinical 

outcome. However, patients overexpressing HER2 can also be placed on tar-

geted HER2 therapies such as pertuzumab, which significantly improves the 

prognosis.58 Protein biomarkers in clinical can also serve as indicators for dis-

ease recurrence post treatment. Levels of thyroglobulin are monitored in pa-

tients post-surgery detect residual or recurrent diseases.59 

Proteomics in drug development 

Proteomic analysis provides comprehensive observations of cellular activities 

amidst changing physiological conditions as well as disease processes. As pro-

teins carry out most of the cellular functions, the most common mode of drug 

action is to target proteins and interrupt their function or reduce their abun-

dance.60 The  use of proteins as potential drug targets cannot be understated 

and previous estimates suggests there may be up to 2000 proteins with at least 

a single drug candidate undergoing trials.61  Drug target identification exer-

cises aim to identify proteins whose expression patterns, post translational 

modification state or functions are altered during the disease process. Identi-

fying potential drug targets requires high-throughput multiplex profiling of 

samples to surveil the impact that drug compounds have on the downstream 

pathways of the proteins of interest.62 Proteins can also serve as biomarkers in 

the drug development process to evaluate whether the drug is engaging its 

molecular target in the expected manner. Proteins that are linked to a particular 

clinical outcome can be measured as a substitute for clinical observation dur-

ing clinical trials, reducing costs and providing data to advice on continuation 

of trials.63 Total cell proteome screening assays such as the cellular thermal 
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shift assay (CETSA) provide means to monitor drug target interactions in liv-

ing cells.64 CETSA probes drug-protein engagement by of the thermal prop-

erties of a protein, as proteins will unfold and aggregate at specific tempera-

tures, however this heat induced unfolding can be altered by small molecules 

binding to the protein. As such CETSA compares the difference in aggrega-

tion temperatures between free proteins and those bound to small molecules.65 

CETSA relies on traditional protein techniques such as mass spectrometry 

(MS) and western blot (WB) to measure the interactions and as such, the sen-

sitivity and throughput is dictated by the readout methods used. The recent 

commercial availability of large-scale multiplexed affinity-based proteomics 

techniques offers potential to improve sensitivity in drug development assays 

such as CETSA. Paper III in this thesis utilizes proximity extension assays 

(PEA) as a CETSA readout for sensitive measurement of drug target engage-

ment.  

It is clear that proteins serve a crucial role in the development and treatment 

of disease, however the characterization of the human proteome still lags be-

hind significantly from both DNA and RNA. Thus, discovery of putative pro-

tein coding genes from the human genome has not fully translated into identi-

fication of the functions of the proteins.  While over 100 protein biomarkers 

have been FDA approved for clinical testing, the rate of introduction of new 

clinical markers has slowed down even as proteomic data have grown rap-

idly.66 Key contributing factors are the challenges that proteomic techniques 

face in validation of biomarkers. Some of the main challenges include; 1) de-

tecting proteins that may be present at lower concentrations, 10 orders of mag-

nitude or more below the more abundant functional proteins, 2) Presence of 

highly similar protein species that lead to high background and 3) Post-trans-

lational modifications and splice variants making it difficult to resolve differ-

ent isoforms of proteins.67 Thus, in order to discuss the role of proteomics in 

precision medicine we should first discuss the tools and techniques used in 

studying proteins.  
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Protein detection techniques 

Protein analysis techniques are defined mainly on basis of the properties of 

the protein that they utilize for identification. These properties include molec-

ular weight, protein charge, genetic tagging or affinity detection. Parameters 

such as the complexity of the sample (i.e., the number of proteins), post-trans-

lational modifications (e.g., phosphorylation), and intracellular localization 

(e.g., nucleus vs. cytosol) all contribute to the requirements for the particular 

technique to be applied in analysis.27 The complexity of proteomes in different 

samples often necessitates the use of more than one technique, as illustrated 

in electrophoretic techniques such as western blotting and two-dimensional 

polyacrylamide gel electrophoresis (2D PAGE). Western blotting combines 

analysis of mass (separating proteins according to their sizes in a gel) and af-

finity detection through a labelled antibody. In 2D PAGE, proteins are sepa-

rated based on charge and mass. These methods are routinely used in research 

and are useful for detecting known proteins that are present at high concentra-

tions in a sample.68 More sensitive methods are required for discovery and 

detection of low abundance markers. Mass spectrometry (MS) is a chemical 

analysis technique that separates charged species based on their mass to 

charge ratio (m/z). Here, ions are produced, often with fragmentation of the 

protein into smaller peptides that can then be separated and recorded to pro-

duce a mass spectrum where intensity is plotted against m/z.69 This spectrum 

is compared against a database of reference protein sequences to determine 

the identity of the protein. As the mass and amino acid sequences of proteins 

are unique, MS analysis is highly specific. The hypothesis free unbiased na-

ture of MS analysis can be utilized to analyze the complete proteome.70 How-

ever, MS offers low coverage of the proteome due to the limited dynamic 

range of mass spectrometers and ultimately its utilization requires expensive 

equipment and trained staff coupled with lengthy sample preparation, which 

may not be desirable for routine protein detection in clinics and research.71–73  

An emerging technique for protein analysis is the use of nanopore sequencers 

that perform single-molecule-based, primary sequence recognition of proteins 

by measuring the ionic current fluctuations as the polypeptide chain passes 

through the nanopore to identify the individual amino acids.74 
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Affinity-based proteomics 

Affinity based proteomics were first inspired by a radioimmunoassay (RIA) 

for insulin detection developed by Berson and Yalow (1959).75 This initial 

assay paved the way for development of affinity based assays for most clini-

cally relevant proteins today. In the general format of affinity assays, antibod-

ies (or other affinity reagents such as aptamers, affibodies or nanobodies) are 

applied to the samples and allowed to bind their target antigen. Upon binding, 

a reporting module is required that gives a signal upon formation of the anti-

body-antigen complex. This module can either be through the labelling of the 

probing antibody or addition of a labelled secondary antibody that either tar-

gets the probing antibody or the target antigen.76 These techniques offer the 

advantages of great sensitivity, minimal sample preparation and ability to tune 

the assay to the specific needs of the application.77 The attractiveness of affin-

ity based techniques has also been boosted by the recent drive to raise anti-

bodies against all human proteins as shown by projects such as the Human 

Protein Atlas.38 While affinity proteomics based assays are universally used 

in protein biology, from western blotting in basic research to immunohisto-

chemistry (IHC) in pathology, I have focused closely on in-vitro techniques 

that are mostly applied in plasma protein analysis. While the early forms of 

affinity assays utilized radio-isotopes, subsequent assays added other detec-

tion labels such as enzymes78, fluorophores79, gold nanoparticles, chemilumi-

nescence80 and electrochemiluminescent81. Affinity assays such as the En-

zyme-linked immunosorbent assay (ELISA) remain the gold standard for pro-

tein detection in the clinic today while lateral flow assays are the most com-

mon point of care tests for protein detection. While easy to use and interpret 

results, multiplexing of these assays is limited by the inherent cross reactivity 

of antibodies, resulting in low sensitivity caused by increased background sig-

nals with greater multiplexing. 

 

Figure 3. Schematic illustrations of common DNA assisted affinity based protein as-
says. A) iPCR, B) iRCA, C) PLA and D) PEA. 

To lessen the effect of cross-reactivity of affinity reagents, assays have been 

developed that require target recognition by more than one binder to generate 

signal; 82 referred to as “sandwich immunoassays”, they use an immobilized 
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capture antibody that is specific for the target protein, followed by a reporter 

antibody that is also specific for the target protein and labelled with a reporter 

molecule.83 While dual recognition assays lower the risk of non-specific de-

tection, their reporting systems (fluorogenic or chromogenic) limit multiplex-

ing opportunities as the number of distinct dyes or detection channels in 

readout instruments is limited. Thus alternative dual recognition immunoas-

says such as immuno-PCR (iPCR)84, immuno-rolling circle amplification  

(iRCA)85, Proximity Ligation Assay (PLA)86 and Proximity Extension Assay 

(PEA) utilize antibodies coupled to specific DNA sequences that serve as re-

porter molecules during protein detection.38,87 Using DNA as reporter mole-

cules for protein assays was first reported by Sano et al., (1992), who conju-

gated DNA molecules to antibodies against BSA through bispecific linker 

molecules and used it to improve the detection sensitivity of an corresponding 

ELISA assay.88 The first version of iPCR relied on gel electrophoresis to quan-

tify PCR products from the immunoassay and showed improved  sensitivity 

by more than a thousand fold and this has continued to improve alongside the 

improvements in DNA amplification and detection techniques.89 Furthermore, 

DNA sequences can carry information which can serve as labels for specific 

reagents in the assay wide selection of DNA processing enzymes significantly 

enhances the applicability of DNA-based assays. Thereby, the ability to ana-

lyze huge numbers of sequences through sequencing can be used to improve 

the multiplexing of protein assays.90 While methods mentioned above are 

based on antibody-DNA conjugates as probing reagents, alternative binders 

such as DNA aptamers can be utilized, which further reduces the difficulty of 

the assay by removing the need for coupling of DNA to proteins. Indeed, in 

the first report of the development of the PLA, Fredriksson et al., (2002) took 

advantage of this seamless use of aptamers to develop the PLA.  

Proximity ligation assays  

Proximity-dependent assays are a group of dual and triple binder assays for 

the detection of proteins, protein–protein interactions and post-translational 

modifications in vitro and in situ.87 DNA-coupled affinity binders are used to 

specifically target proteins of interest. Binding of two or more DNA coupled 

affinity binders to the target results in assembly of assay-specific DNA mole-

cules that are enzymatically (ligation or extension) treated to give rise to a 

specific DNA reporter molecule, which are amplifiable by PCR. These tech-

niques allow for the detection of minute amounts of proteins in sera, and of 

protein interactions in cells and tissue sections. Fredriksson et al., (2002) first 

described the proximity ligation assay for specific and sensitive measurement 

of proteins in solution, using pairs of aptamers generated against PDGF-BB 

with extended sequences at either the 5′ or the 3′ ends; 86 when both aptamers 
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recognize their target, their free ends are brought in proximity and can hybrid-

ize to the same connector oligonucleotide in order to be joined by ligation. 

This method has since been modified for many different purposes, including 

for increased sensitivity through solid phase capture of the target protein with 

an additional antibody against the target, to measure and visualize proteins in 

cells and tissue sections through proximity-based generation of circular DNA, 

and amplification by rolling circle amplification (RCA) (in situ PLA), to iden-

tify protein complexes and for using multiplex and multicolor in situ PLA to 

target specific surface proteins on extracellular vesicles to analyze and quan-

tify these using a flow cytometer.91–95  

Proximity extension assay 

The proximity extension assay (PEA) is a homogenous immunoassay based 

on pairs of DNA-conjugated antibodies with slight affinity to each other 

through a short complimentary sequences on the 3′ ends. Upon binding their 

target the probes are brought into proximity allowing for hybridization of the 

conjugated oligonucleotides, thus permitting extension of the free with free 3′ 

ends by a polymerase to produce a DNA reporter molecule for antigen detec-

tion.96 This reporter molecule can be detected and quantified by qPCR, allow-

ing for a highly sensitive multiplex assay with broad dynamic range. Now 

commercially available through Olink® (Uppsala, Sweden), PEA is broadly 

used for multiplex detection of protein biomarkers in just 1 µl of plasma sam-

ples with sensitivities down to femtomolar concentration levels. More re-

cently, commercial PEA assays have been extended to cover nearly 1500 pro-

tein targets by using Next Generation Sequencing (NGS) as a readout 

method.97 PEA has been established as a popular method for homogenous pro-

tein detection, both as a biomarker discovery tool and as confirmatory assays, 

as witnessed by the increased referencing of the method yearly. It has been 

successfully used in biomarker discovery for various diseases including car-

diovascular diseases, ovarian cancer, gastric cancer, cervical cancer and 

COVID-19 amongst others.98–101 While originally developed for the analysis 

of secreted proteins in plasma and serum, PEA has also shown itself to be 

suitable for analyzing a wide range of sample types, including dried blood-

spots (DBS ), urine, cerebrospinal fluid, and lysates of cells and tissues.102–104 

The high-throughput capability and reproducibility of PEA has made it an at-

tractive tool for use in large scale longitudinal studies, including multi-omics 

studies that aim to identify genetic variants associated to protein levels.105,106  

All these combined characteristics make PEA an ideal tool for protein analysis 

in all stages of medical care. Indeed, all projects reported on in this thesis 

expands on the utility of PEA by applying it to new studies focused on ad-

vancing precision medicine. 
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Alternative binders 

Making use of antibodies, which are the immune systems own evolved rea-

gents for specific molecular recognition of foreign molecules has been a key 

driver for the widespread adoption of affinity based proteomic techniques in 

clinical settings.  Unfortunately, the inconsistent performance, difficult vali-

dation and limited coverage of the proteome by antibodies has limited the pace 

of expansion of affinity based proteomic assays.107 To overcome these chal-

lenges, there have been efforts to develop new classes of affinity reagents to 

replace antibodies in both diagnostic and therapeutic applications. Alternative 

binders are mostly based on one of two platforms: 1) derivations of immuno-

globulins such as single-chain variable fragments (scFvs) and nanobodies or 

2) non-immunoglobulin derived proteins such as monobodies and designed 

ankyrin repeat proteins (DARPins) amongst others.108 Alternatively non-pro-

tein binders have also been developed such as DNA and RNA aptamers. Bind-

ers against a chosen target are usually selected from a large library of binders 

through approaches such as phage display where each unique binder is cou-

pled to its corresponding DNA sequence in a phage particle, allowing for re-

combinant production of the selected binder.109 The recombinant nature of al-

ternative binders also allows for controllable addition of desired domains into 

the binders through cloning, thereby reducing the uncertainty of chemical con-

jugations. In paper IV, we demonstrate the possibility of using recombinantly 

produced affinity binders (nanobodies) as replacement or supplements to an-

tibodies in immunoassays, specifically the PEA assay.   
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Present Investigations  

The work presented in this thesis aimed to improve and expand the utility of 

the proximity extension assays (PEA) as a tool for protein analysis in different 

aspects of medicine. From increasing sensitivity, improving on biomarker dis-

covery, to detection of antibodies for infection surveillance and using the PEA 

to improve sensitivity of drug-target engagement analysis in low volume sam-

ples. In the final paper, we explore the use of nanobodies to supplement or 

replace antibodies in PEA assays.   

Paper I: Magnetic Bead Based Proximity Extension 

Assay for Sensitive Protein and Extracellular Vesicles 

Detection. 

Introduction 

Blood samples remain the most commonly collected and analyzed sample type 

in medicine. Detection of protein levels in blood can indicate changes in phys-

iological status.  Unfortunately, during the early stages of disease develop-

ment, protein biomarkers in blood are often present in very low concentrations 

and masked by functional blood proteins present at far higher concentrations. 

Thus, the ability to detect low abundant proteins in human blood can offer 

increased opportunities to prospect for early-onset biomarkers that can im-

prove diagnostic accuracy and treatment monitoring. The Proximity Extension 

Assay (PEA) is a DNA-assisted dual recognition homogenous protein detec-

tion assay that can detect up-to 1161 proteins in a single microliter of plasma. 

We set up to improve the sensitivity and specificity of the PEA assay by de-

veloping a solid support version of the assay that allows the removal of non-

specifically bound sample components as well as analyzing higher volumes 

of sample.  

Solid-phase proximity extension assay (SP-PEA) development. 

The solid-phase proximity extension assay (SP-PEA) assay was established 

with paramagnetic beads as solid supports. For detecting the proteins, poly-

clonal antibodies were split into three aliquots, one serving as the capture an-

tibody while the other two were conjugated to different oligonucleotides to 
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form PEA probes. Capture antibodies were immobilized on the beads and the 

samples added to allow capture of the target antigens. Following capturing, 

the unbound sample is washed off followed by addition of the PEA probes 

which recognized the captured target proteins. Again, the unbound probes are 

washed off, leaving correctly bound probes, that when bound in proximity 

their conjugated oligonucleotides can hybridize. The hybridized oligonucleo-

tides are then extended by a mesophilic polymerase followed by detection in 

qPCR. 

 

 

Figure 4. Schematic illustration of the SP-PEA assay. 

Summary of findings 

We developed a solid-phase based protocol for PEA utilizing magnetic beads. 

By performing the assay on solid support we increased the sample volumes as 

well as the amount of detection reagents in the homogenous PEA assay. We 

compared the performance of SP-PEA to homogenous PEA assay for detec-

tion of selected cytokines, including IL-4, IL-10 and TNF-α, demonstrating 

an improved sensitivity of 15 to 60-fold in complex matrices.  

 

Figure 5. Comparison of SP-PEA to homogenous PEA. Detection of cytokines 
with SP-PEA (triangle) compared to homogenous PEA (circle) for the detection 
of A) IL-4, (B) TNF-alpha and (C) IL-10. The X-axis represent the concentration 
of the respective antigen and the y-axes represent Ct values.  

SP-PEA was used to detect extracellular vesicles (EVs) from LNCap cell cul-

ture and was able to detect EVs in as low as 1ng/ml of extract. SP-PEA is a 

valuable improvement of the homogenous PEA that can detect proteins at 

lower concentrations and over broader detection ranges. The assay also lends 

itself for detection of protein complexes as well as extracellular vesicles. 
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Paper II: Sensitive and specific SARS-CoV-2 antibody 

detection by proximity extension with PCR readout 

Introduction 

The outbreak of the coronavirus disease 2019 (COVID-19) caused by the 

novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has 

caused a global public health threat. Responding to a pandemic requires con-

tinuous surveillance of the spread of the virus to device containment strategies. 

Measuring antibody responses to the viral infection offers an opportunity to 

acquire information about population exposure, immunity levels and the rates 

of asymptomatic cases. The proximity extension assay has been utilized as a 

sensitive high-throughput platform for analyzing proteins from large cohorts 

with continued sampling to understand disease development.105 We developed 

an Antibody proximity extension assay for detection of anti-SARS-Cov-2 an-

tibodies in blood samples to assist in community surveillance of infection as 

well as monitoring immunity development. 

AbPEA assay design 

Antibody proximity extension assay (AbPEA) utilizes pairs of recombinant 

SARS-CoV-2 antigens, protein S1 or nucleocapsid (NC) protein, conjugated 

to a pair of oligonucleotides to create PEA probes (Figure 7). The antigen 

based PEA probes are incubated with a microliter of sample and upon binding 

by the anti-S1 or NC antibodies in the patient serum the probes are brought 

into proximity, allowing for the oligonucleotide pairs to hybridize and form 

an overhang that can be extended to create a template for qPCR detection.  
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Figure 6. Schematic illustration of Ab-PEA. Upon incubation with a serum sam-
ple, pairs of protein probes bound by specific antibodies are brought in proxim-
ity, allowing their attached oligonucleotides to combine via DNA polymerization 
reactions. The resulting DNA extension products are quantified by real-time 
PCR. 

Summary of findings 

The assay was established by analyzing dilutions of a commercial purified 

rabbit anti-S1 antibody preparation as shown in Fig 8A, followed by serial 

dilutions of patient samples as shown in Figure 8B and C. At 1 pM of the 

rabbit anti-S1 antibodies in the 1 µl samples the signal was still 3-fold over 

background. AbPEA was able to detect recombinant antibodies with high ac-

curacy and reproducibility while detection of patient samples demonstrated 

that AbPEA could detect as low as 1000 dilution of positive samples. 

 

Figure 7. Detection of anti-SARS-CoV-2 antibodies with AbPEA. 

We used the AbPEA assay to analyze a cohort of 100 negative sera that were 

collected before the Covid-19 pandemic and 95 sera scored as positive either 

by RT-PCR for SARS-CoV-2 RNA detection or symptom identification. 

AbPEA was able to detect antibodies in 97.6% of diagnosed patients while 
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reporting no false positives, when samples are collected at-least 10 days post 

symptom onset. 

 

Figure 8.  AbPEA analysis of clinically diagnosed serum samples and 100 nega-
tive control samples. 
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Paper III: Sensitive Measurement of Drug-Target 

Engagement by a Cellular Thermal Shift Assay with 

Multiplex Proximity Extension Readout 

Introduction 

Targeting proteins is a common mode of action when developing drugs and 

thus sensitive and specific evaluation drug-target engagement is an essential 

part of the drug development process. Drug-target engagement can alter the 

physical properties of a protein, offering a way to measure drug binding on 

target proteins. One such is the change in the thermal stability of a protein 

when bound to a target, increasing the temperature at which a protein is dena-

tured. The cellular thermal shift assay (CETSA) uses this property to measure 

drug target engagement in various samples including living cells.110 The ef-

fected changes on the proteins thermal stability profile are usually measured 

by mass spectrometry or western blot. Proximity Extension Assay offers a 

comprehensive read-out for CETSA with improved sensitivity and high mul-

tiplexing. 

CETSA-PEA assay 

CETSA- PEA starts with the treatment of the cells with the drug to be evalu-

ated followed by heat treatment of the treated and untreated samples at ten 

variable temperatures. Following heat treatment, the samples are centrifuged 

and prepared for analysis by PEA (Figure 9). The resultant PEA data was an-

alyzed using the non-parametric analysis of response curves (NPARC) ap-

proach to identify protein targets that had a significant thermal shift when 

treated with the drug compound compared to the vehicle.  
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Figure 9. Schematic illustration of the cellular thermal shift assay (CETSA) with 
readout via proximity extension assay (PEA). 

Summary of findings 

We performed CETSA-PEA for the analysis of target engagement on a set of 

67 proteins from cells that were treated with Kinase inhibitors. Evaluating 

thermal shifts recorded from CETSA-PEA obtained significant thermal shifts 

for known Staurosporine targets such as CDK2, MAPK8 and AURKB illus-

trating the reliability of CETSA-PEA for measuring drug target engagement. 
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Figure 10. Thermal shifts of select proteins from cells treated with Staurosporine 
with the computed test statistics of proteins with significant shifts. 
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Paper IV: Identification of optimal combinations of 

recombinant binder pairs using Proximity Extension 

Assay 

Introduction 

Immunoassays are the most commonly applied methods for clinical proteomic 

analysis, providing high sensitivity and specificity. The success of affinity as-

says is fueled by the development and widespread availability of antibodies 

against most clinically relevant protein targets. However, there are challenges 

in using antibodies in analytical assay, one main challenge being batch to 

batch variation. Additionally, antibodies that are not recombinant produced do 

not readily lend themselves to modifications and conjugations that are an im-

portant part of the detection module of many affinity assays. Alternative bind-

ers such as Nanobodies, that are selected for in-vitro and produced recombi-

nantly offers a solution to both problems.  

Nanobody-PEA design 

The nanobodies utilized for nanobody PEA were produced with a sortase tag 

on the N-terminal for site specific conjugation of PEA oligonucleotides. Sort-

ase mediated conjugation also aids in separation of conjugated nanobodies 

from unconjugated nanobodies that can reduce assay efficiency. The nano-

bodies were conjugated to a primary oligonucleotide and secondary oligonu-

cleotides were hybridized on depending on the intended use of the proes. We 

utilized the conjugated nanobodies in homogenous PEA assays for IL-6 de-

tection that used either nanobody pairs or nanobody antibody combinations 

and compared this performance to standard antibody probes used in PEA (Fig-

ure 11).  
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Figure 11A) Schematic illustration of homogenous PEA assays using different 
nanobody and antibody probe combinations. B) Performance of different nano-
body pairs as PEA probes for the detection of IL-6. C) SPR sensograms showing 
the binding affinity of nanobody pairs pairs to IL-6 antigen. 

Summary of findings 

As PEA requires the use of two binders that can bind non-competitively on a 

single target to form a PCR template, we utilized it to identify the best com-

bination of nanobody binders for IL-6. Multiple pairs of nanobodies conju-

gated with complementary PEA oligonucleotides were used as proximity 

probes in an assay to detect a decreasing amounts of IL-6 antigen. Nanobody 

pairs with the best combinatorial binding were able to detect IL-6 with better 

sensitivity. Furthermore, we prepared homo-dimers of the best nanobody pair 

to investigate if this would improve the sensitivity of the assay. We have 

demonstrated the possibility to use nanobodies as substitutes for antibodies in 

PEA assays and a proof of concept on how to utilize PEA to select for optimal 

combinations of binders to use in dual recognition assay. 
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Conclusion and future perspectives 

It is well documented that proteomics lag behind genomics platforms in con-

tributing to patient stratification for precision medicine. The discovery and 

reporting of novel proteomic biomarkers has continued to accelerate without 

a corresponding increase in clinical tests being developed.111 Thus, in the com-

ing phase of precision medicine implementation, proteomic analysis will play 

an increasingly important. The pathway to this goal will require an explosion 

in the magnitude of proteomics studies being conducted, increased cohort 

sizes and frequency of sampling. High-throughput proteomic techniques that 

can be applied from discovery to clinical protein detection assays will be key 

in realization of this goal. There has already been a movement towards a new 

generation of affinity based protein analyzing techniques that have pushed 

further the sensitivity and throughput of protein detection. Techniques such as 

the Single Molecule Counting (SMC™) from Singulex, the electro-chemilu-

minescent based immunoassay from Mesoscale, PEA (Olink), Single Mole-

cule Arrays (Simoa™) from Quanterix and the aptamer-based Somascan112 

assay have shown the value in analyzing at lower sensitivity and more fre-

quently.105,113 With these potential benefits in mind, we set out to improve the 

sensitivity of the PEA assay by developing a solid-support based assay (Paper 

I) that can improve biomarker discovery at even lower concentrations. These 

techniques rely on detecting various conserved epitopes on target proteins to 

measure protein concentrations. The format and methodology of the assays 

can affect protein characteristics during detection, resulting in variations in 

measured protein concentrations across platform with wide range of correla-

tion. While efforts are have started to understand the reason for variation 

across platforms and provide approaches for comparing measurements across 

platforms, the alternative may be to use a single platform across multiple plat-

forms.114,115 Consistently using a single platform will provide seamless inter-

pretation of results, comparison of studies and data analysis. Adapting re-

search data into clinical applications will also benefit from using the same 

assay that was used in discovery. 

The PEA has been proven to be a highly sensitive and specific assay with 

high multiplexing capability while requiring low sample volumes. As medi-

cine becomes more personalized, more people will have their samples ana-

lyzed more frequently to establish personal baselines that can be used to mon-

itor changes in an individual’s wellness. With the expected demands of future 
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proteomic analysis, the ability to analyze low sample volumes, including dried 

blood samples, makes PEA a suitable tool for regular proteomic analysis with 

minimally invasive sample collection. As such, in Paper II we wanted to ex-

pand the use of PEA beyond biomarker discovery and into disease diagnosis. 

Through developing a PEA assay for antibody detection, we create opportu-

nities to follow environmental exposure to infections and patient immunity 

alongside standard protein profiling. With this study we also demonstrated 

how PEA can be used for longitudinal monitoring of immunity through at 

home self-sampling through dried blood spot (DBS) samples. As protein bi-

omarkers become an essential tool used throughout the drug development pro-

cess, influencing the decision to pursue or terminate drug candidates, we have 

shown how PEA can be used for drug-target engagement analysis in small 

sample volumes (Paper III).111 In conclusion, the studies reported on in this 

show the versatility of the PEA assay and how it can become an invaluable 

Swiss Army knife for the medical tailors of the future who will seek to create 

the perfect fitting healthcare solutions.     
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