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Along with proteins, a myriad of different molecular biomarkers, such as post-translational
modifications and autoantibodies, could be used in an attempt to improve disease detection and
progression. In this thesis, I build on several iterations of the proximity ligation assay to develop
and apply new adaptable methods to facilitate detection of proteins, autoantibodies and post-
translational modifications.

In paper I, we present an adaptation of the solid-phase proximity ligation assay (SP-PLA)
for the detection of post-translational modification of proteins (PTMs). The assay was adapted
for the detection of two of the most commons PTMs present in proteins, glycosylation and
phosphorylation, offering the encouraging prospect of using detection of PTMs in a diagnostic
or prognostic capacity.

In paper II, we developed a variant of the proximity ligation assay using micro titer plate
for detection and quantification of protein using optical density as readout in the fluorometer,
termed PLARCA. With a detection limit considerably lower than ELISA, PLARCA detected
femtomolar levels of these proteins in patient samples.

In paper III, we aim to compare detection values of samples collected from earlobe capillary,
venous plasma, as well as capillary plasma stored in dried plasma spots (DPS) assessed with a
92-plex inflammation panel using multiplex proximity extension assay (PEA). Despite the high
variability in protein measurements between the three sample sources, we were able to conclude
that earlobe capillary sampling is a suitable less invasive alternative, to venipuncture.

In paper IV, we describe the application of PLARCA and proximity extension assay (PEA) for
the detection of GAD65 autoantibodies (GADA). Thus, offering highly sensitive and specific
autoimmunity detection.
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“If we knew what it was we were doing, it would not be called re-
search, would it?” 

- Albert Einstein 
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Introduction 

For as long as I can remember, I’ve wanted to be involved in medicine, 
though mostly as a practicing physician. However, somewhere along my 
third year of university I was introduced to the area of medical research and 
biomedicine. The exposure to biomedical sciences and its impact on disease 
research aroused a new interest, one which I maintain to this day. An interest 
of exploring alternative ways to detect, prevent and treat diseases, which 
allowed me to continue my medical interest and combine it with the inquisi-
tive nature of research. 

The identification of diseases is reliant upon our detection of biomarkers 
within patient samples. However, one of the main limitations of the medical 
research field is the inability to sensitively detect biomarkers for diagnostics, 
prognostics and disease progression.  Along with proteins, there are a myriad 
of different molecular biomarkers, such as post-translational modifications 
and autoantibodies, which could be used in an attempt to improve disease 
detection and progression; therefore, the development of enhanced specific 
and sensitive molecular tools provides insight into the different processes in 
disease treatment. In this thesis, I build on several iterations of proximity 
assays to develop and apply new adaptable methods to facilitate detection of 
proteins, autoantibodies and post-translational modifications to enrich medi-
cal research. 

Paper I presents the detection of post-translational modification of pro-
teins (PTMs) via an adaptation of the solid-phase proximity ligation assay 
(SP-PLA). As a result, offering the encouraging prospect of using detection 
of PTMs in a diagnostic or prognostic capacity. Paper II describes an amal-
gamation of solid-phase and in situ proximity assay to create a new assay termed PLARCA, which is a variant of the proximity ligation assay using micro titer plate for detection and quantification of protein using optical density as readout in the fluorometer. In Paper III, we aim to compare 
detection values of samples collected from earlobe capillary, venous plasma, 
as well as ear lobe capillary plasma stored in dried plasma spots (DPS) as-
sessed with a 92-plex inflammation panel using multiplex proximity exten-
sion assay (PEA).  The objective of the study was to assess the feasibility of 
samples collected from earlobe capillary as an alternative to venipuncture 
derived samples, as capillary derived samples would be far less invasive than 
standard methods. In Paper IV, we describe the application of established 
and novel proximity assays to offer highly sensitive and specific autoimmun-
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ity detection. As several autoantibodies are recognized as valuable bi-
omarkers for clinical diagnostics and prognostics in autoimmune diseases 
such as Stiff Person Syndrome (SPS) and Type 1 diabetes, detection of such 
markers at improved sensitivity and specificity could be of significant inter-
est. In the present study, we have applied the newly developed proximity 
ligation assay with rolling circle amplification (PLARCA), and proximity 
extension assay (PEA) for the detection of autoantibodies. Through the use 
of oligonucleotide conjugated autoantigens and anti-human antibodies as 
proximity binders, we have applied and established both PLARCA and PEA, 
as a proof of concept, for the use of the specific and sensitive autoimmune 
detection. 
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1. Medicine 

Primum non nocere, “first, do no harm”, a paraphrase of the Hippocratic 
Oath established by Hippocrates of Kos, the father of Western medicine, is 
the principal guideline of the practice of medicine [1-3]. A practice that has 
been present for thousands of years, and contains a history which navigates a 
long and fascinating journey from as early as Imhotep, the first historically 
claimed physician in Egypt [4], to Sir William Osler, father of modern medi-
cine [5]. Through the centuries of its existence, medicine has evolved from 
its prescientific form, where it was considered as an art imbibed with reli-
gious and philosophical believes of the local culture, to a more evidence 
based, reproducible and testable science. This evolution has been the direct 
result of the advent of science, which has contributed to the application of 
biomedical sciences, medical research, genetics and medical technology. As 
such, the practice of medicine has been defined as the combination of art and 
science in the diagnostics, treatment, and prevention of diseases.  

The advancement of science has allowed for the development novel tech-
nologies and methods that contribute to the practice of medicine. In addition, 
these scientific advancements have aimed at developing non-invasive meth-
ods, and continuing the emphasis of the medical prime directive of “Do no 
harm”. Thus, in this part of the thesis, a basic overview of the relationship of 
medicine and biomedicine, and the incorporation of basic and applied sci-
ences will be highlighted.  

1.1.Medical Research 
Medical innovations have been possible, in part, due to the improvements 
made in medical research. Medical research is a wide ranging multi-
disciplinary field, encompassing three main research fields: basic, pre-
clinical, and clinical research with the aim of developing new medicines, 
medical procedures, or improving application of already established meth-
ods. The most popularly recognized aspect of medical research is the clinical 
research, which has been defined as the complex study conducted on human 
subjects to test a medical treatment or prevention[6]. Moreover, it deter-
mines the safety and efficacy of medications, devices, diagnostic products 
and treatment for human use [7]. Though it is commonly thought of as a 
staple of modern medicine, medical research has been a part of the medical 
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process dating to biblical times. The first recorded account of a medical re-
search experiment was performed by King Nebuchadnezzar, where he com-
pared the health effects of a red wine and meat diet against a vegetable and 
water [6, 7]. The experiment, though falls under the clinical trial classifica-
tion, does not meet the requirements of the modern clinical trials, as it was 
not a randomized, double-blinded, or placebo-controlled experiment [7]. The 
first account of a controlled experiment was the 1747 scurvy trial performed 
by James Lind [7]. In those trials, Dr. Lind selected 12 patients with similar 
symptoms, and divided them into 2 groups. The men were given identical 
rations; however each pair received a different scurvy treatment: cider, a 
weak acid, vinegar, sea-water, nutmeg and barley water, or oranges and lem-
ons [6, 7]. The novelty of controlling for the treatment aspects seeing in the 
trials, along with complex design of the experiments performed, by Lind has 
granted him the honorary title of father of modern clinical trials. However, 
the progression from the trials described to modern clinical research has only 
been possible by the incorporation of basic and pre-clinical research. 

An example of such a relationship was Louis Pasteur’s introduction of the 
Germ Theory of Disease in 1861, which states that many diseases are caused 
by microorganisms, or pathogens, infecting living bodies. The incorporation 
of fundamental findings led to the discovery and production of vaccinations 
such as Edward Jenner’s small pox vaccine at the end of 18th century. Germ 
theory was later expanded by Robert Koch in 1880s with the discovery of 
disease transmission by bacteria, and the discovery of antibiotics, which 
were extremely important medical advancements. These ushered a new era 
of medical research where biological and microbiological findings were 
essential to medical findings. The latter laid the foundations of modern sci-
ence-based biomedical research, as well as the development of treatments of 
other illnesses such as the 1947 randomized control experiment on the effi-
cacy of streptomycin in treating tuberculosis in Britain [8]. Therefore, the 
relationship between clinical research and basic research has been essential 
in the modernization of Western medicine. It is based on the explication of 
essential scientific processes related to diseases, through an analysis in biol-
ogy, chemistry, pharmacology, and toxicology. Another aspect of medical 
research that works in tandem with basic research is pre-clinical research, 
which focuses on transforming the findings of basic research into a more 
patient applicable form and supplements clinical research. These areas of 
research focuses on disciplines such as cellular and molecular biology, med-
ical genetics, immunology, and neuroscience which are a fundamental part 
of modern medical research. Consequently, due to the nature of the field, 
medical research is viewed as encompassing basic/pre-clinical, also known 
as translational research, and clinical research for the betterment of health 
and medicine [9]. 
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Figure 1.1. Overall relationship of the different components of medical research 

1.2.Biomedicine 
Modern health-care and laboratory diagnostics rely heavily upon the discov-
eries and applications of translational research for its advancement, which as 
described above aims to “translate” fundamental research discoveries into 
medical practice by combining several disciplines, resources, expertise and 
technique. Thus, it stimulates enhancements in prevention, diagnosis, and 
therapies of diseases [10]. As such, biomedicine, also known as medical 
biology, has been defined as a translational research field that applies biolog-
ical and physiological principles to clinical practice [11], and has been the 
cornerstone and dominant branch of modern medical sciences [12, 13]. This 
transformation of traditional medicine to biomedicine, though argued as a 
direct result of the introduction of the germ theory, is most accurately de-
scribed with the arrival of the antibiotic era of the 1940s and 1950s, where 
the impact of joint chemical and bacteriological work was clearly visible and 
attributed to controlling diseases.  

Modern biomedicine implies the use of biological and physiological 
methods in the study of pathophysiological processes ranging from the mo-
lecular level to an in vivo level. Thus, it is responsible for major research 
advancements in medicine, as it encompasses a wide range of scientific and 
technological approaches. Notably, it is credited with a wide range of im-
provements and developments in such medical research areas as in vitro 
diagnostics, in vitro fertilization [14], the molecular mechanisms of cystic 
fibrosis, population dynamics of the HIV virus, understanding of the mo-
lecular interactions in the study of carcinogenesis, discovery of single-
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nucleotide polymorphisms (SNP), as well as conceptualization of gene ther-
apy. And as described before, the aim of the study in these areas is to devise 
new diagnostic and therapeutic strategies [15, 16]. As a result, biomedicine 
is able to identify a problem within a patient and treat it through medical 
intervention [17]. It is important to note that biomedicine research focuses 
largely, though not exclusively, on the molecular basis of diseases. There-
fore, molecular biology based biomedicine, investigates matters arising from 
molecular medicine [18]. It explores the structural and functional relation-
ships of the human genome, transcriptome, proteome, physiome and metabo-
lome in order to devise new technologies for prediction, diagnosis and thera-
py. An aspect of medical research which is directly related with the work 
performed in this thesis. 

 
Figure 1.2. Description of the several basic areas of research composing the 
field of biomedicine. 
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1.3.Molecular Medicine 
The shift in medicine due to the inclusion of basic molecular biological, 
microbiological, and cell biological research, among others, is responsible 
for the development of biomedicine. Additionally, the advent of modern 
biomedicine has only been possible with the investigations and analysis of 
diseases at the molecular biology level [19]. Thus, molecular medicine is the 
basic research field underlying the biological principles translated by bio-
medicine into clinical practice. Molecular medicine is a vast research area in 
which the combination of medical techniques, biological, chemical, physical 
and bioinformatics methods are used to elucidate molecular structures, func-
tions, and mechanisms of a disease [17, 19]. Furthermore, molecular medi-
cine allows for the identification of fundamental genetic and molecular er-
rors causing disease, through biomarker detection in the genome, transcrip-
tome, or proteome of a patient [17]. It also aims to develop molecular inter-
ventions to correct them. One proposed application of molecular medicine, 
postulated by Saniab Jabo, relates to the concept of the distribution of medi-
cine to each individual cell just as oxygen is distributed via the manipulation 
of lung chemical reactions [17]. Consequently, the molecular medicine per-
spective emphasizes cellular and molecular phenomena such as gene and 
protein expression and regulation [17].  

The first example of the use and application of molecular medicine was 
described in November 1949, with the paper, "Sickle Cell Anemia, a Molecu-
lar Disease" [18]. This work allowed for sickle cell anemia to be the first 
molecularly understood disease, as it provided the first evidence that human 
diseases could result from the presence of an abnormal protein. In that study 
Linus Pauling, considered the father of molecular biology, and his collabora-
tors showed, through the use of gel electrophoresis, that individuals with 
sickle cell disease presented red blood cells with a modified form of hemo-
globin, while patients which had traits of the disease had both wild-type and 
abnormal forms of hemoglobin. This discovery was of major importance for 
the establishment of protein abnormality as a cause of diseases, but it also 
allowed for the revelation that physical properties of proteins were deter-
mined by Mendelian inheritance [20]. Thus, this innovative research laid the 
groundwork for establishing the field of molecular medicine [21].   

Another milestone in the history of molecular medicine was the 1953 de-
termination of the molecular structure of DNA by Watson and Crick [22], 
which officially marked the dawn of molecular medicine [23] by providing 
DNA knowledge within medical practice. Despite the interest and innovative 
aspect of this field, molecular medicine research and progress was slow until 
the 1970s' "biological revolution" that introduced many new techniques and 
commercial applications of this type of research. A prime example of this 
new boom in molecular medicine was the in vitro translation of DNA into 
protein which led to the field of recombinant protein production. Additional-
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ly, the 1975 development of DNA sequencing contributed greatly to the ad-
vancement of the field [23, 24]. The impact of this progress was furthered by 
the development of polymerase chain reaction (PCR), which enabled the 
ability to amplify DNA in vitro. Also, the automation of DNA sequencing 
became a great achievement in molecular medicine, as it laid the foundation 
for what is now modern molecular medicine [23]. Furthermore, during the 
1980s-1990s the application of molecular biology methods to molecular 
medicine, such as the automation of DNA sequencing, allowed for the capa-
bility to sequence an entire genome, which furthered the understanding of 
the roles and importance of genes within pathogenesis of diseases. The in-
corporation of these techniques was an important aspect for the establish-
ment of the Human Genome Project, and in later years provided critical un-
derstanding of many aspects of diseases, such as with cancer mechanisms 
and processes [23, 25]. 

The development of novel transcriptomic and proteomic techniques, such 
as Western blot, and immunoassays among others, has led to enormous ad-
vancements in medicine, in regards to the diagnosis, treatment and overall 
prevention of diseases, and thus expanded the application spectrum of mo-
lecular medicine from solely the genome to the inclusion of the transcrip-
tome and proteome (Figure 1.3) [25]. The achievements and milestones pre-
sented here, are due to the nature of molecular medicine, which combines 
contemporary medical studies with biochemistry, and offers a bridge be-
tween the two subjects further enhancing biomedical research [26]. The sub-
sequent result of this bridging, as mentioned previously, has led to the fur-
ther analysis of the proteome and its importance within the medical research 
context.  
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Figure 1.3. Spectrum of molecular medicine, showing the relationship between 
the human genome and proteome, illustrating the stepwise increase in complex-
ity. 
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2. Proteomics 

As seen in Chapter 1, biomedicine/ molecular medicine were originally de-
veloped for genomic analysis, which is defined as the comprehensive explo-
ration of the genetic DNA’s structure, function and importance within dis-
eases. However, with the completion of the mapping of the human genome 
[27], the over 30,000 genes identified and a plethora of genomic data gener-
ated, the fields of biomedicine and molecular medicine expanded into prote-
ome analysis, which is the leading ground of identification and characteriza-
tion of expressed, altered and non-expressed proteins (Figure 2.1) [27, 28]. 
Coined in 1996, the term proteome refers to the total protein composition of 
the genome produced through biological translation, so PROTEin expressed 
in the geneOME as defined by Marc Wilkins [27, 29]. Originally, prote-
omics was a termed used to refer to techniques and methods used to analyze 
large number of proteins simultaneously. However, proteomics is currently 
defined as the systematic analysis of proteins produced in a cell or organisms 
[29], where the main objectives are to identify all proteins, analyze expres-
sion patterns in different samples, characterize protein through localization 
and function, as well as clarify interaction networks [30]. The importance of 
such study is that due to the varying composition of proteins in different 
sources, such as cells, tissues or plasma, the proteome reflects the environ-
ment where the protein was expressed [30]. Therefore, it can offer valuable 
information about the state of the cell, which in turn provides a way to dif-
ferentiate between normal and diseased cells as the protein expression will 
vary between the two conditions, which is essential for medical research. 

2.1. Proteomics in biomedicine 
The link between proteins, genes and diseases has led to a vital role for pro-
teomics in the medical research field, in both diagnostics and drug discovery 
[30-32]. As a result, the identification of uniquely expressed proteins associ-
ated with a specific disease is an area of great interest in the field of biomed-
icine [30]. A facilitating factor of proteomics research is the fact that cellular 
proteins can enter into the blood stream either through cellular leakage, or by 
secretion, which allows these proteins to be used as potential biomarkers for 
detection of diseases [33]. The field of proteomics has witnessed great ad-
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vances in the attempt to reveal the presence of these more specific bi-
omarkers for disease diagnostics and prognostics, examples are the devel-
opment of green fluorescent protein fusion (GFP), and mass spectrometry 
(MS) which is a method capable of detection all protein proteoforms without 
prior knowledge [34, 35]. However, these methods can be hindered by the 
variable concentration of proteins in the blood stream, which vary by at least 
12 orders of magnitude. Additionally, the numerous levels of complexity of 
the proteome, which are not only limited to expression pattern but include 
post-translational modifications (PTMs) that may be present on the proteins 
can impede detection. Therefore, the complexity of the system causes signif-
icant limitations for the recognition of such biomarkers in blood and serum 
given the current technologies available for research [36].  

All proteomic methods utilize properties of the protein of interest for 
identification, be it either mass, protein charge, fluorescence or antibody 
labelling which determine the specificity and sensitivity of the assay, and are 
crucial for studies that aim to detect proteins, PTMs and protein-protein in-
teractions (PPI) [34]. Similarly, affinity probe-based detection is based on 
the antibodies’ ability to, with some degree of specificity, recognize the tar-
get molecule as opposed to other molecules present in the assay. For im-
proved specificity, two criteria can be combined, such as mass and antibod-
ies, as done in Western blots (WB), where the use of gel electrophoresis 
separates the target molecule based on its molecular weight, but detection of 
the molecule is performed by a labelled antibody. Alternatively, protein de-
tection can be performed via a two antibodies detection system in order to 
improve positive identification of a specific protein as done in sandwich 
enzyme-linked immunosorbent assays (ELISAs), where one of the antibod-
ies is immobilized on a solid-support in order to act as a capture reagent, 
while the other antibody is used as a detection antibody [34]. However, one 
major drawback of single and dual recognition immunoassays is the result-
ing high background of the assay due to unspecific binding of the antibodies, 
which can limit the detection of specific biomarkers [34]. Therefore, there is 
a need for more specific and sensitive methods for detection of proteins, and 
their associated post-translational modifications. 
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Figure 2.2. Applications of proteomic analysis in translational research. 

2.2. Protein biomarkers 
Commonly, biomarkers are defined as a measurable trait that reflects a phys-
iological, pharmacological, or disease process  [37]. As such, biomarkers 
could be derived from genomic, transcriptomic, proteomic or metabolomics 
analysis [37]. However, a clinically useful biomarker is a trait that is detect-
able in easily attainable body fluids, such as serum, urine, saliva, and offers 
high sensitivity and specificity to the disease [28, 38]. Due to the perfusion 
and percolation of these body fluids, they have become a protein rich media 
representative of the milieu, hence their use in proteomics has contributed 
greatly to biomarker discovery efforts [28]. Moreover, the use of proteomics 
in translational research has been driven by the desire for early detection, 
prognosis and identification of viable therapeutic targets of diseases [39]. As 
such, these proteomic-based assays used in protein biomarkers analysis can 
also be applicable in other aspects of biomedicine research, such as to illus-
trate disease presence, affected pathways, high risk patients, and therapeutic 
monitoring. However, The impact of proteomics in the biomarker discovery 
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field has been such that many of the biomarkers clinically studied are prote-
omic based molecules, ranging from autoantibodies, to prostate specific an-
tigen (PSA), Protein G-coupled receptors, enzymes and components of the 
hormone signaling pathway which tend to be secreted into blood and other 
body fluids [37] which in turn necessitates the use of proteomic-based meth-
odology in medicine.  

2.3.Post-translational modifications 
Post-translational modifications (PTMs) are the result of biochemical chang-
es introduced to a polypeptide sequence after synthesis on the ribosome [40]. 
These modifications are events that lead to the addition, or removal of modi-
fying groups to one or more amino acids of a protein, which in turn changes 
the properties of that protein [35].  These alterations are not based on the 
genetic information provided by the cell, and they add to proteome complex-
ity [41]. Though originally thought as decorations, PTMs has been demon-
strated to play a significant role in proteomics as they regulate protein struc-
ture, stability, activity, localization, signaling pathways and interactions [35, 
40-43]. Proteins can undergo several types of PTMs, such as phosphoryla-
tion, glycosylation, and ubiquitination among others, which at times contend 
with each other in the same protein or occur mutually exclusive [35, 40]. 
Certain modifications have been shown to be reversible, as they are highly 
regulated at the enzyme level, which allows it to act as a dynamic switch for 
the cell to adjust protein functions according to its current requirement [35, 
40]. In recent years it has become more evident that erratic expression of 
PTMs is associated with diseases. The dysregulation of PTMs or mutations 
of modified amino acid residues have been linked with a myriad of patholo-
gies such as Alzheimer, cardiovascular disease and especially cancer, and 
therefore novel biomarkers may rely the change in PTMs rather than abun-
dance of the target protein [40]. As the identification of low abundant PTMs 
is limited by the current technology, we attempted to remedy that aspect. In 
Paper I, we adapted the previously established solid-phase proximity liga-
tion assay, for the detection of PTMs associated with malignancy. 

2.3.1. Phosphorylation 
Protein phosphorylation is one of the most common PTMs in mammals, and 
it is highly involved in the regulation of protein function and signaling 
transmission [44, 45]. The best known reversible modification associated 
with activation and inactivation of enzyme activity, and regulation of signal-
ing pathways is the phosphorylation and dephosphorylation of amino acids 
with a hydroxyl group in their side chains, such as serine, threonine, tyrosine 
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and histidine [41]. This reversible phosphorylation acts as a molecular 
switch controlling signaling pathways that are involved in various biological 
responses, such as cell growth, differentiation, invasion, metastasis and 
apoptosis [46, 47]. It has been shown that dysregulated phosphorylation of 
proteins is linked to numerous pathological conditions, such as the phos-
phorylation of EGFR in lung cancer, and phosphorylation of MET and hy-
perphosphorylation of p53 in gastric cancer [48-50]. Though, it is not clear 
whether the abnormal presence of phosphorylation is the cause or conse-
quence of diseases [51]. Phosphoproteins are ubiquitous signaling molecules 
for cellular function; therefore, the characterization of these proteins is of 
great value with regards to clinical diagnostics and prognostics of diseases 
[45, 46, 49]. 

2.3.2. Glycosylation 
Glycosylation is another pervasive type of PTM, which is primarily defined 
as the enzymatic addition of a saccharide moiety and occurs either co-
translationally or post-translationally [52]. This modification presents itself 
in two major types: N-glycosylation (N-glycans), and as O-glycosylation (O-
glycans) [52, 53]. Both of these glycosylation formats are highly associated 
with protein conformation, activity, intracellular trafficking, secretion and 
protection from proteolytic degradation, so it is vital for protein function as 
well as for the physiology of the cell [52]. It is estimated that 50% of all 
eukaryotic proteins are glycosylated, hence making it one of most abundant 
types of PTMs [54]. Glycosylation, unlike DNA, RNA or protein synthesis, 
is not a template driven process, but rather dependent on the availability of 
monosaccharides and the glycosylation machinery present in the cell, this 
allows for higher complexity of the glycosylation process [55, 56]. Subse-
quently, this process causes a tissue, or cell, dependent glycosylation pattern, 
which reflects the state of the cell [57]. Furthermore, recent studies have 
identified a correlation between aberrant glycosylation and various patholog-
ical conditions such as congenital, metabolic, neurodegenerative, immune 
disease, and especially cancer [58-62]. 
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Figure 2.3.1. . Commonly studied glycosylation structure associated with cancer 

N-glycans are formed by the attachment of oligosaccharides to the amide 
group of an asparagine residue located within the consensus sequence 
NXS/T, where X is any amino acid except proline, through a common 
trimannosyl chitobiosyl structure that is initiated by N-acetlyglucosamine 
(GlcNAc) (Figure 2.3.2.)[53]. N-glycans are found, almost exclusively, on 
proteins that shuttle through the secretory pathway of the cell [63]. The initi-
ation of N-glycans occurs in the cytosolic side of the endoplasmic reticulum 
(ER), and then it reverts to the lumen side where N-glycan synthesis is com-
pleted and attached to the created protein [52]. Customarily, N-glycans are 
comprised of a core pentose oligosaccharide structure consisting of GlcNAc2 
and Man3, which can be extended by the addition of more glycans to form 
bi-, tri- or tetraantenary structures in the Golgi apparatus [64]. It has been 
reported that certain modified e xpressions of N-glycans have been associated 
with different pathological conditions, such as an altered branching of N-
glycans [65]. The effect of this altered N-glycan branching was clearly 
demonstrated in the function of E-cadherin (E-CAD), where the addition of 
the β1,6GlcNAc branched glycans disturbs the normal function and pro-
motes tumor cell development and progression [65-67]. 
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Figure 2.3.2. Representation of the structure and sequence specific of N-
glycosylation. 

O-glycans are one of the most common forms of glycosylation of proteins, 
and they are identified by a α- or β-O-glycosidic linkage to the hydroxyl 
group of amino acids, such as serine and threonine, and is most commonly 
formed by the addition of N-acetylgalactosamine (GalNac) or N-
acetylglucosamine (GlcNAc), with over 10% of secreted human proteins 
being O-GalNAcylated (Figure 2.3.3.)[52, 53]. O-glycans differ greatly from 
N-glycans, specifically in the aspect that it requires no consensus sequence 
to attach to, nor does it contain a complex core polysaccharide structure, and 
may present themselves as a mono- or oligosaccharide complex [52, 53]. O-
GalNAcylation usually results in the mucin-type O-glycans, which is one of 
the most common types and is present in about 80% of all glycosylated pro-
tein, both secreted and transmembrane proteins [68-70]. Additionally, this 
type of glycosylation can be initiated by 20 distinct polypeptide GalNAc-
transferase isoenzymes, which makes this type of glycosylation an extremely 
specific form of O-glycosylation. O-glycans have 2 regions of complexity in 
their structure: core region, which refers to the innermost two or three sugars 
of the glycan, which is responsible for the elongation of the glycan and can 
result in several core structures; and the peripheral region, which offers an-
other level of complexity by the addition of terminal sugars such as fucose or 
sialic acid [65]. As O-glycans, much like N-glycans, are pivotal in cell-cell, 
or cell-matrix, interaction, protection from proteolytic cleavage, and protein 
conformation [53], it is apparent that the altered expression of O-glycans are 
linked with diseases [70-72]. A common form of altered O-glycan expres-
sion observed in diseases is the overexpressed of truncated O-glycans, which 
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increases the presence of certain glycoforms such as the T antigen, Tn anti-
gen, as well as the sialylated forms of these structures ST, and STn antigen 
[70, 71]. The expression of these glycoforms has been shown to be important 
in carcinogenesis. More specifically, the presence of STn antigen in proteins 
such as MUC1, MUC2, MUC5AC, and CD44 has been associated with the 
development of malignant tumors [70, 71].  

 
Figure 2.3.3. Representation of the structure and sequence specific of O-
glycosylation. 

2.4.Autoantibodies 
Autoantibodies are antibodies produced by the immune system which are 
specific to one or multiple self-antigens, such as proteins, nucleic acids, car-
bohydrates, lipids or a combination [73-76]. A critical aspect of the immune 
system that leads to the development of autoantibodies is self-tolerance, 
which is defined as the unresponsiveness to exposure to a self-antigen [74, 
76]. This occurs when specific lymphocytes encounter antigens, which leads 
to the activation of the lymphocytes, causing an immune response, or the 
elimination of the lymphocyte, i.e. a tolerance against that antigen [76, 77]. 
The resulting failure of the self-tolerance mechanism is the generation of an 
immune response against autologous antigens, which is the principal aspect 
of autoimmunity and leads to development autoimmune diseases (AID) [76]. 
The types of self-antigens targeted by the immune system range from mole-
cules ubiquitously expressed in cells, such as chromatin and centromeres, to 
specific cell type of a particular organ, such as thyroglobulin in the thyroid 
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gland. In doing so autoantibodies classify the AID as either systemic or or-
gan specific autoimmune disease [73].  

The presence of autoantibodies in serological samples has been greatly 
associated with development of AID, however they are not exclusively pre-
sent under those conditions as they are also present in healthy individuals, 
mostly as IgM with moderate affinity for antigens and serve as the first line 
of defense against infection [73, 74, 77]. IgM autoantibodies, present both in 
diseased and healthy individuals, are mainly produced by (CD5+) B-1 cells 
and considered to be less pathogenic [75]. However, B cells have also been 
shown to be important in pathogenic autoantibody production in rheumatoid 
arthritis (RA), Sjörgen’s syndrome, primary antiphospholipid syndrome 
(APS1) and systemic lupus erythematosus (SLE); as the inability to secrete 
IgM in B celles forces a mediation of innate immune response leading to a 
somatic hypermutated, class switched production of IgG autoantibody [73, 
75]. The B cells produced IgG autoantibodies, later released in the sera and 
can therefore be used as biomarkers to guide treatment and detection of AID. 
The use of autoantibodies as diagnostic markers is an attractive preposition, 
due to the fact that these markers can be detected years, even decades before 
the diseases has manifested, with a patient still asymptomatic as can be seen 
in organ-specific AIDs such as type 1 diabetes (T1D) and thyroiditis [75, 77, 
78]. Additionally, several studies have shown a direct relationship between 
autoantibody titer and the severity of the disease, which indicates that auto-
antibodies can be used as a prognostic and predictive markers [77].  
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3. Proximity Assays 

An immunohistochemical technique, proximity assays, which utilizes two or 
more DNA-conjugated affinity binders in close proximity to a target mole-
cule, which can vary from single protein to protein complex, in order to gen-
erate a detection signal. These assays have been established in a homogene-
ous or solid phase formats, and in situ format which allows for the visualiza-
tion of single protein molecules or complexes. These assays offer a high 
level of sensitivity and specificity in their detection of molecules as it re-
quires two affinity reagents to recognize the same target and generates an 
amplifiable reporter molecule. Therefore these advantages indicate a great 
potential for their application in research in the fields diagnostic, prognostic, 
and pharmacological research. 

3.1. Proximity ligation assays 
The characterization of the proteome and their PTMs hold great value to 
ameliorate detection and prognostication of pathological conditions [79], 
though current methods are unable to circumvent the limitations of specific 
and sensitive detection of proteins. However, proximity ligation assay 
(PLA), as described by Frederick et al 2002 [80], has been developed to 
address such restrictions to offer a robust, specific and sensitive assay 
through DNA ligation and amplification [79, 80]. PLA is an immunoassay 
developed to detect proteins, infectious agents, and other biomarkers [81-
83]. As such, in Papers I, II and IV we make use of the properties of PLA 
for the sensitive detection of general protein biomarkers, autoantibodies and 
PTMs, resulting from glycosylation and phosphorylation of the target mole-
cule, associated with diseases. This immunoassay makes use of antibodies, 
which are functionalized by conjugating them to oligonucleotides sequences 
[79, 84]; therefore, when the antibodies are brought into proximity it allows 
for the DNA strands to hybridize to a connector oligo, and be ligated to form 
a linear amplifiable reporter DNA molecule [79], in so doing the method 
translates the protein detection into quantifiable DNA sequences [33, 85]. 
Consequently, the new reporter molecule serves as a template for signal am-
plification via a qPCR reaction, resulting in a method with a broad dynamic 
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range and lower limit of detection compared to other immunoassays [34, 79]. 
This method has been developed in many formats: homogeneous, solid-
phase, in situ, and western blot (WB).  

The solid-phase variant of PLA (SP-PLA) is an immunoassay, which re-
quires the use of a solid support, most frequently microparticle beads, that is 
coated with capture antibodies on the surface [79]. The use of a solid-
support, forces a stringent three recognition events for detection of the target 
molecule, which increases the specificity of the assay [79], as well as it of-
fers an enrichment of the sample through the capture of the target on a solid 
support and in turn simplifying the complexity of sample [34]. Moreover, the 
use of a solid support allows for the performances of washes, which removes 
any unbound probes prior to ligation and consequently reduces background 
leading to a more sensitive assay as the number of molecules detected is not 
hindered by unspecific ligation of unbound probes [34]. 

The in situ PLA method enables for the detection of protein-protein interac-
tions, PTMs and individual proteins [72, 84, 86]. However, the in situ PLA 
contains some variations from the SP-PLA method, one of which is that it 
requires two connector DNA oligonucleotides to be ligated to each other a 
process facilitated by the proximity probes [84]. the presence of the additional 
connector DNA oligonucleotide in the in situ PLA leads the ligation reaction 
to generate a circular DNA reporter molecule, instead of formation of a linear 
DNA reporter molecule as is in SP-PLA [84]. Consequently, this method does 
not use exponential PCR amplification, but rolling circle amplification (RCA), 
which uses phi29 DNA polymerase to amplify the circular DNA molecule 
[84]. This amplification reaction makes use of one of the DNA oligonucleo-
tides present on the proximity probe as a primer for RCA, which results in a 
long ssDNA concatemer product consisting of up to a 1,000 coiled copies of 
the DNA circles that are complementary to the original circular DNA reporter 
molecule, and are still attached to the target via an antibody [84]. These rolling 
circle products (RCPs) contain several repeats of hybridization sequences, 
which allow for detection through complementary fluorescently or enzymati-
cally labelled detection DNA oligonucleotides [34, 84]. In Paper II, we de-
veloped a new variant form of PLA, which adds a solid support to the in situ 
PLA variant, termed proximity ligation assay with rolling circle amplification 
(PLARCA) [87] which uses the same oligonucleotide system in order to gen-
erate a circular amplifiable DNA reporter molecule, to detect proteins that 
have been captured by antibodies immobilized on a microtiter wells. However, 
contrary to the in situ readout method, the RCPs generated by the amplifiable 
DNA molecule are detected through the addition of HRP-modified detection 
oligos, which hybridize to the reporter molecule. The signal is then quantified 
via spectrophotometer, in a similar way as ELISA, making it easier to adapt to 
most proteomic and diagnostic labs. The improved sensitivity provided by 
PLARCA allowed for its application in the detection of autoantibodies in pa-
tients suffering from Stiff Person Syndrome, as seen in Paper IV. The ad-
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vantage of these solid-phase methods, SP-PLA and PLARCA, is the require-
ment for three recognition events, as it offers increased specificity to the assay, 
but also allows for combinations of protein specific affinity reagents with 
PTM specific binders, in similar way as performed by in situ PLA [34, 56, 72, 
86], which would expand the application and usefulness of these methods. 

3.2. Proximity extension assay 
Proximity extension assay (PEA) is another example of a proximity immune-
assay, and a variation of PLA. One of the main advantages presented by PEA 
is that the assay only requires 1 -5 µl of samples, serum or plasma, for analy-
sis[88]. Similarly to PLA, the PEA probes consisted of single stranded oligo-
nucleotide conjugated antibodies. However, the two proximity assays differ 
mainly on the generation of the DNA reporter molecule. After an overnight 
incubation at 4oC of the proximity probes with a sample containing antigen 
recognized by the probe; the PEA probes are brought into proximity due to the 
recognition of the target molecule, which allows for the generation of the 
DNA reporter molecule since the two single-stranded oligonucleotides contain 
a complementary site for pair-wise annealing with the other oligonucleotide, 
hence allowing extension by a DNA polymerase [88]. Thus, the ligation step 
present in PLA, is replaced by a DNA extension step in PEA. The newly gen-
erated full-length amplicon contains a hybridization site for the primers, which 
allows for the amplification and detection of the target antigen by qPCR 
readout much like SP-PLA. The high level of sensitivity observed in PEA 
stems from the use of a DNA polymerase with a 3′–5′ exonuclease function, 
which degrades non-proximal DNA strands resulting in a reduced background 
noise [88]. One of the main advantages of PEA is the facility to which multi-
plexing has been accomplished, as several 92-plex detection panels have been 
commercialized by Olink Proteomics. These features, very low sample con-
sumption, high sensitivity and specificity, offer a robust assay for protein de-
tection in a homogeneous format  [88]. The applications of PEA in biomedical 
research are well established by Olink Proteomics, however they could be 
combined with other methods in order to address some aspects of biomedical 
research. In Paper III, we employed the advantage of the low sample re-
quirement and the homogeneous format of the assay, in order to investigate the 
feasibility of ear lobe capillary plasma as an alternative sampling method to 
venous plasma. Furthermore, in Paper IV, we applied PEA in the hopes of 
establishing a homogeneous assay for autoantibody detection, which could 
later develop into a possible multiplex diagnostic panel. Hence, the use of the 
proximity assay could help validate proteomic innovative methodology or 
approaches. 
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Part II 
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4.Present Investigation 

As the title of this thesis indicates, the work described herein aims at the 
development and application of proximity assays in medicine. The more 
specific focus of the work relates to the biomedicine translational research 
aspect of the field of medical research. The main objectives of these works 
have been the attempt to detect and quantify disease related low abundant 
protein biomarkers, as well as their disease associated PTMs using varying 
formats of the previously described proximity assays.  

 
Figure 4.1. Diagram of the biomedicine applications of the papers presented in 
this thesis.  
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4.1. Paper I: Detection of post-translational modification 
using solid-phase proximity ligation assay 
4.1.1. Introduction 
Defects in post-translational modifications (PTMs) of proteins can lead to 
development of numerous disorders and human diseases. Therefore, their 
detection on proteins would be an important tool for diagnostics [89, 90]. 
However, in spite of the biomedical importance of the detection of these 
molecules, PTM detection as disease biomarkers has lagged considerably. 
The efforts in this research field have been severely hindered by the limited 
methodology available for detection and characterization analysis of low 
abundant molecules. In the attempt to address these limitations within the 
PTMomic field, we have applied SP-PLA for the detection of PTMs in spe-
cific cancer biomarkers. 

The recognition of the target molecule was performed using the SP-PLA 
method, which requires three recognition events through the use of affinity 
binders in order to generate a signal (Figure 4.1.1). For the detection of 
CD44 glycosylation, a STn antigen specific antibody (B72.3) was used, 
while Phytohaemagglutinin Leucoagglutin lectin (L-PHA) was used for the 
detection of β1,6GlcNAc branched N-glycans on E-cadherin (E-CAD). De-
tection of p53 phosphorylation was performed using a phospho-p53 specific 
antibody against the phosphorylated Serine 392 (S392). Meanwhile, the de-
tection of EGFR phosphorylation was done using an anti phospho-Tyrosine 
antibody, which does not recognize specific phosphorylated residues, but 
would allow to look at overall phosphorylation of EGFR. These affinity 
binders were functionalized by attaching them to DNA oligonucleotide mol-
ecules. Upon capturing of the target molecules, DNA-conjugated probes 
were added for the detection of the protein and the respective PTM. As the 
binding brings the probes into proximity it allows for ligation of the two 
arms and formation of an amplifiable DNA strand, which is analyzed 
through qPCR. The SP-PLA assay was compared with sandwich ELISAs for 
detection of glycosylation of CD44 and E-CAD, and phosphorylation of p53 
and EGFR. 
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Figure 4.1.1. Solid-phase PLA schematic representation. (a) Schematic charac-
terization of the SP-PLA assay for detection of PTMs. i) Capture antibodies pre-
immobilized on magnetic microparticle beads are mixed with samples in order to 
isolate the target molecule. ii) After washes, the microparticle beads are incubated 
with pairs of PLA probes, one probe targeting the protein of interest and the other 
targeting the modification present on the protein. iii) Finally, the oligonucleotide 
arms of the PLA probes are ligated to a connector oligonucleotide upon proximal 
binding of the target molecule. This is followed by amplification and detection of 
the ligated products by quantitative real-time PCR. Primers are indicated as arrows. 
(b) Elucidation of the recognition of STn O-glycosylation on the target molecule, 
during incubation of the PLA probes, through the use of the B72.3 antibody, specific 
for STn glycoforms. (c) Illustration of the binding of L-PHA lectin to β1,6GlcNAc 
branched N-glycan on the target molecule. L-PHA has been demonstrated to be 
specific for the Galβ1-4GlcNAcβ1-2(Galβ1-4GlcNAcβ1-6) Manα-R region of this 
structure. (d) Exemplification of recognition of phosphorylation on target protein 
captured via microparticle beads, which was used as part of the method for detection 
of phospho-p53 and phospho-EGFR in cell lysates derived from stimulated cell 
lines.  

4.1.2.Aim 
The main focus of this project was the application of the previously estab-
lished SP-PLA, to detect PTMs, more specifically phosphorylation and both 
N- and O-glycosylation, in varied forms of biological samples. 

4.1.3. Summary of findings 
In a direct comparison with sandwich ELISAs, SP-PLA showed a broader 
dynamic range, limit of detection and limit of quantification for all proteins 
and their respective PTMs (Figure 4.1.2). 
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Figure 4.1.2. Detection of glycosylated CD44 and E-CAD with SP-PLA. Com-
parison between SP-PLA and ELISA in 10% chicken serum for detection of STn 
containing CD44 and E of β1,6GlcNAc branched E-cadherin. 

 
Figure 4.1.3. Detection of phosphorylated EGFR and p53 with SP-PLA. Com-
parison between SP-PLA and ELISA for detection of phospho-p53 at S392, and for 
phospho-EGFR detection. 

 
Figure 4.1.4. Detection of glycosylated proteins in serum and tissue lysate sam-
ples. Analysis of STn containing CD44 in serum from 48 gastric cancer patients 
compared to those from 38 controls,4 and β1,6GlcNAc branched in 40 tumor lysate 
samples from patient with gastric cancer compared to 40 normal tissue lysates. 

Given the greater level of sensitivity obtained, we have established SP-PLA 
as an apt method for the detection of biomarkers and their respective PTMs, 
thus offering a more sensitive and specific detection system for diagnosis 
and prognosis of diseases. 
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4.2.  Paper II: Analytically Sensitive Protein Detection 
in Microtiter Plates by Proximity ligation with rolling 
circle amplification (PLARCA) 
4.2.1. Introduction 
The detection of released proteins in either the cellular matrix or the blood-
stream can be a valuable tool for diagnostic, prognostic and follow-up thera-
py of pathological conditions. However, there is a clear need for immunoas-
says with improved sensitivity and specificity within clinical and biomedical 
research laboratories. As described in 3.1, PLA has demonstrated the ability 
to surpass traditional immunoassays used in clinically in sensitive and spe-
cific detection of low abundant proteins. Though, as drawback, it does re-
quire more specialized instrumentation than the already established clinical 
immunoassays. Therefore, we adapted the established SP-PLA with rolling 
circle amplification (RCA) in a microtiter plate, termed PLARCA, in order 
to develop a novel detection assay, which could be readily adapted to clinical 
and biomedical laboratories.  

PLARCA uses a strict three recognition event requirement, through the 
use of capture antibodies immobilized in microtiter plates and a pair of de-
tection antibodies, in order to generate a signal. The capture antibodies were 
immobilized in the microtiter plate at 4oC overnight on a shaker. Any un-
bound antibodies were then washed, and the plate was incubated with block-
ing buffer at room temperature. After a repeat of the washing step, the plate 
was incubated with the target molecule, diluted in an appropriate assay buff-
er, and incubated at room temperature. Unbound target molecules were 
washed, and detection antibodies were added to the plate and incubated at 
room temperature. These pairs of detection antibodies were conjugated to 
DNA oligonucleotides that hybridize to a pair of DNA oligonucleotides and 
facilitate the ligation of the latter to form a circularized DNA reporter mole-
cule in a similar way as in situ PLA, and are amplified through RCA reac-
tion. The RCPs were then visualized by HRP-conjugated detection oligo that 
hybridize to the RCPs (Figure 4.2.1). 

 
Figure 4.2.1. Graphic depiction of PLARCA.  
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4.2.2.Aim 
We aimed at developing a new assay for specific and sensitive detection of 
protein targets that was easily adaptable to current clinical laboratories. For 
that purpose we developed PLARCA, which is an adaptation of the proximi-
ty ligation assay using three affinity-based recognition events along with 
signal amplification via RCA in microtiter wells. 

4.2.3. Summary of findings 
The increase in matrix complexity showed no significant difference in detec-
tion of IL-2, IL-8, IL-6 and VEGF (Figure 4.2.2).  

 
Figure 4.2.2. PLARCA performance in buffer, 10%, and 50% for detection IL-
8. Y-axes show optical density (OD) measured at 450 nm, while the X-axes show 
protein concentrations in molarity (top) and weight per volume (bottom). The means 
of triplicate measurements are shown with standard deviations indicated with error 
bars 

Detection of IL-4, IL-6, IL-8, and GDF-15 via PLARCA was compared to 
sandwich ELISAs, and showed that it was able to detect lower concentration 
of proteins, as well as it was found to have a superior dynamic range than 
ELISA: 

 
Figure 4.2.3. Comparison of PLARCA vs. ELISA. Comparison between PLAR-
CA (Squares) and ELISA (diamonds) for detection of IL-4 and GDF-15. 
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PLARCA was used to detect IL-4 and IL-6 in clinical samples, and it 
demonstrated the ability to detect targeted proteins at femtomolar, which was 
considerably lower than ELISA (Figure 4.2.3). 

 
Figure 4.2.4. Detection of cytokine concentration in colorectal cancer patient 
samples. Measurement of IL-4 and of IL-6 with PLARCA and ELISA in plasma 
samples from 25 prostate cancer patients and 24 healthy controls. PLARCA and 
ELISA limits of detection were calculated from the standards in Table 2 for IL-4 and 
IL-6 (see Paper 2). The age ranges for these patients and controls are illustrated in 
Supplemental Table 2 (see Paper 2). Each dot represents the mean of a triplicate. p 
values were calculated using a two-sample Wilcoxon rank sum test.  

PLARCA is readily adapted to conventional immunoassay instrumentation 
already present in most hospitals and clinical laboratories. Additionally, it 
offers a lower detection limit of protein levels and an increased dynamic 
range as compared to conventional sandwich ELISAs 
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4.3. Paper III: Measurements of inflammation protein 
biomarkers in venous plasma, earlobe capillary plasma 
and in capillary plasma stored on filter paper 
4.3.1. Introduction 
Detection of protein biomarkers present in blood is extremely important in 
several aspects of medical research, as they are useful diagnostic and prog-
nostic indicators of diseases. As such, there has been an increase in method-
ologies developed for such detection, which has led to greater possibilities to 
screen for such molecules. Unfortunately, the performance of these studies is 
limited to a clinical setting. This limitation may be due to the invasiveness 
nature of blood sampling, the complexity of the sample preparation and 
transportation process. Thus, an alternate method of sampling would greatly 
benefit the studies performed outside of a clinical facility.  

In order to address such shortcomings, here we have employed the use of 
capillary blood attained from the earlobe as a sample source, as it has been 
shown to reflect arterial blood more accurately than fingertip in regards to 
PCO2, PO2, and PH [91]. This is a less invasive, and less complex collection 
procedure. . In addition, the transportation and storage process of samples 
was simplified through the use of dried-plasma spots (DPS) of capillary 
blood drawn from the earlobe. The use of DPS has been argued as a source 
of biomarker screening due to their inexpensive nature, as well the protein 
stabilization provided by the matrix of the filter paper. This in combination 
with a multiplex proximity extension assay, where minute sample volumes 
(1 µl) are used for quantification of low levels of proteins in panels of 92 
proteins, could potentially allow for a more practical and feasible analysis of 
biomarkers outside of a clinical lab setting (Figure 5.4.3).  

 
Figure 4.3.1. Workflow of sample collection, porcessing and analysis. 

Patient Sample 
collection

Venipuncture Plasma PEA
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Dried Plasma 
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4.3.2.Aim 
The main focus of this study was to investigate the correlation of measure-
ment values of a panel of protein biomarkers from venous plasma, capillary 
blood plasma derived from the earlobe and capillary plasma stored as dried 
plasma spot (DPS) in the hopes of determining a less invasive and more 
stable way to perform blood analysis outside of clinical setting.  

4.3.3. Summary of findings 
Twelve male samples were assessed with the use of the 92-plex proximity 
extension assay panel. The three sample types showed varied correlations 
between the different analytes. However, overall correlation between meas-
urements for venous plasma and capillary earlobe plasma (P< 0.01, ρ = 
0.91), earlobe capillary plasma and DPS (P < 0.001, ρ = 0.91), and venous 
plasma and DPS (P < 0.001, ρ= 0.85) were all significant as P< 0.01, ρ > 0.8 
(Figure 4.3.2). 

 
Figure 4.3.2. Overall correlation between proteins measured from venous plasma, 
capillary plasma collected from the earlobe,and DPS created from capillary earlobe 
plasma. Panel A shows the correlation between venous plasma (x-axis) and capillary 
plasma collected from the earlobe (y-axis): Panel B shows the correlation between 
proteins measured from DPS created from capillary earlobe plasma (x-axis) and 
capillary earlobe plasma (y-axis). Panel C shows the correlation between proteins 
measured from DPS created from capillary earlobe plasma (x-axis) and venous 
plasma (y-axis). Each dot represents one protein measured from both sources. 
Different colors represent the individual participants. Discolored samples are 
indicated with “+”, while “o” represents remaining samples; ρ= Spearman's rank 
correlation coefficient 

A strong correlation (ρ > 0.8) was observed between capillary plasma and 
DPS for 33 analytes. Additionally, correlation between venous and capillary 
plasma was strong for 14 analytes, while DPS and venous plasma compari-
son showed a strong correlation for only 6 analytes.  
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Table 1. Correlation (Spearman’s ρ) values between mesurements of 
select analytes from different sources (see Paper 3). 
 

Analyte 

Venous Plasma vs 

Earlobe Plasma 

Earlobe Plasma 

vs DPS Venous Plasmavs DPS 

CST5 0.98*** 0.83** 0.76** 

FGF-21 0.96*** NA NA 

FGF-19 0.95*** 0.92*** 0.92*** 

CXCL9 0.93*** 0.88*** 0.77** 

IL-18R1 0.91*** 0.82** 0.68* 

CCL20 0.9*** 0.85*** 0.69* 

CXCL10 0.88*** 0.83** 0.7* 

MMP-10 0.88*** 0.89*** 0.83** 

IL-18 0.86*** 0.93*** 0.71* 

CCL25 0.85*** 0.97*** 0.73** 

LAP TGF-

beta-1 0.84** 0.55  0.75** 

TGFA 0.83** 0.99*** 0.83** 

TRAIL 0.8** 0.86*** 0.66* 

MCP-2 0.8** 0.79** 0.92*** 

Though the small cohort used in this study limits a conclusive assertion of 
earlobe capillary as an equivalent sample source to venipuncture, the 
correleation herein described allows for the stipulation of its use as an 
alternative source which needs to be investigated in a future study with a 
larger cohort.  
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4.4. Paper IV: Autoimmunity detection via proximity 
techniques 
4.4.1. Introduction 
Since several autoantibodies are recognized as valuable biomarkers for clini-
cal diagnostics and prognostics in autoimmune diseases such as Stiff Person 
Syndrome (SPS) and Type 1 diabetes, detection of such markers at improved 
sensitivity and specificity could be of significant interest. Additionally, as 
proximity assays have been shown to offer highly sensitive and specific de-
tection of multiple proteins, this technique could be expanded to applications 
for autoimmunity detection. 

 
Figure 4.4.1. Schematic description of the methods. (a) Schematic characteriza-
tion of the PLARCA assay for detection of autoantibodies. The proximal binding of 
the oligo-conjugated affinity probes and hybridization with the connector oligos 
allows for the circularization of the DNA reporter sequence which is then amplified 
via RCA, and detected with HRP labelled complimentary Detection oligos. (b) Rep-
resentation of the PEA approach undertaken for the analysis autoantibody GADA. 
The induction of the complex with the addition of recombinant GAD65, allows for 
the use of an anti-GAD65 and anti-human IgG antibody for detection of GADA 

4.4.2.Aim 
The purpose of this project was to apply variant forms of proximity assays in 
order to improve sensitivity and detection of autoantibodies in patients suf-
fering from SPS. 
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4.4.3.Summary of findings 
Several proximity-based assay approaches have been identified as promising 
for detecting autoantibodies (Figure 5.4.1). 

 
Figure 4.4.2. GADA detection through PEA. Overall performance of the PEA 
assay for GADA autoantibody in a buffer conditions. Signals are represented in Ct. 
Y-axis represented as ΔCt, as the measurements were normalized against the back-
ground of the assay. Dilution series of both positive and negative control serum was 
observed to ascertain background signal. 

A PLARCA inspired approach has been tested (Figure 5.4.1.), for detection 
of autoantibodies specific for glutamic acid decarboxylase 65 (GADA). In 
this method, the detection of the autoantibodies is obtained by first immobi-
lizing a recombinant GAD65 protein in microtiter wells, and then incubating 
with patient serum in order to capture GADA. After washes a DNA-
conjugated αHuman IgG and a DNA-conjugated goat αGAD65 IgG are in-
troduced into the mixture. The PLARCA reaction is then performed as per 
the protocol. Preliminary results of GADA detection using PLARCA have 
been promising, though more optimization is still needed. 

 
Figure 4.4.3. PLARCA detection of GADA. Assessment of the performance of 
PLARCA for detection of GADA. Dilution series of both positive and negative 
control serum was observed to ascertain background signal. 
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We report here the proof of concept for the use of PLARCA for the sensitive 
and specific detection of autoantibodies in very dilute solutions, as the use of 
a solid support surface allows for the removal of confounding factors 
through washes, and thus enriches your samples prior to analysis. 
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Part III 
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Conclusions and Perspectives 

“And miles to go before I sleep”, Robert Frost’s ending to his iconic poem 
“Stopping by woods on a snow evening” is representative of the current sta-
tus of proximity assays in biomedicine. Proximity assays have expanded the 
range of DNA amplification methodology to include the sensitive, accurate 
and robust identification of proteins by combining it with affinity reagents 
recognition of the target molecule. As such, proximity assays have been a 
useful tool for proteomic analysis due to many of the features described pre-
viously, such as low sample volume. The qPCR readout format of the these 
proximity assays allows for an integrated approach to proteomic analysis, as 
it could be used for measuring relative changes in miRNA, mRNA and pro-
tein expression from one starting sample using the same analytical platform 
[88]. This provides a variety of novel approaches for the direct detection of 
proteins, with the homogenous format of proximity assays allowing specific 
detection and quantification from unfractionated cell lysates and body fluids. 
The advantages presented in proximity assays seem to indicate the useful-
ness of the method for validation of potential biomarkers in clinical diagnos-
tic, such as seen in Paper I, as it would for example, simplify cellular PPI 
analysis. In addition it could be used for screening for inhibitors of PPI, and 
post-translational modifications (check Paper II) or cellular and viral pro-
teins interactions. As such, PLA use has increased in such fields as cancer 
biomarker profiling, which is a result of its multiplexing capabilities that 
allows for analysis of tens of proteins simultaneously, as well as it allows for 
visualization of multiple protein complexes in tumor cells. 

Proximity assays have been extremely useful in the field of proteomics. It 
has been used to provide an ultrasensitive assay for detection of PSA in ho-
mogeneous samples[82]. Additionally, PLA has been used for the in situ 
quantification of the dimerization and activation of EGFR receptor [92]. 
Moreover, PLA has been used to identify functional differences between 
different mutations. One such example is the mutant EGFR dimer configura-
tions that can evade blockade by anti-EGFR treatment. Thus, the identifica-
tion of the mutant EGFR permits a more accurate patient selection for 
EGFR-targeted treatment in glioblastoma multiform. In addition, it has been 
used to demonstrate elevated levels of HER2:HER2 and HER2:HER3 as 
well as protein kinase 6:HER2 complexes, which are associated with patient 
survival [88]. Furthermore, PLA has been used for detection of bacterial and 
viral pathogen, as well as identification of bacterial spores. Also, it has been 
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used in the analyses of mechanisms underlying viral pathogenicity. Addi-
tionally, in situ PLA has provided a powerful total of visualizing PPI and 
protein localization [84, 93]. As most proximity assays make use of com-
mercially available antibodies, .there is an expected increase of proximity 
assays use as tools for live cell imaging, cellular migration, characteristic of 
embryogenesis, and cancer metastasis, and even it could be essential for the 
advancement of personalized medicine [88]. In conclusion, proximity assays 
provide an integrated approach to the measurement of changes in gene and 
protein expression, protein modification and interactions from the same 
starting sample and readouts on a single analytical platform. Although a lot 
has been accomplished with the implementation of PLA, PEA and other 
proximity assays, the impact of basic proteomic studies on clinical research 
has been minute. Thus, much like the narrator in the woods the applications 
of proximity assays “[still] has promises to keep, and miles to go before it 
sleeps.” 
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