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Abstract
This thesis is about protein profiling in serum and plasma using antibody
suspension bead arrays for the analysis of biobanked samples and in the
context of prostate cancer biomarker discovery. The influence of sample
preparation methods on antibody based protein profiles were investigated
(Papers I-III) and a prostate cancer candidate biomarker identified and veri-
fied (Papers III-V). Furthermore, a perspective on the research area affinity
proteomics and its’ employment in biomarker discovery, for improved under-
standing and potentially improved disease diagnosis, is provided.

Paper I presents the results of a comparative plasma and serum protein
profiling study, with a targeted biomarker discovery approach in the context
of metabolic syndrome. The study yielded a higher number of significant
findings and a low experimental variability in blood samples prepared as
plasma. Paper II investigated the effects from post-centrifugation delays
at different temperatures prior sample storage of serum and plasma sam-
ples. Minor effects were found on the detected levels of more than 300 pre-
dicted or known plasma proteins. In Paper III, the detectability of proteins in
plasma was explored by exposing samples to different pre-analytical heat
treatments, prior target capture. Heat induced epitope retrieval was ob-
served for approximately half of the targeted proteins, and resulted in the
discovery of different candidate markers for prostate cancer. Several an-
tibodies towards the prostate cancer candidate biomarker CNDP1 were
generated, epitope mapped and evaluated in a bead based sandwich im-
munoassay, as presented in Papers IV and V. Furthermore, the developed
sandwich immunoassay targeting multiple distinct CNDP1 epitopes in more
than 1000 samples, confirmed the association of CNDP1 levels to aggres-
sive prostate cancer and more specifically to prostate cancer patients with
regional lymph node metastasis (Paper V).

As an outcome of the present investigations and in parallel to studies within
the Biobank profiling research group, valuable lessons from study design
and multiplex antibody analysis of plasma within biomarker discovery to ex-
perimental, technical and biological verifications have been collected.

key words: protein profiling, plasma, antibody, affinity proteomics, biomark-
ers, multiplex, assay development
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Burcu Ayoglu, Anna Häggmark, Maja Neiman, Ulrika Igel, Mathias Uhlén,
Jochen M. Schwenk, & Peter Nilsson (2011). Systematic antibody and
antigen-based proteomic profiling with microarrays. Expert Review of Molec-
ular Diagnostics, 11(2), 219-234. doi:10.1586/erm.10.110
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Affinity proteomics
This thesis introduction attempts to comparatively overview major techni-
cal, biological and clinical aspects of biomarker discovery in the context of
disease status within blood proteomics, in relation to targeted and affin-
ity based studies of human proteins; also summarized as antibody based
protein profiling of blood preparations using suspension bead arrays.

Proteins and Proteomes

A proteome is the sum of all proteins in a given environment. One way of
approximating the number of proteins making up a proteome is to count
the genes that encode proteins.To date, the human genome consists of ap-
proximately 21,000 protein encoding genes (20,774, Ensembl v 72.37) [1].
The exploration of all proteins expressed in an organism can be considered
the basis of proteomics, considering not only protein expression but also
characteristics such as protein function, modification, interaction and local-
ization. A dynamic set of proteins can be found in blood for varying extents
of time continuously circulating the human body via the cardiovascular
system and may be referred to as the plasma proteome, considering the
preferred preparation of blood denoted plasma in which proteins are most
commonly studied. Parts of a proteome may be studied with several meth-
ods, from a major perspective via mass analysis of proteins or peptides
and secondly via affinity protein interactions; denoted mass spectrometry
and affinity proteomics, respectively. With a magnitude of experimental dif-
ferences, demands and possibilities, the two fields may complement each
other in biomarker studies and share the common aim of large scale protein
analysis.

In this chapter on affinity based proteomics, the generation and use of
proteins as affinity reagents in immunoassays is discussed in the con-
text of proteomics. Furthermore, possibilities and bottlenecks within mass
spectrometry are compared with affinity based proteomics. The proper-
ties of affinity based protein analysis (immunoassays) and high throughput
and systematic affinity proteomics are discussed and finally, advantages of
combining different proteomic methods for verification purposes.
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About proteins

In vivo protein expression. Our smallest functional unit is the cell, and com-
binations of cell types make up the diverse tissue structures of our organs.
The cell border (plasma membrane) contains an intracellular liquid (cyto-
plasm) and specialized subcellular structures (organelles), including the
cell core (nucleus) which holds the genetic information (DNA). DNA can be
transcribed and processed (e.g., splicing) into mature and protein encoding
messenger RNA (mRNA) within the nucleus and after transport out of the
nucleus translated to a polypeptide chain either in the cytosol or endoplas-
mic reticulum [2]. Proteins perform functions and can be located in different
parts of a cell. This location determines where protein synthesis (trans-
lation) and secondly post translational modification takes place. Proteins
with an N-terminal signal sequence can be destined as secreted or mem-
brane proteins, where the translation from mRNA via ribosomes and tRNA
to a polypeptide is completed in the organelle rough endoplasmic reticulum
where a signal sequence can be cleaved off from the translated and now in-
ternalized protein [3]. Regulated or non-regulated carrier vesicles transport
proteins from the rough endoplasmic reticulum further along the secretory
pathway to the Golgi apparatus for post translational modification and fi-
nally to the plasma membrane as membrane proteins by vesicle-plasma
membrane fusion or as secreted proteins by exocytosis [4].

The primary protein structure refers to the linear amino acid sequence, con-
stituting a polypeptide. The secondary structure may refer to the struc-
tural units alpha helices and beta sheets; stabilized by hydrogen bonds
between polypeptide chains and also beta turns and omega loops. In an
aqueous environment, these secondary structures can in turn fold into com-
pact tertiary structures, exposing polar side chains on the structure’s sur-
face and hiding hydrophobic side chains on the inside. Tertiary structures
can execute protein function and the structure and functionality depends
on weak non-covalent bonds. The assembly of multiple proteins into a
homo- or hetero- multimeric protein (quarternary structure) results in a pro-
tein complex. Non-covalent bonds enable protein-protein interactions such
as antibody-antigen or enzyme-substrate and are disturbed by alterations
in pH, salt concentration, heat and the addition of reducing agents.

In vitro protein expression. The process of protein expression can also be
performed using cell-based and cell-free systems. Thousands of unique
proteins have been expressed, and a widely used expression system for
recombinant protein expression is based on bacteria (Escherichia coli) [5],
complemented by insect systems using a Baculovirus Expression Vector
System [6] and mammalian cell systems [7–9]. The use of affinity tags can
moreover improve protein purification output and as a result aid the pro-
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cess of protein characterization and structure [10]. Purified and high qual-
ity recombinant proteins in their properly folded native states, with (if rele-
vant) mammalian like post translational modification, can be of interest for
biotechnological and pharmaceutical companies as well as academia.

An application of fusion protein expression (affinity tag + protein) can be
exemplified by the Swedish Human Protein Atlas project (HPA), which pro-
duces antigens denoted protein epitope signature tags (PrESTs) using an
E.Coli expression system. PrESTs are employed as immunogens for the
generation of specific antibodies targeting human proteins and also as anti-
gens for antibody purification and antibody specificity verification in a high
throughout manner [11,12]. This far, 38,000 PrESTs have been generated
by the HPA. PrESTs are expressed as fusion proteins with a polyhistidine
tag (His6) and albumin binding protein domain (ABP) originating from pro-
tein G. The specific polypeptide (PrEST) represents a 50-150 amino acid
long protein fragment of a specific protein with low sequence homology to
all other human proteins.

The principle of organizing many assays into a miniaturized format, a for-
mat that enables measurements in a parallel fashion, describes the mi-
croarray. The methodology of the thesis is based upon antibody arrays.
Microarrays will be introduced and described in more detail later in this
chapter.

The systematic production of human recombinant protein fragments by
the Human Protein Atlas project currently covers 15,156 protein encod-
ing genes (v. 11.0). Antigen microarrays using 384 PrESTs spotted in 21
subarrays per glass slide are routinely generated in the HPA and employed
for antibody cross-reactivity evaluation as well as human IgG profiling in
disease contexts [12,13].

Large scale and cell-free protein expression. Besides over-expression of
proteins, large scale cell-free expression systems employ the machinery
of translation and transcription outside the cell, in situ protein expression,
generating for example dense protein arrays. Proteins can be produced di-
rectly on a planar surface in a microarray format, combining the advantages
of highly parallel protein synthesis and protein immobilization and purifica-
tion in a single step [14]. Examples of cell-free protein synthesis systems
are the protein in situ arrays (PISA) [15], nucleic acid programmable ar-
rays (NAPPA) [16, 17], and DNA to protein arrays (DAPA) [18]. The three
methods differ in the set-up of the protein synthesis components but all em-
ploy template DNA to be transcribed and translated by the addition of a cell
lysate and subsequent immobilization of the synthesized fusion protein on
the array by affinity capture of the affinity tag.

The listed cell-free protein expression microarrays enable high density pro-
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tein array generation, but require further development on assay miniatur-
ization, assay throughput, protein expression yield and protein folding [19].
Antigen suspension bead arrays have also been generated via cell-free pro-
tein expression and anti-tag capture on beads, for the monitoring of humoral
immunity [20]. Epitope mapping of antibody reactivity may also be investi-
gated for affinity binders utilized for antibody based immunoassays. Buus
et al recently developed an ultra-high density peptide microarray, based on
linear peptides synthesized on a planar surface using maskless photolitho-
graphic technique [21]. The ultra-high density peptide microarray (up to
2,000,000 peptides) offers high resolution epitope mapping of linear an-
tibody epitopes. Drawbacks of such a high throughput methodology in-
clude the difficulty to verify peptide synthesis and generate peptides with
post translational modifications or secondary protein structures (represent-
ing conformational epitopes).

Principles of an immunoassay

As stated by Yu et al.,”the ideal antibody assay must be sensitive, reliable,
and able to detect signals across a large dynamic range.” [22]

The immunoassay is based upon interactions between an immobilized cap-
ture reagent (affinity reagent) and a specific target (antigen), the target
molecule containing a region of particular interest (epitope) for the cap-
ture reagent. The antigen can be derived from a biological source (sample)
such as a cell lysate or body fluid, where it can be captured from a complex
environment. The strength of an interaction between an affinity reagent and
a specific antigen, can be referred to as affinity. The measurement of an in-
teraction requires a detectable signal relating to the presence of a captured
antigen and can be accomplished by introducing a reporter molecule to the
immunoassay. The reporter molecule, irreversibly attached to the antigen
itself or a second affinity molecule (detection reagent) is measurable via
enzyme linked color precipitate formation in the visual light spectrum or via
light emission of an excitable fluorophore.

For antibody immunoassays target-labeling can be used in single binder as-
says by tagging proteins in sample, while detection antibody labeling can be
used in dual antibody / sandwich assays (Figure 1A vs. E). The single an-
tibody assay allows the parallel detection of multiple analytes in the format
of microarrays and is limited by the availability of antibodies and the immo-
bilization surfaces of the microarray. The dual antibody assay is primarily
limited by the availability of antibody pairs and cross-reactivity between the
different detection antibodies and captured antigens.

To enable the detection of captured antigens in single binder assays, di-
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rect labeling is applied. The labeling reagent may be detectable itself (e.g.
fluorescent) or facilitate detection by the addition of a reporter molecule
conjugate with affinity for the labeling tag. A preferred format is the di-
rect labeling of proteins in a sample using amine chemistry and biotin as
the labeling reagent, with subsequent addition of a Streptavidin-fluorophore
conjugate as the reporter enabling protein target detection [23–25].

B B

B
B

B

B

B

B

B

B

B

B

B

A CB D E

Figure 1: In a direct labeling setting of immunoassays a generated signal may re-
sult from several affinity interactions, both on- and off-target, considering the anti-
gen binding region or paratope. (A) High affinity on-target interactions between the
antibody paratope and targets free or (B) in a complex. (C) Off-target interactions
of low affinity with high abundant targets. (D) Interactions considered as back-
ground with antibody regions other than the paratope. (E) Improved specificity is
achieved by replacing the target detection method direct labeling with a labelled
detection antibody. Dual antibody assays commonly called sandwich immunoas-
says improve assay sensitivity and specificity at the cost of assay multiplexity.

Protein microarrays

Microarrays can be described as miniaturized parallel assays organized
as a matrix or array, either on a planar surface or on color coded micro-
spheres [26]. With the microarray format, it is possible to perform many
assays in parallel, for high throughput protein analysis [27]. As for a sin-
gle immunoassay, a capture reagent or a sample can be immobilized on
the surface of a solid support, dividing immunoassays into forward phase
and reverse phase assays, respectively [28–32]. Forward phase arrays al-
low the multiplex analysis of analytes present in biological samples such
as human body fluids or cell lysates, where multiple capture reagents are
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immobilized on a solid surface of a microtiter plate well, planar slide or mi-
crosphere (bead). Forward phase protein microarrays can for example be
employed for epitope mapping of antibodies and protein profiling of clinical
samples. The reverse approach, creating a microarray with spotted sam-
ples and labeled detection reagents can be summarized as the principle of
a reverse phase array [33].

Ambient analyte theory

Ekins introduced the concept of miniaturized multi-spot and multi-analyte
immunoassays based on the ambient analyte theory [34, 35]. The con-
ventional single-plex and macrospot immunoassay was miniaturized and
parallelized with the argument that non-competitive assays measuring the
occupancy of capture antibodies (by captured analytes) are not dependent
on the capture antibody concentration or sample volume. In an ambient
analyte assay, microspots with few but densely packed capture antibodies
will not deplete a sample of its’ antigens (analytes), nor reach 100% occu-
pancy of the antibody binding sites, enabling a sensitive immunoassay. The
characteristics of the ambient analyte theory were validated using flow cy-
tometry mediated suspension bead arrays, where an ambient analyte con-
dition resulted in superior analytical sensitivity compared to non-ambient
conditions [36]. Poetz and co-workers demonstrated that sequential cap-
ture of the same analytes from the same sample, using a bead based an-
tibody array in suspension, was possible without significant analyte deple-
tion [37].

Capture reagent immobilization

There are several methods for protein coupling/immobilization onto a solid
support when generating a protein microarray and can be summarized
as; covalent immobilization, adsorption, diffusion and affinity capture [28].
Covalent immobilization also referred to as cross linking, results in irre-
versible coupling between a surface and capture reagent via surface cou-
pling chemistries such as N-hydroxysuccinimide [38,39], epoxy [40] or alde-
hyde [41]. Adsorption of a reagent onto a surface takes place via interac-
tions such as van der Waal’s forces onto materials such as Polyvinylidene
fluoride (PVDF) or nitrocellulose membranes and may result in a higher
assay background. Weak protein immobilization preserving protein confor-
mation is possible with diffusion onto an agarose/polyacrylamide gel and
hydrogel surfaces, while site-directed immobilization may be steered via
affinity capture systems using streptavidin, His-tag binding nickel ion loaded
nitrilotriacetic acid (Ni-NTA) [42] and immunoglobulin-binding proteins A or
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G [43]. Metal based immobilization surfaces include gold [44], silver and
steel, whose conductive surfaces can enable protein detection via surface
plasmon resonance (SPR) and mass spectrometry.

Single molecule detection

To broaden the dynamic range and decrease the limit of detection of an im-
munoassay, single molecule immunoassays have been proposed [45, 46].
Rissin and co-workers reported a new method for single molecule detection
using antibody immobilized microspheres, enzyme labeling of captured an-
alytes, physical separation of microspheres into compartments with space
for one microsphere and fluorescent based read-out [46, 47]. The key be-
hind single molecule detection is the high concentration of beads in the
assay, with <1.2 analytes captured per microsphere, resulting in the pres-
ence of zero or one labeled analytes per microsphere. The assay was
recently developed into a 4-plex dual binder assay, allowing the sensitive
and parallel detection of four analytes per immunoassay [48].

To enable large scale and affinity based protein analysis, high-quality an-
tibodies, antigens or alternative affinity reagents must be available for the
establishment of affinity based proteomic assays [49,50].

Affinity reagents for protein capture

Antibodies

Antibodies, or immunoglobulins (Ig) are proteins which play a major role in
the humoral immune response (Chapter Blood, section Fighting infections
with antibodies). Antibodies, in particular IgG, are moreover widely used
in affinity based applications for research, clinical tests and more recently
therapeutics [21]. There are five main classes of Igs; IgA, D, G, E and M.
Genetic variations in constant regions of the Ig heavy and light polypeptide
chains give rise to five heavy chain isotypes (Ig classes) and two light chain
isotypes (kappa and lamda). All Ig isotypes are present in normal human
blood plasma, as monomers (IgG, D and E) or as Ig complexes. The Ig
complexes consist of either homodimers (IgA) or pentamers (IgM). Genetic
variations in variable regions and more specifically amino-terminal comple-
mentarity determining regions (3 CDRs per chain and 6 per paratope) are
referred to as hypervariable regions and enable diversity of the paratope;
the antigen binding domain. Each Ig monomer is a multimeric protein (4
chains), consisting of two heavy chains and two light chains (Figure 2, rep-
resented by IgG). The heavy and light chains both consist of antigen binding
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regions (Fab), while heavy chains also consist of cell receptor binding re-
gions (Fc) in the carboxy-terminal. The chains are connected via disulphide
bonds and non-covalent interactions, visible with reducing gel electrophore-
sis as 50 kDa heavy chains and 25 kDa light chains.

Antibody generation

Antibodies can be generated as either monoclonal or polyclonal antibody
mixtures. Antibodies can be specific for either a single or multiple epitopes
(Figure 2), depending on whether the antibodies were produced by plasma
cells originating from a single or multiple B-cells.

Polyclonal antibodies are generated by the immunization of a host species
such as a rabbit, goat or sheep, using the antigen to which antibody speci-
ficity is wanted. The injected antigen acts as an immunogen and antigen
specific polyclonal antibodies can be purified from the host’s sera. IgG
molecules can be purified from the sera via affinity purification using IgG
binding protein A or protein G or using the antigen as part of the solid phase
resulting in antigen specific IgG molecules. A polyclonal antibody is not a
renewable source. It has been observed that a new batch of polyclonal
antibodies, generated in a new immunization (of a different animal) using
the same immunogen, may or may not have identical specificity compared
to a previous batch [11, 51, 52]. It has moreover been reported that poly-
clonal antibodies can be oligo-epitopic, with affinity for one to five epitopes.
This was shown with an epitope mapping study using library of bacterial
surface expressed protein fragments and flow-cytometry sorting of bound
antibodies [53].

Monoclonal antibodies are generated by fusing an antibody secreting plas-
ma cell with a myeloma cell generating a hybridoma. Plasma cells from the
secondary lymphoid organ the spleen are obtained from an immunized host
that is most commonly a mouse. Hybridomas producing antigen specific
monoclonal antibodies are selected for continuous cell culture [54]. Cultur-
ing each fused cell in a separate compartment, yields monoclonal antibod-
ies with antigen specificity based on a single B-cell’s genetic code.

Yet, the availability of validated antibodies is to date not adequate to cover
the human proteome [55]. A major priority within affinity proteomics is to
generate binders towards all human proteins, to be able to characterize the
functionality and expression of the human proteome [56]. This ongoing ef-
fort is addressed by several initiatives, such as the systematic generation of
rabbit polyclonal antibodies by the Human Protein Atlas [12] the Affinomics
collaborative project and the Proteome Binders consortium with the aim to
establish an available resource of well-characterized affinity binders [57].
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Regarding systematic affinity binder generation, it is possible to scale-up
monoclonal antibody production using multiplex immunogen mixtures for
immunization, automated cell fusion and culture and finally an antigen mi-
croarray for specificity screening [58]. Fragments or subunits of antibodies
may also be produced by combinatorial synthesis on a large scale, for ex-
ample via phage display libraries [56,59,60].

Alternative affinity reagents

Using the recombinant monoclonal antibody expression technology, IgG
fragments can be produced in a high throughput manner and binders with
a preferential characteristic can be selected for, through screening pro-
cesses. Development of IgG fragments such as Fab fragments with speci-
ficity towards regional, conformational or protein-complex epitopes [61] and
furthermore Fc fragments with improved structural properties [62], have
been described. A third area of interest to select for is low cross-reactivity
towards certain antigens, using competition during selection, potentially en-
abling the selection of affinity binders with multiplexing capability in a sand-
wich immunoassay format [60]. Paduch et al. describe the process of gen-
eration and selection of conformation-specific Fab fragments or synthetic
antibody fragments, using phage libraries [61]. Traxlmayr et al. describe
the selection of binder with increased thermal stability and resistance to
aggregation through the application of strong heat shock to Fc displaying
yeast libraries [62]. Examples of recombinant IgG fragments, such as sin-
gle chain variable fragments (scFv) and antigen binding regions (Fab and
F(ab’)2), are illustrated in Figure 2.

Alternative affinity scaffolds not derived from immunoglobulins include Af-
fibody molecules [63], Monobodies [64, 65], designed ankyrin repeat pro-
teins (DARPins) [66] and Anticalins [67]. Additional affinity binders with
repeat regions and variable regions, that offer affinity maturation, are DNA
aptamers. High affinity aptamers have been applied in proof of principle
biomarker discovery studies, for example where 813 proteins were targeted
in plasma samples using aptamers as capture reagents. Aptamer bound
proteins were in the final assay stage quantified via hybridization to a DNA
microarray [68].

Apart from the advantage of directed evolution of alternative affinity binders,
as well as a shorter time frame of weeks rather than months using re-
combinant protein production [60], both size and affinity of a binder are
of relevance for clinical applications such as targeted molecular imaging for
cancer diagnostics and therapy.
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Figure 2: Immunoglobulin derived binders. A schematic illustration of the IgG
molecule and some of the recombinant structures derived from IgG variable (V)
and constant (C) domains. The antigen binding (Fab) and Fc receptor binding
(Fc) regions and the paratope’s CDRs are marked, as well as the hinge-region
and disulphide bonds connecting the heavy (VH and CH1-3) and light (VL and
CL) chains. Antibodies are generated as polyclonal (pAb) and monoclonal (mAb)
antibodies, with specificity towards multiple or single epitopes, respectively (grey
circles). IgG*; simplified IgG molecule also used in Figure 1, scFv; single chain
variable fragment, sdAb; single-domain antibody.
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The Human Protein Atlas

The Human Protein Atlas was set up for the systematic exploration of the
human proteome. The aim is to generate high quality antibodies towards
all human proteins, in a high-throughput manner, based on the protein-
encoding genes. By employing generated antibodies for protein target de-
tection, a large-scale study of protein profiles in human tissues, cells and
body fluids is performed [12].

Antibodies are generated by immunization of rabbits to yield antigen spe-
cific polyclonal antibodies. For each protein encoding gene, a protein re-
gion of low sequence homology to the remaining human proteome and
without transmembrane regions (Protein Epitope Signature Tag, PrEST), is
selected and expressed in E. coli with a polyhistidine tag for protein purifica-
tion and an Albumin binding domain for protein solubility. Purified antigens
are validated using mass spectrometry.

PrESTs are furthermore immobilized on columns for affinity purification of
antibodies and on planar surfaces in a microarray format for antibody speci-
ficity confirmation [69]. Antibodies specific for their respective antigen are
subsequently characterized using multiple technical platforms investigating
protein levels and localizations in multiple tissues and cells. The antigen
microarrays have also been employed for the profiling of human antibody
reactivity in the context of autoimmune disease [13] and validation of affinity
reagents [40].

Additional analytical methods include Western blot analysis of blood plasma
and protein lysates from human tissues and cells, and also tissue microar-
rays built with healthy and cancer tissues from all major organs. Cell pro-
filing using PrEST specific antibodies are employed for the analysis of sub
cellular localization of proteins in three different human cell lines [70]. Pro-
tein arrays in the form of suspension bead arrays and using antibodies as
capture reagents, can be employed for the analysis of body fluids such as
blood and cerebrospinal fluid, for disease biomarker discovery as well as
verification [50,71,72].

The level and location of proteins in the human body is of interest for several
reasons. For example, mapping protein expression and also expression
level in a certain tissue or fluid at a given time point can be of importance
for further understanding of physiological and pathological processes. In
an antibody based proteomics study targeting 4842 proteins in 48 human
tissues and 45 human cell lines, more than half (65%) of the proteins were
expressed in most of the tissues and cells [73]. Specific tissue characteris-
tics were furthermore proposed to be based on unique protein levels.

Since the first publication of the Human Protein Atlas in 2005, protein ex-
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pression profiles in normal human tissues, in cells and in cancer tissues
have been generated using almost 19,000 antibodies, targeting approxi-
mately 15,000 unique proteins (HPA, version 11.0). The information gener-
ated is furthermore used to identify proteins of potential clinical relevance,
contributing as a resource for cancer research [74]. Immunohistochemistry
and immunofluorescence based images, protein expression profiles and
sub-cellular localizations as well as transcript expression levels are pre-
sented in a chromosome-centric manner in the publicly available Human
Protein Atlas portal (www.proteinatlas.org) [75].

Assay Specificity and Sensitivity

Specificity and sensitivity are two terms widely used both in an experimental
and a clinical context to describe assay performance. Depending on the
context, the terms have entirely separate implications and are moreover not
connected in the sense that high analytical sensitivity does not for example
entail a high diagnostic sensitivity [76]. The two terms will be described and
discussed in firstly the experimental (analytical) context and secondly the
clinical (diagnostic) context.

Analytical specificity and sensitivity

Focusing in a crowded environment. An affinity reagent such as an an-
tibody should enable sensitive and specific target detection. A sensitive
immunoassay is able to detect low concentrations of a target protein and
also different concentrations of a target across a concentration range (dy-
namic range). Analytical sensitivity represents the lowest amount of target
molecules that are detectable with reasonable certainty in an assay, and
the lower limit of detection is often measured as the detection level three
standard deviations above a defined background [77]. In the perspective
of biomarker discovery in plasma or serum samples, low abundant pro-
teins are hypothesized to be present in plasma due to leakage or secretion
from tissues with localized disease [78]. An assay with sensitive detection
thus increases the chance of discovering markers for early disease predic-
tion.

As discussed by Wilson, ”proteomics assays must be able to quantify mul-
tiple proteins that may be present in samples at low concentrations, without
interference from other proteins that may be present at much higher con-
centrations.” [79]

A second equally important factor is the analytical specificity, which can be
defined as the ability to distinguish an intended target from other proteins
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present in a sample. Analytical specificity is context dependent [80]. Anti-
body specificity can be influenced by the complexity of a sample environ-
ment, that a capture reagent is exposed to. The sample complexity is based
upon the composition and concentrations of the sample components. An-
tibodies are able to recognize epitopes with structures related to intended
target epitope, leading to cross-reactivity and limiting the specificity of an
antibody [80]. The presence of highly abundant antigens may cause low
affinity interactions with an antibody. In this thesis, unintended antibody-
antigen interactions are referred to as off-target or background and specific
interactions with an intended target molecule as a monomer or in a com-
plex are referred to as on-target (Figure 1A-D). A measured signal intensity
from a single binder immunoassay may therefore consist of several possi-
ble interactions, motivating subsequent validation efforts using dual binder
assays (Figure 1E).

Reducing sample complexity

The main objective of sample complexity reduction is to improve antibody
specificity by reducing off-target interactions, thereby improving assay sen-
sitivity. Increasing the ratio of a specific signal over a non-specific back-
ground, will lower the detection limit of an assay and potentially improve
assay sensitivity. There are several pre-analytical approaches, which re-
duce sample complexity and can be summarized as subtraction and ex-
traction approaches. Subtraction methods include sample fractionation
based on chromatography and gel electrophoresis, exemplified by size ex-
clusion chromatography [81] and isoelectric focusing [82]. A third subtrac-
tion method is the depletion of high abundant proteins such as Albumin
and IgG [83], of several highly abundant proteins [84] or of a specific mod-
ification such as glycan structures [85] using affinity reagents. Subtraction
methods dilute target protein in samples and may include the non-specific
removal of target proteins [79, 86]. Affinity based enrichment can be per-
formed for common features or protein classes such as lectins or glycans
and also for specific targets, the latter exemplified by antibody suspension
bead arrays, where non-captured proteins are removed from the assay en-
vironment by washing [25]. Extraction methods aim to enrich the target pro-
teins, compared to subtraction methods which remove unwanted compo-
nents and as a result may remove target proteins nonspecifically [79].

The affinity constant

An antibody-antigen interaction is a balance between unoccupied antigen
binding sites on antibodies and unbound antigens, and the complex of an
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antibody and antigen. The association and dissociation of the antibody-
antigen complex determines the affinity of an antibody, and the ratio of the
two equal the affinity constant, also called equilibrium constant [79]. An
antibody with high affinity for a target protein may have a fast on-rate (binds
fast) and/or a slow off-rate (binds for a long time). In the process of affin-
ity maturation, binders may be selected for a slow off-rate and prolonged
antigen capture in an immunoassay [68].

Epitope mapping

The epitopes of a target protein, which are of complementary structure to
a polyclonal antibody’s antigen binding domain (paratope), allow antibody-
antigen binding and are identifiable through the use of epitope mapping.
Proteins with epitopes able to bind the antibody’s paratope are considered
antigenic [87]. The reactivity of an antibody towards a collection of pep-
tides covering a target protein’s amino acid sequence or even a proteome
is performed using peptide bacterial surface display [53] or peptide microar-
rays [21]. For peptide arrays, the amino acid resolution of a mapped epi-
tope depends on the design of the peptides. Consecutive and overlapping
peptides covering a protein’s or proteome’s primary structure allows the
characterization of continuous/linear epitopes. Based on epitope mapping
using ultra-high density peptide arrays, it has been shown that epitopes
are between 7 and 9 amino acids long [21]. Secondly, using single amino
acid substitutions on mapped epitopes, certain amino acids were found
to be necessary mediators of specific antibody-antigen binding. Targeting
epitopes located in a protein-protein interaction region can enable the de-
tection of free or complexed proteins, exemplified by the prostate cancer
biomarker Prostate Specific Antigen [88].

Epitope retrieval

Epitope retrieval refers to antigen retrieval and describes the process of
increasing accessibility of a specific antigen to an affinity binder, for ex-
ample by briefly heating a sample. Besides sample heat treatment, main
approaches for antigen retrieval in immunohistochemistry (IHC) include the
use of enzyme digestion, detergent and pH [89].

Besides antigen retrieval, heating samples at 56 ◦C for 30 minutes has
been used for viral component inactivation [90]. Heat, a widely used tis-
sue preparation step for IHC can also be implemented for sample prepa-
ration in plasma and serum [25] and it was recently reported to induce
irreversible protein unfolding of tertiary structures enabling access to lin-
ear/continuos epitopes [91]. Complete or partial protein unfolding via heat
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may expose hydrophobic regions of a protein and may lead to protein ag-
gregation, an adverse effect of antigen retrieval. The process of retriev-
ing linear/continuous epitopes for immunoassays can be highly valuable for
affinity binders with specificity towards linear/continuous epitopes. This is
the case for the vast resource of validated polyclonal antibodies generated
by the Human Protein Atlas [12]. The effects of heat induced epitope re-
trieval in plasma using antibody suspension bead arrays were investigated
in Paper III and more recently also compared to the use of detergent [92].
Pre-analytical heat treatment of samples was further investigated in a veri-
fication approach proposed for single binder bead arrays including parallel
analysis of captured analytes using flow cytometry, Western blotting and
mass spectromentry [Neiman et al., submitted 2013]. In the Biobank Pro-
filing group, heat treatment at 56 ◦C for 30 minutes is the current approach
for affinity profiling plasma proteins in a multiplex and high throughput fash-
ion, with target dependent positive or negative effects from heat induced
epitope retrieval (Paper III and [25]).

Validating antibody specificity

Confirmation of antibody specificity is a key determinant of a reliable im-
munoassay. Validation of antibody specificity is ideally performed using
paired antibodies, i.e. antibodies targeting non-overlapping epitopes of the
same protein. Supportive detection profiles from paired antibodies pro-
vide evidence of antibody selectivity and can be further supported with
additional antibody based immunoassays such as the confirmation of a
dose-response relation between sample dilution or a spiked-in protein stan-
dard and a detected signal intensity. Additional validation approaches in-
clude immunofluorescence, immunohistochemistry, Western blot and an-
tibody based antigen capture coupled to Western blot or mass spectrom-
etry [93]. Within the Human Protein Atlas, paired polyclonal antibodies
are systematically generated in a high throughput manner by the selection
of at least two non-overlapping PrESTs per unique protein of the human
proteome [12]. Besides the possibility of generating paired monoclonal or
polyclonal antibodies, a polyclonal antibody mixture may be fractionated
using affinity purification towards several antigenic peptides, generating
epitope specific antibodies applicable in for example sandwich immunoas-
says [93–95].

Limit of detection as an immunoassay currency

A sufficient dynamic range and limit of detection per specific protein tar-
get determine the applicability of an immunoassay in an analytical setting
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such as biomarker discovery, validation of large patient material or routine
disease screening in a clinical laboratory.

The comparison of sensitivity between assays and laboratories is a difficult
task. It is usually based on the limit of detection, which is dependent upon
many different parameters of an assay system.

Sensitivity can be estimated by defining a specific signal over a measur-
able background level of an assay. The background can be measured in
a buffer/sample lacking the target molecule (the assay blank). A protein
standard, representative of an endogenous target protein, can be added to
a blank at decreasing concentrations creating a standard curve. It is prefer-
able that a standard curve covers a broad enough concentration range to
include the immunoassay’s detectable range. This is known as the dynamic
range and it’s range can be determined by the lower and upper detection
limits. When plotting the detected signal of a standard curve against the
protein concentration, a sigmoidal curve can be generated. The curve be-
gins with a background phase with lower signal intensity plateau, contin-
ues into a linear phase where the signal intensity increases proportionally
with the protein concentration and ends with a saturation phase with signal
plateau where the signal no longer increases with the protein concentra-
tion [78]. The lower limit of detection can be defined as the analyte con-
centration corresponding to the signal intensity level two to three standard
deviations above background level [96]. The upper limit of detection can
secondly be based on the signal intensity two to three standard deviations
below saturation level. The upper and lower limit of detections commonly
confine the dynamic range of an immunoassay and the corresponding pro-
tein concentration range may be used to describe the working range of
the assay. A more conservative way of determining a reliable signal over
background is the limit of quantification (limit of quantification) which is com-
monly defined as ten standard deviations above background.

Whether a protein standard is spiked into a complex solution or a clean
system may effect the background level and thus assay specificity and sen-
sitivity. The sample type, buffers, protein standard similarity to a native
target protein, background cut-off, target concentration range, assay repro-
ducibility and the number of data points are some of the parameters to
consider for this task of assay comparison. The sample environment and
assay parameters effect assay sensitivity and should be considered in the
comparison of immunoassays.
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Increasing analytical specificity and sensitivity

Including proof-reading steps to an immunoassay can improve the speci-
ficity and sensitivity of an immunoassay [79]. Besides the reduction of
sample complexity, one can introduce additional affinity binders to facili-
tate protein target detection. While single-binder assays use direct labeling
of target molecules for target detection, dual-binder / sandwich immunoas-
says require antibody-antigen binding for both the capture and detection
antibodies to generate a signal. The multiplexing possibility of dual binder
assays is lower than that of single binder assays, due to the commonly oc-
curring cross-reactivity of detection antibodies. The degree of multiplexing
dual binder immunoassays can be limited by antibody specificity and the
time investment of identifying compatible detection antibodies for a prede-
termined panel of protein targets. Adding a second affinity reagent can
increase the specificity of target detection and potentially also the sensitiv-
ity of target detection, but is limited by cross-reactive detection antibodies
in multiplexed immunoassays.

The method Proximity Ligation Assay is based on paired and target spe-
cific affinity binders, DNA ligation and amplification [97]. A target protein
bound to an immobilized capture antibody is secondly targeted by two
oligonucelotide probed detection antibodies, which when in proximity with
each other form an amplifiable reporter molecule [98]. Increased specificity
can be achieved by the requirement of antigen binding to three target spe-
cific antibodies, where two antibodies are tagged with unique probes as
identifiers. Increased dynamic range and lowered limit of detection could
furthermore be achieved by signal amplification. A solid phase-proximity
ligation assay assay was applied for protein detection in both undiluted
plasma and serum and reported superior limit of detection and dynamic
range compared to ELISA [98]. There are proximity ligation assays and
recently also multiplexed proximity ligation assays targeting 10s of proteins
using three antibodies per target protein [99].

DNA aptamers are proposed to have inferior affinity than antibodies when
targeting proteins with a molecular weight higher than 10 kDa [79]. So-
mamers are affinity matured DNA aptamers with slower off-rates [68] and
have been applied in multiplexed biomarker discovery assays [100], yet few
paired somamers are available for protein affinity assays [79]. Proximity lig-
ation assays using aptamers can otherwise be a preferred path to pursue
for increasing both assay specificity and sensitivity.
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Diagnostic specificity and sensitivity

As discussed by Saah et al., ”an assay’s analytical sensitivity and analytical
specificity are distinct from that assay’s clinical diagnostic sensitivity and
diagnostic specificity.” [76]

Diagnostic sensitivity describes the degree of true positive results from a
diagnostic assay. The true positive cases are persons who have a given
disease and which are identified as having the disease. The degree of
true negative results furthermore describes diagnostic specificity. The true
negatives results refer to persons who do not have the disease and were
diagnosed by the assay as controls. Diagnostic specificity and sensitivity
can be combined to estimate clinical assay performance. An ideal assay will
correctly classify the presence or absence of disease. The statistics behind
diagnostic specificity and sensitivity is further discussed in the Biomarker
discovery section.

Antibody arrays on beads

By directly labeling the protein content of non-fractionated plasma or serum
samples and immobilizing capture antibodies on fluorescently encoded beads,
a high-throughput and multiplex single binder assay can be created. An as-
say with the capacity to profile 384 proteins in parallel in 384 samples, may
aim to identify disease specific protein profiles for candidate biomarker dis-
covery and verification (Figure 3).

Microspheres (beads) with paramagnetic properties may be used as an
immobilization surface for affinity reagents, functioning as suspension im-
munoassays and allow for simple washing by the use of a magnet and
sorting by the use of flow cytometry. A strength of antibody suspension
bead arrays is the lack of pre-analytical depletion and sample fractionation,
maintaining the endogenous sample composition. Using flow cytometry to
isolate individual beads for the final measurement, non-bound and poten-
tially weak antibody-antigen interactions may be removed from the bead’s
microenvironment.

The process of color coding beads internally or externally, with different pro-
portions of fluorescent particles can create a set of distinct set of beads, an
array in suspension, with possible bead identification using a flow cytome-
try based system. Based on internal color coding using three reporter dyes,
500 bead IDs are available from Luminex Corp. with a carboxylated surface
for amine coupling of proteins such as antibodies (xMAP technology). The
internal fluorescent and infrared dyes are excitable with lasers and mea-
surable with detectors. Almost four times as many IDs have been prepared
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Figure 3: Antibody suspension bead array workflow enabling the analysis of 384
analytes (proteins) in 384 samples in both a high throughput and multiplex manner.

using six fluorescent reporter dyes generating 1728 color codes [43].

Antibody suspension bead arrays employed in this thesis are based on
xMAP beads prepared in a microtiter plate format (Figure 3B). Antibody
suspension bead arrays can be multiplexed in two dimensions, both in the
number of samples assayed (n=384) within an experiment and in the num-
ber of analytes (n=500) targeted in each labeled sample. Directly labeled
samples (Figure 3A) are heat treated at 23, 56 or 72 ◦C for induced epitope
retrieval, before combination with the antibody suspension bead array (Fig-
ure 3C) and incubated over night at room temperature. Beads are washed
and remaining antibody-antigen complexes on beads are cross-linked and
incubated with a streptavidin coupled fluorophore. A flow cytometer based
instrument with a dual laser (FlexMap, Luminex Corp.) excites internal
dyes identifying each bead and also reporter molecules on captured pro-
teins, connecting each bead ID with a median fluorescence intensity (Figure
3D).

Multiplexing comes at the expense of global assay conditions. Antibody
specificity is context dependent, an important consideration in the process
of assay development in a multiplexed setting and can bet difficult to gen-
eralize. Assay parameters such as sample dilution, assay buffer compo-
nents, sample heat treatment and sample-antibody suspension bead ar-
ray incubation time can effect specific target capture. In a biomarker dis-
covery study, high throughput protein profiling may yield both true and
false candidate biomarkers, in need of subsequent technical and biolog-
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ical verification. In other words, with the choice to ”go wide, deep or per-
sonal” [Neiman M., Bead based protein profiling in blood, PhD Thesis, KTH,
2013] in biomarker discovery studies follows specific limitations and possi-
bilities.

Mass spectrometry based proteomics

Mass spectrometry enables the identification of thousands of proteins in
tens of samples (Table 1), after extensive pre-fractionation methods such
as high resolution isoelectric focusing, subcellular fractionation via centrifu-
gation, affinity based depletion of high abundant proteins or enrichment of
molecular properties such as glycan or phospho-structures. From a general
perspective, untargeted shot-gun mass spectrometry can be advantageous
when aiming for discovery proteomics of mid- to high-range proteins in low
complex samples.

Quantitative protein measurements via heavy isotope labeling can enable
direct comparisons between samples of interest. Experimental reproducibil-
ity is however a well-known drawback for detection of low-abundant pro-
teins, due to a variable coverage of the investigated sample proteome. Tar-
geted proteomics (SRM, selected reaction monitoring) enables the identifi-
cation of tens of target proteins (MRM, multiple reaction monitoring) via the
detection of preselected proteotypic peptides for each target protein. Quan-
titative target identification can be peformed using pre-analytical and multi-
plex (8-plex) protein labeling [101–103]. Targeted proteomics can be valu-
able for biomarker verification and assay reproducibility for SRM of plasma
proteins has been demonstrated across laboratories [104,105].

Bridging complementary proteomic methods

There are multiple strategies, for integrating and taking advantage of the
strengths of mass spectrometry and affinity based proteomics, in order
to further investigate and verify results from biomarker discovery studies
[106].

Mass spectrometry can preferably be performed on pre-fractionated or target-
enriched biological samples. Affinity reagents can be employed for multi- or
singleplex target enrichment and is limited by the availability of the reagents.
Immunoaffinity enrichment using capture antibodies with specificity for com-
mon peptide motifs (Triple X Proteomics antibodies or Global Proteome
Survey antibodies), instead of unique protein targets, have been demon-
strated as a more general target enrichment method for the identification
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Table 1: Overview of mass spectrometry and affinity based proteomic approaches
differ in assay throughput, here summarized with the number of samples and ana-
lytes feasible to target and analyze in a systematic manner.

Analytes Samples

Mass 
Spectrometry

Affinity based
proteomics

Approach Method

100-1000s 10s Non-targeted MS (Shotgun)

10-100s 10s Targeted MS (SRM/MRM)

1000.000s 10s Planar peptide array

10s 1000s Planar reverse phase protein array

100-1000s Bead based antibody array 100-1000s*

 Single binder assays with directly labeled samples*

1000s 10s Planar antigen array

For both targeted (SRM) and non-targeted mass spectrometry based methods,
the current assay throughput detects 100s-1000s of analytes in few samples (10s),
due to sample pre-fractionation requirements. Hundreds (bead based arrays) or
up to two million (planar peptide arrays) of analytes can currently be profiled using
affinity based capture, referred to as forward phase arrays analyzing 10s-1000s of
samples. For reverse phase protein arrays on the other hand, 10s or possibly 100s
of analytes can be targeted using affinity binders in 1000s of samples spotted in
a planar microarray format. SRM; Selected reaction monitoring, MRM; Multiple
reaction monitoring, MS; Mass spectrometry.

of a wider range of proteins [107, 108]. Extensive sample pre-fractionation
and measurement with different mass spectrometers can both increase the
number of identified proteins, but can also be a bottleneck with regards to
sample throughput [106]. It is however possible to analyze hundreds or
thousands of samples in a high throughput manner using forward phase
suspension bead arrays or reverse phase planar arrays, respectively. de-
Wit and co-workers proposed targeted proteomics in the forms of SRM-MS
and antibody microarrays as two main strategies for the verification of can-
didates discovered with non-targeted mass spectrometry [109].

An antibody array based biomarker discovery study relies on the speci-
ficity of the antibody. Analytes captured by an antibody immobilized on
a bead can be identified via mass spectrometric analysis of the eluted
protein fragments. The specific capture of a protein target can be identi-
fied and verified via targeted mass spectrometry (SRM). The use of shot-
gun/untargeted mass spectrometry can furthermore identify possible inter-
acting proteins, either in complex with the target protein forming a multi-
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meric protein or interacting with the capture antibody (off-target or back-
ground) (Figure 1).

Both mass spectrometry and planar affinity capture microarrays offer the
possibility to identify or profile thousands of proteins in a low number of
samples and can complement each other as well as be complemented
with methods offering a higher sample throughput at a verification stage
(Table 1). The bead based affinity capture arrays can offer an alternative
method for both biomarker discovery and verification stages, considering
the high throughput of both analytes and samples within a measurement
(100s-1000s) and high throughput generation of multiple antibody suspen-
sion bead arrays. Immunoassays can furthermore be developed for the
translation of a verified candidate biomarker into clinical use, motivating
the use and characterization of affinity reagents already in an exploratory
phase.
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Blood
The human body cam be organized into eleven main organ systems, in-
cluding the nervous, cardiovascular, respiratory, urinary, digestive, integu-
mentary, skeletal, muscular, lymphoid, endocrine and reproductive system.
The organ systems communicate directly via interactive exchange surfaces
in microenvironments such as cell membranes separating intracellular and
extracellular space and indirectly via the peripheral and central nervous
system’s signalling pathways. Organ systems such as the cardiovascular
system (Figure 4), in turn consist of multiple functional units (organs) such
as the heart (pump), vessels (pipelines) and blood (system liquid), all con-
sisting of multiple functionally specialized tissues.

The main purpose of the cardiovascular system is to sustain local environ-
ments that are beneficial for the different tissue types. Blood constantly cir-
culates the cardiovascular system in proximity to the body’s different tissues
(Figure 5) at contact points mainly taking place at capillary beds, where the
blood passes at the lowest pressure through the smallest diameter ves-
sels.

The three main functions of the blood are transport, regulation and pro-
tection. Examples of molecules transported between different organs are
gases such as oxygen from the lungs, nutrients such as glucose from the
intestine and finally stimulators of growth and/or repair such as growth hor-
mone from the pituitary gland in the brain. Examples of processes regu-
lated by the blood are water balance and pH. The regulation of body tem-
perature is mediated by the blood. Thirdly, agents of defense mechanisms
such as pathogen detection and elimination, inflammation and coagulation
pass via or function in the blood stream [4].

After only briefly summarizing the major functions and organization of the
cardiovascular system one can easliy arrive at the conclusion that blood is
a complex communicator of physiology and pathology.
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Figure 4: Human Heart and Blood Circulation 1929 Medical Lithograph
(©PetitPoulailler 2010)
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Figure 5: Blood constantly circulates the body and is at a certain point in time
in proximity with one of the body’s numerous organs, such as the (A) stomache,
(B) cerebral cortex or (C) colon. Here, veins and arteries are visualized with IHC
using Human Protein Atlas antibodies (brown staining) targeting (A-B) Alpha-2-
macroglobulin in plasma and (C) melanoma cell adhesion molecule in endothelial
cells.

Blood components

Blood is composed of the blood cell types; erythrocytes (red blood cells),
thrombocytes (platelets) and leukocytes (white blood cells), listed in order
of decreasing cell counts, that are contained in the liquid phase plasma.
Red blood cells mainly transport oxygen via hemoglobin, while platelets
aid in haemostasis and white blood cells facilitate the immune response.
Plasma contains the soluble components of the blood and is in majority
composed of water (90%) and proteins (7-8%). Besides water and plasma
proteins, blood plasma also contains salts, gases, nutrients and nitroge-
nous wastes [4]. Plasma proteins mainly maintain blood osmotic pressure
and pH, and the most highly abundant proteins of plasma are albumins,
globulins and fibrinogen. Albumins and globulins both transport and fight
infection, while Fibrinogen enables coagulation in the case of blood vessel
injury to prevent blood loss [4].

Fighting infections with antibodies

The immune system defends the body against invading pathogens such
as a virus, bacteria or fungi. The immune response can be divided into
two communicating processes; a rapid and non-specific response (innate)
and a slow and specific immune response (adaptive). Both responses use
several specialized types of white blood cells (leukocytes) together with
membrane disruptive and complement activating factors free in plasma, to
recognize, present and target non-self antigens and cells for subsequent
pathogen elimination via means of cell death (cytolysis or apoptosis) and
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inflammation. Antibodies (immunoglobulins) are expressed and secreted
by B cells, classified into five immunoglobulin classes (IgG, A, M, D and
E) and play important roles in both the specific and non-specific immune
responses and will be outlined in the below summaries of both responses
and their interplay.

Paul Ehrlich first described the specific second line defense; with anti-
gen recognition and presentation resulting in either apoptosis for the for-
eign/infected cell mediated by cytotoxic T cells or inflammation mediated
by helper T cells activated macrophages. Apoptosis and inflammation oc-
cur via T cell activation or the generation of antigen specific antibodies via
B cell activation (induced by helper T cells).

Ilya Mechnikov first described the non-specific and first line response to a
new infection. Antigens (Ag) are specifically recognized by a complement
factor (C3b) or immunoglobulin (IgG, E, M or A) and are upon binding op-
sonized for subsequent binding to membrane receptors C3b or Fc (antigen
independent Ig region) on a certain leukocyte depending on the tissue type
and location. A non-specific elimination of the opsonized antigen takes
place via cell lysis or phagocytosis.

In the antibody focused branch of the adaptive immune response, naive
B cells express monomeric and plasma membrane anchored immunoglob-
ulins D and M. Membrane-IgD and M are referred to as B cell receptors
(BCRs) and form antibody networks upon low affinity binding to non-self
antigens. The repertoire of membrane bound immunoglobulins is highly di-
verse in antigen specificity due to somatic mutations in the amino-terminal
region of the Ig gene, enabling recognition of almost any pathogen by
BCRs [110, 111]. It has been proposed that high affinity BCRs are fa-
vorable in the process of antigen internalization, presentation and B cell
activation [112]. Once antigens are complexed with IgD and/or IgM they
can be internalized, processed and transported to the B cell plasma mem-
brane once again, for antigen fragment presentation by HLA II receptors to
receptors on T helper cells. The antigen presenting B cell (a type of anti-
gen presenting cell) is in turn activated by the T helper cell, leading to B
cell secretion of IgM as a pentamer, B cell proliferation generating antibody
secreting effector B cells that form antigen specific memory B cells and
plasma cells, potential Ig class switching to IgG, A or E and finally differen-
tiation of the plasma cell [113]. Ig class is altered during class switching by
alternate DNA splicing in the heavy chain region. A differentiated plasma
cell secretes one type of Ig and is specific for a single target antigen, deter-
mined by the antigen binding Ig region (variable region).

Antibody maturation takes place through clonal expansion of B cells by mu-
tations (somatic hypermutations, SHM) affecting the variable regions of the
kappa or lambda light chains and gamma heavy chain in the immunoglob-
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ulin gene; altering the antigen binding regions of the Ig molecule (Fab)
expressed and secreted by a single cell. SHM have recently been shown to
not only increase antibody-antigen specificity and binding energy but also
the thermodynamic stability of the antibody [114]. As a result of a muta-
tion, an amino acid alteration increases affinity of antibody binding via its’
paratope to a specific antigen [115]. Flexibility of the binding pocket has
been observed to decrease in correlation to an increase in antibody affin-
ity [116].

The innate immune response (non-specific) relies on specific antigen recog-
nition facilitated by the antibodies (Ig molecules) produced by the adap-
tive immune response, to activate general defense mechanisms mediated
by different leukocytes. The specific interaction between an Ig molecule
and its respective target antigen enables binding of the Fc region of the
antibodies to Fc receptors on different leukocyte types and results in ei-
ther phagocytosis, cell lysis and/or local tissue inflammation by the re-
lease of inflammatory mediators. A non-phagocytic and antibody driven
defense mechanism of innate immunity is called Antibody-Dependent Cel-
lular Cytotoxicity, where antigen on the surface of infected or non-self cells
are bound to antibodies (IgG, E or A), which via Fc receptor binding acti-
vate cell mediators of cytotoxicity (e.g. natural killer cells, neutrophils and
macrophages) [117]. Inflammation is another effect mediated by antibody-
antigen binding; eosinophils release inflammatory mediators upon activa-
tion by antigen bound IgA and IgG [118].

To prevent self-antigen specific immunological reactions (auto-reactive), a
negative selection of immature T cells takes place in the thymus, resulting
in cell death for T cells with low or high affinity for self-antigen. A positive
selection results in cell-survival and differentiation to committed T cells with
intermediate affinity to self-peptide/MHC complexes on antigen present-
ing cells [119]. Bone marrow derived lymphocyte progenitors circulate the
blood system and enter the thymus. After leaving the thymus, committed
T cells move between the blood circulation and lymphoid organs, encoun-
tering non-self (foreign) antigen/MHC complexes. Non-self antigen/MHC
complexes on dendritic cells are proposed to enhance the antigen sensitiv-
ity of T cells [120].

Central tolerance was explained by Klein and co-workers as ”self tolerance
that is created at the level of the central lymphoid organs. Developing T
cells in the thymus, and B cells in the bone marrow, that strongly recognize
self antigen face deletion or marked suppression” [119].

B cells recognizing self-antigen and presenting self-peptide/MHC complexes
recognized by T cells result in the generation of autoantibodies, a process
considered as a defective self-tolerance control mechanisms and to lead
to autoimmune diseases [121]. Autoantibodies are considered abundant
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in the human blood circulation, with 1000s of IgG molecules present in
plasma [122]. Unique autoantibody profiles have moreover been observed
on an individual level, to be stable over time and influenced by an indi-
vidual’s age, gender and disease status [122]. Based on PrEST arrays
generated within the Human Protein ATlas, profiling human IgG in plasma
samples from multiple sclerosis patients, Ayoglu et al observed reactivity
towards 2000 out of 11000 unique PrESTs, representing 38% of all hu-
man protein encoding genes [13]. In this study, antigens were produced
as PrESTs in E. coli as fusion proteins together with a dual affinity tag
employed for purification. Individual antibody-antigen reactivity patterns
were observed in this study, were 64% of the reactivity was found in sin-
gle individuals. Apart from autoimmune disease, the abundance of au-
toantibodies across the population supports the hypothesis of debris clear-
ance [122].

In the human body, production, maturation and application of antibodies
takes place. Antibodies with affinity for foreign antigen aid the vital pro-
cess of defense against infections. In the event of malfunction in the self-
tolerance negative selection process, antibodies with high affinity for self-
antigen; lead to the adverse reaction autoimmune disease. Human im-
munoglobulins circulating the body via blood profile plasma proteins and
can themselves detected by members of the immune response.

Blood coagulation and plasma preparation

Blood flow is paused on a local level upon vessel injury in vivo, initiated by
blood exposure to the coagulation activator tissue factor expressed by cells
surrounding the vascular system. Tissue factor bearing cells come in con-
tact with the starting blood coagulation factor (factor VIIa) only upon vessel
injury and leads to the formation of a macromolecular complex and ends
up as an endothelium anchored obstruction and clot [123]. The formed
clot consisting of platelets, fibrin polymers and caught blood cells conse-
quently obstruct blood flow. The coagulation cascade is a sequential series
of proenzyme activation that culminates in the activation of prothrombin to
thrombin which cleaves fibrinogen, forming insoluble fibrin monomers and
activating platelets which enhance the formation of more thrombin and thus
fibrin. Calcium ion flow is of central importance for platelet activaton, sup-
ported by a 10x increase in intracellular calcium ion concentration in an
active platelet.

Haemostasis can be limited by several factors, one of them being naturally
occurring anti-coagulants such as protein C, protein S and antithrombin
III (antithrombin) [124]. Protein C and S inhibit the specific coagulation
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co-factors (Va and VIIIa), while antithrombin inhibits several proenzymes
by forming an inhibitor-enzyme complex (e.g. prothrombin), a complex-
formation that is catalyzed a thousand fold by heparin.

A blood clot dissolves in a healthy state upon wound healing and blood flow
is restored. The key effector of this process (fibrinolysis) is plasmin, acti-
vated from plasminogen and with affinity for fibrin but not fibrinogen.

Coagulation can also be initiated intrinsically via contact with glass surfaces
and the proenzymes factor XII and prekallikrein. The intrinsic system is not
significant for haemostasis in vivo, but is taken advantage of in vitro. A
blood sample will in a glass vial undergo complete activation of coagula-
tion, fibrin formation and clot. When a blood sample via needle aspiration
is drawn, the sample is collected in an anti-coagulant containing tube for
plasma preparation or allowed to clot for subsequent serum preparation.
Besides anti-coagulant additives, collection tubes may contain a clot acti-
vator for enhanced coagulation and/or a gel plug for improved separation of
blood cells from plasma/serum [125]. In the case of coagulation, proteins
involved in the coagulation cascade and caught in the blood clot can as a
result be separated from serum together with the blood cells and platelets
upon blood centrifugation. After centrifugation, the upper fraction contain-
ing blood plasma or serum can be removed and stored at -80 ◦C until further
proteomic analysis (in the context of this thesis). The most widely used anti-
coagulants are heparin, EDTA and citrate, functioning as an enhancer for
prothrombin or calcium ion chelators (latter two agents) [126]. The influ-
ence of sample preparation method and the pre-analytical variables time
and temperature were investigated in serum and plasma samples using
antibody suspension bead arrays in papers I and II.

Proteins are furthermore considered susceptible to protease activity (degra-
dation) upon sampling mainly due to cell disruption, motivating the addition
of protease inhibitors, often as cocktails (PICs) [125]. Varying effects of
PICs have however been observed; cytokines detected with an antibody
bead array were not affected by the presence of PIs [127], while a SRM
quantitation study on abundant plasma proteins displayed positive effects
for a few proteins (detected on a peptide level) [128]. One example of a
protease inhibitor is a metal chelator (such as EDTA), inhibiting metallo
protease activity.

Biobanks

As discussed by Litton, ”many countries are setting up nationally coordi-
nated biobank structures, which seek to gather clinical phenotypic data to-
gether with various biological blood, tissue, and genetic data over extended

29



periods of time” [129].

Biobanks both collect and maintain samples, generating sample collections
connected to individual health related information. Sample collections are
stored in biobanks until and/or between sample analysis is performed with
genetic, proteomic, metabolomic or other appropriate methods. In the re-
cent years major biobank infrastructure development has taken place, a still
on-going process, to meet researchers’ demands on storage, traceability
and accessibility of each unique sample within a large sample collection
in the numbers of hundreds of thousands of biological specimen (sam-
ples). Biobanks may be considered sample warehouses harboring both
legacy samples as well as newly collected samples apart of retrospective
or prospective studies, with electronic tracking and liquid handling systems.
Each individual sample may be directly or indirectly connected to informa-
tion collected regarding a donor’s lifestyle, clinically obtained health status
and also research results of potential relevance (for example indicating risk
of disease progression). The combination of this information can be an
ethically complex issue concerning privacy as a consequence of potential
experimental findings which might be generated in the future. The Euro-
pean research consortium Biobanking and Biomolecular Resources Re-
search Infrastructure (BBMRI) [130,131] connects more than 300 biobanks
across Europe, for instance Karolinska Institute Biobank in Sweden and
HUNT in Norway. Examples of large-scale population based studies are
National Cancer Institute in the United States, UK Biobank, the TWIN study
in Sweden and LifeLines in the Netherlands. UK Biobank manages mul-
tiple samples of different sample types and from different time points from
over 500 000 participants of the UK’s population and Lifelines in the Nether-
lands.

Best practices and standard operating procedures require harmonization
on an international level [132]. A common aim for many research groups is
to improve translational research based on clinically obtained sample col-
lections [133]. Well-tuned, efficient and consistent sample collection and
processing procedures, is in place at Swedish hospitals. It is however dif-
ficult to maintain the same consistent procedures at smaller clinics where
sample storage is often not co-located with the sample collection site.

In order to avoid sample to sample variation within a sample collection that
is not originating from the physiological status of a sample donor, standard-
ization of sample collection and handling is required [134]. Moreover, to
improve the comparability of independent research studies, the details of
sample collection, preparation, handling and storage should be described
thoroughly using a common terminology within the research community.
Examples of such terminology are the collaborative proposals Standard
PREanalytical Code (SPREC) [135] initiated in 2009 and Biospecimen Re-
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porting for Improved Study Quality (BRISQ) [136].

Many studies have been performed investigating the susceptibility (or lack
there of/stability) of protein detection with different proteomic methods [127,
137,138]. Both DNA aptamer based and mass spectrometric based studies
indicate that the majority of detected or identified proteins are insensitive to
sample handling and processing [139,140].

As Riegman and co-workers discuss in a study on biobanking for better
healthcare, ”translational cancer research is highly dependent of large se-
ries of cases including high quality samples and their associated data.”
[141]

Biobanks host valuable and non-renewable samples, motivating the im-
portance of well planned studies optimized for high quality data gener-
ation. Each collected and stored sample contains biological information
connected to an individual at a certain time point and is not renewable by
resampling for example a blood sample from the same individual at a differ-
ent occasion. Extensive and relevant clinical data connected to biobanked
samples can furthermore truly influence the outcome of a biomarker study.

The detectable plasma proteome

The human blood contains approximately 70 mg/ml proteins. Based on
the number of protein encoding genes, a complete proteome coverage with
proteomic methods has not yet been accomplished in blood derived sam-
ples [142]. Plasma and serum samples offer a systemic view compared to
the protein composition of a given tissue. Proteins of known concentrations
span more than 10 orders of magnitude, from the most abundant protein
Albumin down to the most low abundant interleukins and tissue leakage
proteins [143]. The 10 most highly abundant proteins are moreover known
to make up 90% of the protein content [142,143]. A broader dynamic range
covering 14 orders of magnitude, from albumin to single molecules per mi-
croliter has also been suggested [78]. The complexity of plasma is not only
a result of the vast dynamic range of the plasma proteome, but also pro-
tein interactions. Furthermore, proteins are present as precursors, mature
forms, post-translationally modified, and/or proteolytic forms.

The secretome, is a subproteome consisting of proteins that are secreted
from cells, present in the extracellular matrix and shed from the cell surface
[41,144]. Proteins of the secretome are furthermore predicted to be a part
of the plasma proteome, although transiently. An estimation of the number
of proteins that are secreted, based on protein encoding genes containing
a signal peptide and no transmembrane region in at least one of the splice
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variants, can be performed through bioinformatics analysis. The secretome
comprises with this estimation method 15% of the protein encoding genes
[Manuscript, Fagerberg et al.].

The unique set of proteins identified in human plasma may be referred to
as the detectable human plasma proteome and has shifted in size as a re-
sult of technical as well as data analysis development. In 2004, the human
plasma proteome was suggested to include 1175 distinct gene products,
with 195 proteins identified in more than one data set and 46 observed in
all data sets included in the study; which cumulatively yielded the list of
1175 proteins [145]. Protein identification and secondly quantification in
plasma has repeatedly proven to be a difficult task, with high inter exper-
imental variability and thus low reproducibility of protein identifications; a
major bottleneck for mass spectrometry based proteomics. Haab et al fur-
thermore found that the preferred blood preparation method for antibody
based microarrays varied with the analyte and that protein detection and
the quality of mass spectrometry data was associated with higher analyte
concentrations [146].

A greater plasma proteome coverage has been achieved by combining
data from experiments of complementary sample types and origins, sam-
ple fractionation methods and protein depletion, enrichment, preservation,
digestion and separation methods prior measurement as well as comple-
mentary mass spectrometry instruments [82, 147]. Data integration has
resulted in hundreds or thousands of unique proteins, depending on the
confidence level of the analysis [82, 148]. With the aim to provide an up-
dated and higher confidence level reference set of the human plasma pro-
teome (available at PeptideAtlas), Farrah et al recently combined data from
91 high quality mass spectrometry experiments from the Plasma Proteome
Project, the Chan dataset and corporate research laboratories using a new
pipeline enabling data integration and a more stringent data analysis [149].
More than 20 000 distinct peptides matching to 1929 non-redundant pro-
teins were identified, where 6% were immunoglobulins and rough indica-
tions of plasma concentrations provided using spectral counting.

On-going efforts in the Biobank Profiling research group (KTH, SciLifeLab)
include targeted and systematic protein profiling of subsets of the plasma
proteome, using suspension bead arrays with thousands of Human Protein
Atlas capture antibodies, in hundreds of plasma and serum samples re-
lated to cancers and cardiovascular diseases [Unpublished, Odeberg J O
et al.].
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Biomarker discovery in plasma
As discussed by Farrah and co-workers, ”blood plasma contains a combina-
tion of subproteomes derived from different tissues, and thus, it potentially
provides a window into an individuals state of health. Therefore, a detailed
analysis of the plasma proteome holds promise as a source of biomarkers
that can be used for the diagnosis and staging of diseases, as well as for
monitoring progression and response to therapy.” [149]

A biomarker can be a protein that acts as an indicator of a biological or
pathological process, in a specific, sensitive and reproducable manner. The
majority of proteins appear to be expressed in all major tissues, at varying
levels [73]. Proteins secreted from cells are hypothesized to enter fluids
proximal to the tissue in question and furthermore be able to ”reveal a lo-
calized disease process and be present at very low concentrations early
in disease” [78]. High assay sensitivity can enable the detection of low
abundant protein targets and can be effected by antibody specificity within
affinity based protein profiling in a complex environment such as plasma.
An easily accessible and systemic body fluid proximal to many tissues is the
blood. Blood, cerebrospinal fluid or other more proximal body fluids such
as seminal plasma in proximity to the prostate and ascites fluid in proximity
to the ovaries, are predicted to be enriched with secreted or leaked tis-
sue specific proteins of significant interest in the field of disease biomarker
discovery [150, 151]. In short, blood is an accessible, commonly collected
and promising sample source for the discovery of disease related biomark-
ers.

Biomarkers have proven to be easier to discover than validate and even
more difficult to bring into clinical use [152]. A review on FDA-approved or
-cleared protein tests in plasma or serum, published in 2010, yielded 109
unique proteins [153]. Furthermore, 80% of their in vitro diagnostic tests
were immunoassays. Approximately half of the 109 protein targets were
categorized as normally functioning in plasma, 25% were categorized as
tissue leakage proteins, 18% receptor ligands proteins and the remaining
6% as secreted proteins.

Fallon and co-workers state that ”biomarkers are needed for diverse areas
such as risk assessment, early detection, differential diagnosis, disease
staging and prognostication, treatment selection, and treatment monitor-
ing”. [154]
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In this thesis, study design includes the planning of sample selection and
collection, target selection, experimental design, statistical data analysis
and experimental verification from a biological and technical perspective.

Sample selection

In order to better understand and diagnose disease, clinical research stud-
ies can be performed. Study design can aim at including a selection of
samples that represent different stages of a disease as well as matched
controls in a population of interest [155], to be investigated with a system-
atic protein analysis method (Figure 6). Independent of the hypothesis or
research question, controls should preferably match disease samples with
respect to confounders such as age and gender [156]. Samples included
in a certain sample collection should moreover be collected, handled, pro-
cessed and stored according to the same standard operating procedure
and time period [125]. The main study types can be divided into longitudi-
nal and cross-sectional studies [27]. Cross-sectional studies can be based
on samples collected from a selection of individuals at a given point in time,
while longitudinal studies can comprise samples collected from individuals
over a time course. A cross-sectional study investigating protein profiles
in samples collected at the time of disease diagnosis can aim to discover
diagnostic candidate biomarkers, while predictive markers can theoretically
be discovered in samples collected prior disease establishment or progres-
sion. Other areas of use for biomarkers include disease risk assessment,
prognosis and screening [157].

The outcome of a study depends on multiple factors, where three key fac-
tors to be balanced are (1) the selection and knowledge of the biological
material, (2) the technical possibilities at hand and (3) a correctly posed
research hypothesis. Related and unrelated diseases can preferably be
included early in a biomarker discovery phase, to elucidate whether a can-
didate marker may be specific for a disease (e.g. prostate cancer), a dis-
ease area (e.g. cancer) or not clinically relevant and therefore not worth
pursuing in a validation pipeline [152] (Figure 6). An example of more gen-
eral disease biomarkers are plasma acute phase proteins which have been
found elevated across several diseases [152]. In the design of a study, the
number of samples required to generate information applicable to a given
sub-population can be approximated.
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Study size

The estimation of a study’s size, with respect to the number of samples, can
be calculated via power analysis and precision estimation [158]. Precision
estimation is effected by the specified confidence interval width, compared
to power analysis which is driven by the specified level of statistical power.
Hayat et al suggested that statistical power analysis can be performed be-
fore a study is carried out. Power analysis can be used to approximate
the number of samples required for a study and also after the study based
on the acquired data to approximate how much statistical power a study
has. In a biomarker discovery study, with no prior knowledge of the levels
and variation of each targeted analyte, a pilot sample set can be analyzed
to generate sample group means and an overall standard deviation of a
measured/detected analyte. An estimation of the number of samples re-
quired for a subsequent verification can be based on data acquired in the
pilot/discovery stage, to assure that adequate power is achieved and hence
statistically significant results [159]. There are however several factors that
can limit the number of samples in a study, such as sample availability and
technical and financial resources behind sample collection, handling and
analysis.

A disease can consist of many subgroups, stratified by for example tumor
progression rate and severity within a certain cancer [160, 161]. Consider-
ing disease heterogeneity during sample selection can yield small sample
subsets, regardless of a large sample collection due to the lower frequency
of for example more advanced disease subgroups such as regional lymph
node metastasis in prostate cancer. A screening study can include samples
representing extreme stages to be able to pick up biomarker candidates in
a small sample set.

Target selection

Protein microarrays can enable systematic and high throughput analysis of
many preselected protein targets in many clinical samples. Within affin-
ity proteomics (and also targeted mass spectrometry), targets are defined
during the study design process where validated affinity reagents (or sig-
nature peptides) for each protein target are included. The target selection
strategy of a biomarker discovery study can be divided into an undirected
hypothesis-generating and a directed hypothesis-driven approach (Figure
6) [50,57,162].
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Figure 6: Biomarker discovery, verification and translation overview using anti-
body microarrays. The selection of samples, affinity reagents and method are the
three stepping stones of a protein profiling study which aims to identify protein
targets of relevance for a disease (blue), improving the understanding of a patho-
physiological process or even aid in disease diagnosis or treatment selection. Val-
idation, via repeated measurements, analysis of independent sample collections,
evaluation of antibody performance and optimization of assay specificity and sen-
sitivity (green), can if successful be followed by a clinical evaluation of a candidate
biomarkers’ diagnostic performance via a developed diagnostic test (red), before
clinical use.

Experimental design

The choice of proteomic method for a biomarker discovery study can either
introduce certain limits (such as the number of samples) in a study’s design
or be driven by the aims of a study design. As discussed in the Affinity pro-
toemics chapter, there are advantages and disadvantages of the different
proteomics methods available (Figure 6) [106]. One method that can be
attractive in such a setting is the two-dimensionally multiplex antibody sus-
pension bead array, due to its ability to profile hundreds of proteins in hun-
dreds of samples per assay, without sample pre-fractionation. The quality
of affinity proteomics data can be evaluated with informative controls in-
cluded within an experiment and also between experiments, aiming for a
low technical variation and high assay reproducibility. The use of a ran-
domized sample layout can be essential to reduce effects of systematic ex-
perimental errors on a data set, which may mask true biological differences
of interest for the research question [163]. Technical variation of an as-
say can be assessed by comparing technical replicates of a blank, sample
reference or spike-in, added to the different steps of sample and antibody
microarray preparation (for single binder assays using labeled samples and
antibody suspension bead arrays). Correlation of data from two repeated
experiments can moreover be performed to assess the reproducibility of
an assay, targeting a defined set of analytes with a specific set of affinty

36



reagents.

In a multiplex protein profiling study using antibody suspension bead arrays,
parameters can be optimized to benefit the detectability of as many protein
targets as possible, since proteins are targeted in parallel in each labeled
sample and therefore also under the same single binder assay conditions.
Parameters such as sample dilution, suspension bead array - sample in-
cubation time, sample preparation and an assay’s dynamic range can be
valuable to optimize. The suspension bead arrays are flexible in the sense
that individual bead identities can be combined in several ways to yield dif-
ferent bead arrays targeting different sets of proteins.

While the assay performance can be investigated with repeated measure-
ments and experimental controls such as replicates and blanks (Figure 6),
the use of multiple antibodies per target protein and the development of
single-plex dual binder assays (sandwich immunoassays) can be applied
to investigate analytical specificity. The analysis of the same protein tar-
get(s) in several independent sample collections can enable the biological
verification of a candidate biomarker, in terms of it’s diagnostic ability to
identify true positives (cases) and true negatives (controls) (Figure 6). The
use of orthogonal methods such as Western blot and mass spectrometry,
of crude samples or affinity captured antigens, may further identify the tar-
get protein (Figure 6). A sensitive and specific analytical assay targeting
a potential candidate biomarker, which has thoroughly been verified both
technically and biologically, can be applied in a clinical setting for further
diagnostic evaluation (Figure 6).

Statistical tools for data analysis

Before testing for possible relations between protein profiles and a known
biological process within a data set, affinity proteomics data sets of high
dimensionality may be pre-processed. Data processing or normalization
can be performed to try to adjust for technical errors, to unmask biologi-
cally relevant data and be able to more appropriately compare individual
samples. The removal of potential sample outliers and also normalization
to filter noise and adjust for technical systematical errors and sample di-
lution effects are examples of data processing. The method probabilistic
quotient normalization takes into account technical dilution effects and total
protein contents of individual samples and can be applied to protein mi-
croarray data [164,165]. Technical errors such as plate/batch effects, sam-
ple collection location, assay time drift or sample preparation method can
be observed with principal component analysis and adjusted for with linear
models [50, 166]. Clinical characteristics with confounding effects within a
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data set may also be accounted for using linear models [166]. The calcula-
tion of the coefficients of variation (CV), for each protein profile generated
via a certain capture antibody and based on intensities from technical repli-
cates (technical variation) or individual samples (biological replicates), can
be compared prior and post data processing. A multivariate analysis of data
quality can be performed with hierarchical clustering and Principal Compo-
nent Analysis [167]. Principal Component Analysis can be combined with
Mahalanobis distance for outlier detection [168, 169]. The choice of nor-
malization method can be complex and might not benefit all protein profiles
of a high dimensional data set.

As discussed by Ransohoff, ”one of the dangers of having all these fancy
mathematical techniques is people will think they have been able to control
for things that are inherently not controllable.” [170]

The t-test is a univariate and parametric null hypothesis significance test
and can be used to estimate the probability value (p-value) that data from
two compared sample groups are not different from each other, given a
normal data distribution [171]. For non-normal data distributions rank sum
tests can be performed. The p-value thresholds 1 or 5 %, commonly
adopted as common significance level cut-offs, can be used to determine
a finding as statistically significant. The number of samples and effect size
(difference of group means) can influence the p-value, where an increase
in the number of samples can decrease/improve the p-value [172]. The
comparison of multiple groups can furthermore be performed using tests
such as Analysis of variance, Kruskal-Wallis test and linear models. Hy-
pothesis testing can be used to rank protein targets in order to select a list
of candidates for further verification.

The number of samples in a discovery study can be small (10s of sam-
ples) and may result in few statistically significant findings. The number of
findings can further decrease after accounting for multiple testing. Multiple
tests are performed on data based on multiplex assays targeting multiple
analytes, increasing the probability for false positives and can be accounted
for with false discovery rate corrections [173]. One can apply a stringent
cut-off for p-values accounted for multiple testing, with the risk of filtering
out candidate biomarkers due to an underpowered study (too few sam-
ples). Another strategy can be to use a more lenient p-value cut-off and
select reproducible findings based on repeated measurements in several
independent and extended sample collections.

The intensity profiles of several proteins can be combined in a multivari-
ate analysis with the aim to improve sample group classification by the
use of patterns based on several protein targets. The selection of fea-
tures to be included in a multivariate model can be performed with multiple
approaches, for example top ranked variables from univariate testing or
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support vector machines, principal component discriminant analysis and
partial least squares discriminant analysis [172,174]. The statistical valida-
tion of a multi-protein panel can be performed using cross-validation and
training and test data sets. Petterns can even be found in randomized data,
when the dimension of samples and variables is high enough, even after
cross-validations, motivating the value of data reproducibility as a means of
verification.

Sample and disease heterogeneity can decrease the possibility to bio-
logically verify the specificity and sensitivity of potential biomarkers in in-
dependent sample collections [154]. A method including several mark-
ers, that individually identify disease subgroups and together in a multi-
variate setting identify a disease from a compared state such as healthy
or a less advanced disease stage, was demonstrated by Fallon and co-
workers [154].

Diagnostic accuracy of a biomarker candidate can be evaluated with re-
ceiver operator characteristics, taking diagnostic specificity and sensitivity
into consideration. The area under the curve of a receiver operator charac-
teristic can be used to compare the performance of individual biomarkers,
where an area as close to one as possible is desirable [174–176]. Neither
false negative nor false positive classifications of patient samples are desir-
able for a diagnostic candidate biomarker, resulting in misclassifying cases
as controls and controls as cases respectively. The data quality, study size,
sample selection and analytical specificity and sensitivity of an assay are
parameters which can determine the reproducibility in a clinical setting.

In conclusion, the low success rate of translating candidate biomarkers into
clinically available diagnostic tests is a well discussed topic and much effort
has been focused on developing biomarker research pipelines [162, 177,
178]. Despite the large number of candidates discovered, few have been
validated and even less further translated into clinical use. One of the main
challenges is the low availability of well-defined and well-designed sample
collections large enough to enable sufficient statistical power for biomarker
verification. The reality of a heterogeneous population as well as a hetero-
geneous disease can be that relative differences and not binary on/off dif-
ferences are found in biomarker studies. The choice of proteomics method
can be crucial for the success of a biomarker discovery as well as verifica-
tion study, considering aspects such as analytical sensitivity and specificity,
sample complexity, assay reproducibility and throughput capacity. The ad-
vancement of affinity proteomic methods, offering the capacity to analyze
thousands of samples can be a promising approach for a biomarker verifi-
cation.
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Present Investigation
Aims of this thesis

The studies included in this thesis were mainly performed using suspension
bead arrays. Selected protein targets were profiled in blood derived sam-
ples in a parallel and high throughput manner using antibodies generated
by the Human Protein Atlas and Atlas Antibodies.

In paper I, the influence of sample preparation type was compared in blood
derived samples and biomarker discovery within metabolic syndrome, us-
ing antibody suspension bead arrays.

In paper II, the influence of the pre-analytical variables time and tempera-
ture on blood derived samples was investigated, using antibody suspension
bead arrays.

In paper III, epitope retrieval was evaluated in heat-treated samples and
applied to discover prostate cancer associated proteins, using antibody
suspension bead arrays.

In paper IV, polyclonal antibodies were divided into several epitope-specific
antibodies using affinity chromatography and antigen suspension bead ar-
rays and evaluated with Western blot, immunohistochemistry, immunofluo-
rescence and sandwich immunoassay.

In paper V, a multi-antibody sandwich immunoassay targeting a candidate
biomarker for aggressive prostate cancer was generated and used for bio-
logical biomarker verification, using antibody suspension bead arrays.

Contributions to the papers in this thesis

I performed experimental planning, laboratory work, data analysis and man-
uscript preparation in all papers, as the main contributor in papers II and V
and focused on the target protein CNDP1 in paper IV.
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Preanalytical sample preparation

Preanalytical sample preparation methods can influence protein profiles
generated with proteomic methods and as a result also the outcome of
biomarker discovery studies. The parameters sample preparation type (Pa-
pers I-II), post-centrifugation delay (Paper II) and sample heat treatment
(Paper III) were investigated in a multiplex protein profiling approach using
single binder suspension bead arrays.

Plasma preference for antibody suspension bead arrays

The influence of blood sample preparation methods on protein profiles,
generated with multiplex antibody suspension bead arrays using 174 binder-
s, was investigated in a comparative manner analyzing serum and EDTA
plasma from 17 donors (Paper I).

The comparison of paired serum and plasma by sample-wise clustering
based on Pearson’s correlation revealed sample preparation dependent
sample clusters. Out of the 174 protein profiles compared, the sample
preparation dependent clustering was driven by 21% of the antibodies, de-
termined with paired univariate t-tests and an FDR <0.05. The exclusion of
sample preparation dependent antibodies revealed a donor specific cluster-
ing. A biologically relevant finding may more likely be observed with an anti-
body generating protein profiles containing a biological variation, reflecting
sample heterogeneity, that is greater than the technical variation, reflect-
ing experimental variability. In paper I, protein profiles of plasma samples
moreover indicated a higher biological variation than serum samples, while
a comparable technical variation was observed.

Post centrifugation delay prior sample storage

The outcome of biomarker research may be influenced by variability in sam-
ple collection, preparation, handling or storage conditions between or within
biobanks rather than disease states. Blood samples are after needle aspi-
ration centrifuged in order to retrieve plasma or serum. In population stud-
ies with multiple collection sites, samples can on a routine basis be trans-
ported at ambient temperature from multiple collection sites to a biobank
for long-term storage. The time interval post centrifugation and until first
storage at -80 ◦C for serum and plasma can be a variable factor and has
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Figure 7: (A) Sample preparation dependent protein profiles obtained with a
multiplex single binder assay targeting 343 proteins in 96 samples per preparation
type. (B) Verification of antibody specificity in a dual binder assay with a multiplex
capture array and anti-CALD1 detection (Supplementary figure 2, Paper II).

been investigated with methods such as mass spectrometry, aptamer mi-
croarrays and antibody suspension bead arrays. In paper II, the impact
of pre-analytical variation was investigated with an antibody suspension
bead array based on 373 unique antibodies targeting 343 unique proteins
in serum and two preparations of EDTA plasma samples collected from 12
healthy donors and exposed to post centrifugation delay at ambient tem-
perature or 4 ◦C.

The multiplex protein profiling data, based upon 373 unique antibodies and
96 samples per sample preparation type, revealed sample preparation de-
pendent intensity profiles for 86% of the antibodies. The majority of differ-
ential protein profiles were at a higher intensity level in serum compared
to plasma, while plasma revealed the most prominent differences with anti-
fibrinogen antibodies (Figure 7A).

Few protein profiles were influenced by the conditions time and tempera-
ture, varied in this study. A 20-plex single binder assay reanalyzing the di-
rectly labeled serum and plasma samples reproduced a statistically signifi-
cant difference in 1 of 20 protein targets selected for verification. Intensities
measured via the antibody targeting the protein Caldesmon 1 (CALD1), de-
creased in plasma collected with EDTA standard tubes in samples exposed
to either temperature for 36 h prior first storage, determined with a linear
mixed effects model also considering sample donor ID. Biological verifica-
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tion was addressed by including 4 additional sample donors to both a single
binder and a dual binder assay targeting CALD1. The cross-reactivity of the
CALD1 dual binder assay was evaluated by the use of the 20-plex antibody
array for protein capture and anti-CALD1 for detection (Figure 7B).

The subcellular localizations cytoskeleton (actin filaments) and plasma me-
mbrane were recently validated for the protein Caldesmon 1. A systematic
siRNA assay was established for specific CALD1 knock-down in a U-2 OS
human osteosarcoma cell line [179]. The expression and localization was
determined using an anti-CALD1 antibody binding a different part of the tar-
get protein than in paper II, detected via a fluorescently labeled secondary
antibody and confocal microscopy based imaging. Compared to the CALD1
antibody used in paper II, the antibody targets a non-overlapping C-terminal
region of CALD1, with antibody binding observed at the same subcellular
localizations and with a similar Western blot profile.

Similarly to paper I, sample preparation dependent protein profiles were re-
vealed. Secondly, paper II reports on minor effects from the pre-analytical
conditions observed for the 343 targeted proteins, using polyclonal anti-
bodies, direct labeling and suspension bead arrays, indicating that samples
may preferably be frozen and stored during the day of collection.

The influence of heat treatment on protein profiling generation

Antigen retrieval methods such as heat treatment can be used in affinity
based applications, resulting in protein denaturation and maybe protein ag-
gregation. The influence of pre-analytical sample heat-treatment prior the
incubation with an antibody suspension bead array was investigated in pa-
per III, aiming for heat induced epitope retrieval.

Different temperature levels enabled different protein profile patterns across
96 plasma samples with antibody specific changes in signal intensity levels
(Figure 8A). The number of antibodies with an increased signal intensity
peaked at the temperatures 56 ◦C and 72 ◦C (Figure 8B).

With the prostate cancer biomarker prostate specific antigen (PSA) as a
model system, an increase in temperature while heat-treating samples im-
proved the detection limit of recombinant PSA spiked into plasma as well
as endogenous PSA in plasma samples, increasing assay sensitivity as
well as the correlation between experimentally and clinically obtained PSA
levels in a prostate cancer related cohort.

In summary, temperature dependent antibody performance can influence
antigen accessibility, observed in differential protein profile clusters and im-
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A B

Figure 8: Temperature-dependent antibody performance. (A) Heat maps show-
ing the apparent influence (evaluated via intensity profiles of 84 plasma samples
across 96 HPA antibodies) from sample heat treatment. (B) The number of anti-
bodies showing altered signal intensities as a result of pre-analytical sample heat
treatment at 23 − 96 ◦C, compared to 23 ◦C. Figures adapted from paper III.

proved assay sensitivity in plasma using antibody suspension bead arrays
as single binder assays.

Biomarker discovery and verification

Circulating proteins present in our blood may hold valuable information aid-
ing the diagnosis of a certain medical condition. The blood preparations
plasma and serum are widely used in proteomic biomarker discovery stud-
ies, although few biomarkers have this far been reported to be verified in
extensive patient material. The choice of sample preparation type and fur-
thermore development of biomarker verification reagents and assays were
investigated and may contribute to a valuable biomarker verification strat-
egy papers I and III-V.

Plasma samples may allow more biomarker discoveries

The influence of sample preparation in a biomarker discovery study was
investigated by comparing protein profiles generated in serum and EDTA
plasma samples in the context of metabolic syndrome (Paper I). Within
metabolic syndrome, the biochemical blood parameters cholesterol, high-
density lipoprotein (HDL) cholesterol, non-esterified fatty acids, triacylglyc-
erol (TAG), glucose, insulin and apolipoprotein B were considered. Plasma
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Table 2: List of protein targets profiled in serum and plasma with an antibody
suspension bead array.

significantly altered in relation to different blood parameter
values, groups of patients were formed based on high
(top 24) and low (bottom 24) parameter values (Supporting
Information Table 1). The results from these multiple
comparisons were summarized in Table 2 in which anti-
bodies that allowed separating groups with a significance of

pr0.05 were shown. Only an anti-ADAMTSL-4 antibody
displayed differential intensity values in both serum and
plasma and in both preparations it was found at higher
levels for the groups with high HDL cholesterol as well as
low TAG levels (Fig. 5). These findings were confirmed with
Western blot (Supporting Information Fig. 2) where bands

Table 2. List of antibody targets

Grouping Antibody ID Protein Gene ID p-Values

Plasma Serum

Glucose HPA004063 AH receptor-interacting protein ENSG00000110711 0.004 –
HDL cholesterol HPA001527 Serotransferrin ENSG00000091513 – 0.0002
HDL cholesterol HPA006279 ADAMTSL-4 ENSG00000143382 0.00005 0.0002
Insulin HPA001465 Complement component 7 ENSG00000112936 0.00009 –
Insulin HPA006279 ADAMTSL-4 ENSG00000143382 0.02 –
TAG HPA006279 ADAMTSL-4 ENSG00000143382 0.0003 0.0004
TAG HPA002989 Osteonectin ENSG00000113140 0.02 –
TAG HPA007724 Vitamin K-dependent protein S ENSG00000184500 0.02 –

Groups of individuals were formed based on biochemical blood parameters (Supporting Information Table 1) and both serum and plasma
were studied independently. From differential analysis in seven comparisons, p-values were calculated from a moderated t-test and FDR
corrected, and only results with a significance of po0.05 were shown.

Figure 5. Signal intensity distribution. For
plasma (left panel) and serum (right panel)
three of the interesting antibodies were
chosen to exemplify the distribution of
intensity values. In (A), patient groups had
been formed on TAG levels and the inten-
sities from an anti-ADAMTSL-4 antibody
allowed separating the groups using both
sample types. In (B), insulin served to form
patient groups and an anti-complement
component 7 (C7) antibody revealed differ-
ences only in plasma. For (C) the signals
from an anti-serotransferrin (TF) antibody
are shown, which revealed significant
differences between high- and low-HDL
cholesterol blood values only in serum.

538 J. M. Schwenk et al. Proteomics 2010, 10, 532–540

& 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com

Statistically significant associations were revealed with biochemical blood parame-
ters glucose, high-density lipoprotein cholesterol, insulin and triacylglycerol, mainly
in plasma but also in serum. HDL; high-density lipoprotein, TAG; triacylglycerol.
Adapted from Paper I.

and serum from 72 donors were analyzed with an antibody suspension
bead array targeting 48 proteins with potential relevance to metabolic dis-
ease and 22 proteins previously detected in serum and plasma, in total 70
protein targets.

A statistically significant difference, based on a linear regression model ac-
counting for possible confounding by age or gender and multiple testing,
was revealed between metabolic syndrome cases and controls by targeting
ADAMTS-like protein 4 (ADAMSTL4) in plasma samples. ADAMSTL4 pro-
tein profiles were furthermore associated with HDL cholesterol and triacyl-
glycerol in both plasma and serum (p <0.0005) and with insulin in plasma
samples (p <0.05), determined by multiple testing adjusted p-values based
on t-tests. Besides ADAMSTL-4, plasma revealed differences in four addi-
tional protein profiles in plasma and one in serum (Table 2).

In this study comprising protein profiles based on 70 protein targets and
72 sample donors, plasma revealed more discoveries in the context of
metabolic syndrome biomarker candidates and, as previously discussed
in the sample preparation section, a greater biological variability across in-
dividual samples than serum.

The need for new accurate biomarker candidates to detect
aggressive prostate cancer

Prostate cancer is the second most common cancer among men, with ap-
proximately 10 000 new cases, 2 500 prostate cancer related deaths and
45 000 men under active surveillance each year in Sweden. The risk for
prostate cancer increases with age. The incidence of prostate cancer is
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30% in men between the ages 55 and 64, where 8% of these cases are
estimated to advance to clinically apparent cases of localized (indolent)
or metastatic (aggressive) disease. Aggressive cases with distant metas-
tases can face a survival rate of 30% [180]. Prostate cancer is detected via
routine clinical check-ups, based on elevated serum levels of Prostate Spe-
cific Antigen and a digital rectal examination, and malignancy confirmed via
prostate tissue biopsy [181]. The two methods can be considered comple-
mentary and may increase the detection rate of prostate cancer. The level
of the serum glycoprotein and biomarker PSA can increase with prostate
cancer incidence, but also with age, benign prostatic hyperplasia and pro-
statitis. No reliable PSA cut-off for prostate cancer diagnosis has been de-
termined, as the diagnostic specificity and sensitivity using different cut-off
values, ranges 20-40% and 70-90%, respectively, are not satisfactory [182].
The diagnosis of asymptomatic prostate cancer cases has improved with
PSA screening, but it is uncertain whether routine check-ups improves
prostate cancer survival and the issue of overdiagnosis and overtreatment
in an aging population has been heavily debated [181,183].

There is a need and also a research focus on a genetic and proteomic level
for new candidate biomarkers, found in plasma, urine and tissue and able
to accurately diagnose and stage disease [182,184]. Promising biomarkers
candidates have been discovered in both tissues and body fluids, which re-
quire further validation [180]. A specific and sensitive diagnosis of aggres-
sive cases, prognosis of disease severity and prediction of therapy outcome
are biomarker characteristics which, with a low-cost method for a panel of
biomarkers and an easily accessible sample, would be beneficial with re-
spect to patient survival and healthcare costs.

Discovery of prostate cancer biomarker candidates with heat
induced epitope retrieval coupled to antibody suspension bead
arrays

In a study based on prostate cancer screening via PSA testing, several
proteins with differential profiles were discovered and subsequently ver-
ified in an independent sample collection based on prostate cancer pa-
tients with aggressive or indolent cancer and healthy controls (paper III).
For one of the potential biomarkers, the human carnosine dipeptidase 1
protein (CNDP1), the differences were determined to be related to the gly-
cosylation status of the targeted protein based on Western blot. Paper III
shows an approach for large-scale screening of biobank repositories in a
flexible and proteome-wide fashion by using heat-induced epitope retrieval
and an antibody suspension bead array format.
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Figure 9: Epitope-specific or monospecific antibodies towards CNDP1 generated
via epitope specific affinity purification. (A) Epitopes and molecular identification
from peptide bead arrays and Western blot shown for the polyclonal sera puri-
fied as antigen specific antibodies (polyclonal antibodies) and five monospecific
antibodies. Sandwich immunoassays analyzing titration curves of CNDP1 spiked
into plasma, using a 6-plex capture array and peptide 1 or peptide 15 specific
monospecific detection antibody, are shown. A functional antibody pair was de-
termined with a relative detection limit for CNDP1 <10 ng/mL (+). (B) Epitopes
for peptide 1 and 15 and the antigen used for polyclonal antibody generation are
indicated in the crystal structure of CNDP1 and a linear view of the amino acid
sequence of CNDP1. Text and image from paper IV.
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Sandwich pairs can be generated with epitope specific
antibodies purified from a polyclonal antibody mixture

A method for the generation of monospecific antibodies using epitope map-
ping and epitope specific affinity purification is described in paper IV, to-
gether with the evaluation of monospecific antibodies using immunohis-
tochemistry, Western blot, immunofluorescence and sandwich immunoas-
says. Four polyclonal antibodies generated towards protein fragments ap-
proximately 100 amino acids long (PrESTs) representing the protein targets
RBM3, ANLN, SATB2 and CNDP1 were epitope mapped using peptide sus-
pension bead arrays covering the antigen sequence. Polyclonal antibodies
were subsequently separated using epitope corresponding peptides and
affinity fractionation. Multiple antibody fractions were generated per pro-
tein target, remapped using each respective peptide array and applied in
different affinity methods. Differential specificity and functionality were ob-
served for the different antibody fractions across the application platforms.
For CNDP1, two epitope-specific antibodies, targeting CNDP1 antigen pep-
tides 1 and 15, were compatible as paired antibodies in a sandwich im-
munoassay, here analyzing a titration series of CNDP1 spiked plasma, with
an apparent limit of detection below 10 ng/ml (Figure 9). Monospecific an-
tibodies enabling low cross reactivity detection of a target protein can be
further used in the design of antigen for mouse immunization and subse-
quent monoclonal antibody production.

The development of a sandwich immunoassay targeting
multiple CNDP1 epitopes

In the presented study paper V, plasma samples from more than 1,000 in-
dividuals from three independent sample collections were analyzed in the
context of prostate cancer, using a sandwich immunoassay developed for
the target protein CNDP1, a candidate prostate cancer biomarker discov-
ered in paper III using single binder assays and undirected protein target
selection. Polyclonal, monoclonal and epitope-specific (paper IV) antibod-
ies were included in the verification study to target CNDP1 in plasma. An-
tibody specificity was evaluated using peptide arrays for epitope mapping
and mass spectrometry coupled immuno-precipitation for protein identifica-
tion, using CNDP1-antibodies. CNDP1-antibodies were additionally used in
the development of a multi-antibody sandwich immunoassay. Antibody sen-
sitivity was evaluated by determining the limit of detection based on plasma
spiked recombinant CNDP1. Decreasing levels of CNDP1 in plasma from
patients at a later stage of prostate cancer were observed, in particular of
those classified with regional metastasis of the lymph nodes.
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Figure 10: Epitope regions for the six antibodies employed as capture antibodies
in a multiplex CNDP1 sandwich immunoassay (black). The antibodies were epi-
tope mapped using 15mer peptides covering the CNDP1 amino acid regions for
antigens 1 and 2 (grey). Adapted from paper V.

The reproducibility of this finding was tested in larger and independent sam-
ple collections with the bead based sandwich immunoassay using a panel
of epitope mapped anti-CNDP1 capture antibodies (Figure 10) and a poly-
clonal CNDP1-detection antibody. The observed decrease of detected pro-
tein levels for patients with aggressive prostate cancer was found to be
independent of the proteins N-glycosylation state and potentially relate to
free CNDP1. This candidate marker did not classify T or M stage better
than total plasma PSA, which was the case for classification of N stage.
CNDP1 as a part of a multi-protein panel, may be of clinical importance in
the diagnosis of aggressive prostate cancer.

While the discovery sample collection consisted of heparin prepared plasma
samples, the three verification sample collections had been prepared with
the anti-coagulant EDTA. Adelmann and co-workers recently found that de-
tected levels of CNDP1 in serum, heparin plasma and EDTA plasma were
similar using sandwich immunoassays with a polyclonal CNDP1 antibody
pair, while the use of a monoclonal CNDP1 detection antibody revealed al-
tered CNDP1 levels [185]. In paper V, both monoclonal and polyclonal an-
tibodies were employed for the detection of CNDP1 in EDTA plasma sam-
ples, with highly correlative antibody intensity profiles.

Concluding remarks

I began my PhD in 2008, just before we in the Biobank profiling group ob-
tained a FLEXMAP 3D system from Luminex, enabling 384 samples to be
analyzed for up to 500 analytes, in a single assay. The current assay dimen-
sions for antibody suspension bead arrays of 96 samples x 100 analytes
were dramatically lifted.
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The challenges following the increase of throughput; data evaluation and
analysis, although well investigated today, still introduce uncertainties to
the assay in terms of weighing assay optimization per target against high
throughput and assay standardization, the diversity of antibody performance
and dynamic range of analyte concentrations in plasma.

Valuable experiences regarding how to define a path from biomarker dis-
covery, highlighting the importance of well designed and prepared sam-
ple collections and also the benefits of systematic and undirected high-
throughput protein profiling, to the strategy for both biological and technical
biomarker validation on a single-analyte level. The availability of technically
verified affinity reagents is a key determinant for large scale protein profiling
studies and also in the development of sensitive and specific protein target
detection and downstream verification assays.

The bridging of proteomic methods should be continued in order to excel
biomarker verification, by taking advantage of the strengths of each re-
spective method and thereby increasing the quality of research results and
translatability into clinical markers of medical value.
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Gibson, David Gloriam, Larry Gold, Friedrich W Herberg, Henning Hermjakob, Jörg D Hoheisel,
Thomas O Joos, Olli Kallioniemi, Manfred Koegl, Manfred Koegll, Zoltán Konthur, Bernhard Korn,
Elisabeth Kremmer, Sylvia Krobitsch, Ulf Landegren, Silvère van der Maarel, John McCafferty,
Serge Muyldermans, Per-Ake Nygren, Sandrine Palcy, Andreas Plückthun, Bojan Polic, Michael
Przybylski, Petri Saviranta, Alan Sawyer, David J Sherman, Arne Skerra, Markus Templin, Mar-
ius Ueffing, and Mathias Uhlén. ProteomeBinders: planning a European resource of affinity
reagents for analysis of the human proteome. Nature Methods, 4(1):13–17, January 2007.

[58] Federico De Masi, Pieranna Chiarella, Heike Wilhelm, Marzia Massimi, Belinda Bullard, Wilhelm
Ansorge, and Alan Sawyer. High throughput production of mouse monoclonal antibodies using
antigen microarrays. PROTEOMICS, 5(16):4070–4081, November 2005.

[59] Darren J Schofield, Anthony R Pope, Veronica Clementel, Jenny Buckell, Susan Dj Chapple,
Kay F Clarke, Jennie S Conquer, Anna M Crofts, Sandra R E Crowther, Michael R Dyson,
Gillian Flack, Gareth J Griffin, Yvette Hooks, William J Howat, Anja Kolb-Kokocinski, Susan
Kunze, Cecile D Martin, Gareth L Maslen, Joanne N Mitchell, Maureen O’Sullivan, Rajika L
Perera, Wendy Roake, S Paul Shadbolt, Karen J Vincent, Anthony Warford, Wendy E Wilson,
Jane Xie, Joyce L Young, and John McCafferty. Application of phage display to high throughput
antibody generation and characterization. Genome biology, 8(11):R254, 2007.
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Andersson, Caroline Kampf, Anja Persson, Cristina Al-Khalili Szigyarto, Jenny Ottosson, Erik
Björling, Sophia Hober, Henrik Wernérus, Kenneth Wester, Fredrik Ponten, and Mathias Uhlén.
Towards a human proteome atlas: High-throughput generation of mono-specific antibodies for
tissue profiling. PROTEOMICS, 5(17):4327–4337, October 2005.

[70] Linn Fagerberg, Charlotte Stadler, Marie Skogs, Martin Hjelmare, Kalle Jonasson, Mikaela Wik-
ing, Annica Abergh, Mathias Uhlén, and Emma Lundberg. Mapping the subcellular protein
distribution in three human cell lines. Journal Of Proteome Research, 10(8):3766–3777, August
2011.
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