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Abstract

The detection and analysis of biomolecules, such as proteins, are of great interest since these molecules 

are fundamental for life and our health. Due to the complexity of biological processes, there is a great 

advantage of studying proteins in their natural context, for example by using bioimaging. The objective of 

this doctoral thesis has been to develop, implement and evaluate techniques for the use of protein-

specific affinity reagents in diverse bioimaging platforms for analysis of protein expression in situ in cells 

and tissues.

 To be able to visualize a desired protein in situ using affinity reagents, reporter labels are needed. A 

novel technique for labeling of antibodies on solid phase was developed. This method offers 

simultaneous purification, concentration and labeling of an antibody sample, giving highly predictable 

and reproducible results, in a miniaturized format. 

 Another study demonstrates the use of an alternative affinity reagent, the Affibody molecule, in 

bioimaging as well as other immunoassays. As a relevant proof-of-principle, an Affibody molecule 

binding the HER2 receptor was site-specificly labeled and employed for analysis of HER2 protein 

expression in cells and tissue using immunofluorescence (IF), immunohistochemistry (IHC), 

immunoprecipitation and flow cytometry. 

 Furthermore, it is shown how antibody-based bioimaging approaches can be applied for systematic 

analysis of protein expression in terms of subcellular localization and expression levels in cell lines. The 

systematic subcellular localization of nearly 500 proteins was performed using IF and confocal 

microscopy. Global analysis of expression levels of nearly 2000 proteins in a panel of cell lines using IHC 

and automated image analysis, revealed that most proteins are expressed in a cell size dependent manner. 

Two normalization approaches were evaluated and found to allow for protein profiling across the panel 

of morphologically diverse cells, revealing patterns of protein over- and underexpression, and proteins 

with stable as well as with lineage specific expression were identified. 

 Finally, the value of antibody-based, bioimaging proteomics as a platform for biomarker discovery 

is demonstrated. The identification and in depth study of a candidate biomarker for colorectal cancer, 

SATB2, is described using both IHC and IF bioimaging. Results from extended analyses of tumor 

biopsies showed that detection of SATB2 protein using IHC provides a clinically relevant diagnostic tool 

with high specificity and sensitivity to aid in diagnosis of colorectal cancer. Furthermore, the study 

demonstrated a potential prognostic role of SATB2, as decreased expression was associated with a 

significantly shorter overall survival in patients with advanced colorectal cancer. 

Keywords: Affibody, antibody, biomarker, cell line, cell microarray, colorectal cancer, confocal 

microscopy, HER2, immunohistochemistry, immunofluorescence, light microscopy, protein expression, 

protein localization, SATB2, tissue microarray. 
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1. Proteins

Even though all humans basically have the same set of genes, it is small differences within the 

genes and differences in expression of the gene products, the proteins, that makes us who we 

are. The selective expression of proteins at given time points and locations, constitutes the 

basis for all kinds of life. Without such, the fertilized human egg would never be able to divide 

and develop into all the different cell types, tissues and organs that altogether form the human 

body.

Proteins are essential building blocks of all living organisms and are involved in nearly all 

processes of life. They are the most abundant of all biomolecules and the amazing variety 

amongst them provides an enormous diversity of biological functions, including for example 

catalysis, regulation, signaling, mechanical support and protection from pathogens. The basis 

for the biological function of most proteins is the ability of specific interaction with other 

biomolecules. In fact, most biological processes progress through complex networks of 

interactions mediated by proteins. The importance of proteins being the “biological executers 

of function” can be illustrated by the fact that the majority of pharmaceutical drugs on the 

market act by targeting proteins (Drews, 2000). 

Despite the enormous variation in function, all proteins are built from only 20 building blocks, 

the amino acids. Each amino acid has unique chemical characteristics and when joined 

together, a polypeptide chain is formed. The word protein originates from the Greek word 

“prota” meaning “of primary importance” and was first used by the Swedish scientist Jöns 

Jacob Berzelius in 1838 to describe a polymer of amino acids (Hartley, 1951). The properties 

of a protein depends on the sequence of the polypeptide chain since it dictates the structure 

and hence functions of the folded protein (Anfinsen, 1973). The information required for 

protein expression is stored in the deoxyribonucleic acid, DNA, and each protein is encoded 

by a specific segment of DNA, a gene. The fundamental process of flow of sequence 

information from DNA to protein is referred to as the central dogma (Figure 1.1) (Crick, 
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1970). The DNA is transcribed into mRNA (messenger ribonucleic acid) that is translated into 

a sequence of encoded amino acids. The generated polypeptide chain is folded into secondary 

structure elements, e.g. a-helices and ß-sheets, joined by loops and turns. These secondary 

structure elements are in turn folded into a tertiary structure held together by intramolecular 

bonds. Some proteins are composed by several polypeptide chains interacting with each other 

to form a quarternary structure. 

Figure 1.1. The central dogma of molecular biology, involving the processes of replication, transcription 

and translation. Reproduced with kind permission of Caroline Grönwall. 

The number of protein-coding genes is currently estimated to be around 20,500 (Clamp et al., 

2007). However, each gene can give rise to a number of alternatively spliced transcripts and 

proteins can be modified after translation, resulting in a substantially higher number of 

functionally different proteins. The entire protein complement expressed by a genome is 

denoted proteome (Wilkins et al., 1996) and even though the sequence of the human genome 

as well as numerous of genomes from other organisms now are known, a significant 

proportion of the encoded proteins remain uncharacterized. The comprehensive 

understanding of the human proteome at a functional level has just started and will provide a 

deeper insight into the molecular biology and likely facilitate the design of novel drugs, medical 

treatments and diagnosis. 

1.1 Protein localization 

The function of the complex machinery of a higher living organism, such as the human body, 

is achieved by the careful orchestration of specialized c e l l s  (i.e. the structural, functional and 

biological unit of all organisms) into t i s sues  (i.e. a group of cells that have similar structure and 
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function) and organs  (i.e. a group of tissues that perform a specific function or group of 

functions).

The integrity of the intracellular processes is maintained according to the same principle; 

careful organization of individual proteins or protein complexes, so that they only interact at 

defined sites at given time points. Natures delicate way of solving this has been through 

intracellular compartmentalization, for example by membrane bounded organe l l e s . Each type 

of compartment is defined by its own chemical characteristics and specialized molecules, for 

example the acidic pH in lysosomes or the oxidative environment of mitochondria, that allows 

specialized functions such as digestion of macromolecules in the lysosome or energy 

production in mitochondria (Alberts et al., 2002).

By understanding the localization of a protein on tissue, cellular and subcellular level, 

conclusions about protein function can be drawn. Information on changes in localization over 

time can provide additional information, for instance regarding the activation of a protein or 

the malignant transformation of a cell. Thus localization of proteins provides a key step 

towards understanding the complex biology behind the human body, diseases and cell 

function.

1.2 Protein expression levels 

It is basically the activity of proteins (and other biomolecules) present in a cell that determines 

its function and phenotype. Although the activity of a protein stem from more complex 

regulation processes than simply expression levels, quantification of protein abundance is of 

outmost importance to understand protein function and cell biology. 

There is a vast range of different protein expression levels in the human body and the variation 

can be viewed from different perspectives. Firstly, different proteins are abundant at different 

levels. Some proteins are expressed at very low levels, while some have extremely high 

concentrations (Miklos and Maleszka, 2001). For instance the concentrations of different 

proteins in human plasma have been demonstrated to span over at least ten orders of 

magnitude (Anderson and Anderson, 2002). Secondly, the concentration of one specific 

protein can vary between different cell types, cells and cellular compartments, for example 

giving rise to tissue specific expression patterns. Thirdly, the expression level of one specific 
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protein can vary within different cells or compartments, for example cell cycle regulators 

which expression vary over time. For a given protein, the concentration in vivo generally span at 

least two orders of magnitude and in certain extreme cases, such as after gene amplifications, 

the protein expression can range from a few hundred per cell to millions (Rimm, 2006). It has 

also been shown that there is a certain natural variability, stochasticity and noise in protein 

expression (Colman-Lerner et al., 2005; Bar-Even et al., 2006; Sigal et al., 2006a; Sigal et al., 

2006b).

In addition, loss, modification, down-regulation or up-regulation of protein expression is often 

the cause of disease. For example the tumor suppressor p53 is mutated, and therefore loses its 

function, in 50% of all human cancers. Strikingly, mutated p53 is often up-regulated as an 

attempt to compensate for the loss of function (Soussi, 2000).  Hence, information on over- or 

under-expression of a certain protein may potentially answer questions regarding specific 

cellular traits or human diseases. 

1.3 Proteins as biomarkers for disease 

Biomarkers are biological molecules that function as indicators of a physiologic state and 

change thereof during a disease process (Srinivas et al., 2001). Biomarkers can for example be 

proteins or mRNAs and are important tools for detection, diagnosis, treatment and monitoring 

of disease. 

The value of a biomarker lies in its ability to provide early indication of disease or to monitor 

disease progression. Biomarkers should be easy to detect and provide a reliable factor that is 

measurable across populations. There are many types of biomarkers, for example diagnostic, 

prognostic and predictive markers (Sawyers, 2008).  Diagnostic markers are used to make a 

diagnosis of disease. Prognostic markers allow the natural course of a disease to be predicted 

for an individual patient. Depending on if the predicted outcome is good or poor, decisions on 

how aggressively to treat the patient can be made. Predictive biomarkers are used to assess 

whether a patient will benefit from a certain therapy or not. One example of a diagnostic and 

prognostic biomarker routinely used in the clinic, is prostate specific antigen (PSA), a protein 

produced in the prostate gland. PSA is present at low levels in the serum of healthy men but is 

often present at higher levels in cases of prostate cancer (Catalona et al., 1991). A blood test 

can be made to measure PSA levels enabling early detection of prostate cancer. With these 
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types of biomarkers comes the possibility of personalized medicine, where the treatment of a 

disease can be tailored individually for each patient. A major concern regarding biomarkers is 

whether the reliability is high enough when only one single biomarker is considered. The use 

of a panel of biomarkers would enhance the accuracy of a test and minimize false results 

(Srinivas et al., 2002). 

At the protein level there are numerous distinct changes that occur during the conversion from 

healthy to diseased, including altered expression, differential protein modification as well as 

changes in protein activity and localization. The challenge lies in identifying and understanding 

these changes and in the subsequent assessment of which proteins are applicable to being a 

biomarker for a disease. Furthermore, the discovery of a novel biomarker requires extensive 

validation.
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2. Affinity reagents 

Biological processes are based on interactions between biomolecules, and most proteins have 

the required capability of specific molecular recognition (i.e. the ability to discriminate between 

other molecules). This feature has been exploited in the field of life sciences, where a widely 

used class of such proteins is the so-called affinity proteins (e.g. antibodies) that can be 

generated to bind to other molecules with high specificity and affinity. These affinity proteins 

can be used as tools for specific molecular recognition in a broad range of applications such as 

bioseparation, detection assays and proteomics research. In fact, many pharmaceutical and 

diagnostic assays are based on the specific interaction between an affinity reagent and a 

biomolecular target. Furthermore, affinity reagents with highly specific binding properties for a 

defined target protein can be used as therapeutic drugs or in other medical applications. 

Antibodies, described in section 2.1, are by far the most employed and explored class of 

affinity reagents. They are naturally evolved affinity reagents, designed to specifically bind to a 

wide range of other molecules. Today, there is approximately 10.000 commercially available 

antibodies (Borrebaeck, 2000; Michaud et al., 2003) and more than 20 that have been approved 

for use as biopharmaceuticals (Carter, 2006). In recent years, advances in combinatorial 

chemistry and protein engineering has made it possible to design and engineer affinity proteins. 

In a way, these selection systems for generation of new affinity reagents can be regarded as a 

mimic of natures own system. The antibody is a commonly used scaffold for this type of 

engineering, but not at all the only one. Other classes of proteins, characterized by a stably 

folded structure that can harbor diverse binding residues, have been engineered to give novel 

binding activities. 

This thesis describes studies of protein expression in cells and tissues using affinity reagents. 

Ideally, these affinity reagents should; (i) be specific, i.e. only bind to the target protein 

regardless of presence of other molecules, (ii) be able to detect the target molecule in a broad 

range of concentrations, (iii) be stable to allow versatile use in different conditions and 
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applications, (iv) allow incorporation of reporter labels for detection without a loss of function. 

Different reagents, their strengths and limitations are discussed below. 

2.1 Antibodies  

Antibodies, or immunoglobulins (Ig), are key proteins of the specific immune system in 

humans and other vertebrates. They are produced by white blood cells (B-cells) and are 

designed to recognize all kinds of foreign substances and target them for elimination, thus play 

a role in the defense against invading pathogens such as toxins, virus or bacteria (Goldsby et 

al., 2003). Antibodies are by far the most commonly used affinity reagent for specific protein 

detection and were first discovered at the end of the 19th century by the German scientist von 

Behring, an achievement for which he later was awarded the Nobel Prize in 1901. Antibodies 

bind specifically to a target molecule, referred to as their antigen, at a site referred to as 

epitope. Through evolution, the immune system has developed the capacity of producing 

antibodies specific for a wide range of molecules.  

The antibody molecule is typically composed of four polypeptide chains, two identical heavy 

chains (H) and two identical light chains (L), forming the characteristic Y-shaped structure that 

is held together by disulphide bonds (Figure 2.1). In most species immunoglobulins can be 

divided into five different subclasses or isotypes (IgG, IgM, IgA, IgE and IgD) based on the 

structure of their constant region, differing for example in the number of constant domains, 

glycosylation patterns and properties related to higher valency forms. (Goldsby et al., 2003). 

IgG constitutes more than 80 % of the antibodies in sera and will hereon be referred to as 

antibody. In early experiments, it was demonstrated that antibodies digested with papain 

protease, generated two identical fragments with antigen binding activity (Fab, fragment 

antigen binding) and a third one with no such activity (Fc, fragment crystallizable). These 

terms are still used to describe the antibody structure (Holliger and Hudson, 2005). Highly 

variable regions in the N-terminal part of the heavy and light chain, denoted the variable 

regions VH and VL, combine to form two identical antigen binding sites. The bivalent structure 

of the antibody will give rise to avidity effects and contribute to a higher functional binding 

affinity. It is six hypervariable loops in this region (three from the heavy chain and light chain, 

respectively), referred to as complementary determining regions (CDRs), that provide the 

ability of molecular recognition. The wide range of different antibody specificities is due to 

variations in length and amino acid composition of these loops. This high diversity is obtained 
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by the combination of a limited set of antibody genes followed by introduction of point 

mutations, mostly in the CDRs, via somatic hypermutations during the maturation of antibody 

producing B-cells (Goldsby et al., 2003). The constant parts of the antibody are however 

relatively conserved to contain binding sites for receptors and other proteins, mediating 

interactions with cells and tissues that result in the effector functions of the humoral immune 

response (Ward and Ghetie, 1995). Because these effector functions stem from interactions 

with the constant regions of the antibody, different antibody isotypes will have different 

functional properties. 

Figure 2.1. A schematic representation of an antibody (IgG) and a scFv antibody fragment. The IgG 

molecule consists of four polypeptide chains, two identical heavy chains (H) and two identical light 

chains (L). The typical Y-shape is held together and stabilized by disulphide bonds. The heavy chain 

consists of three constant domains (CH1-3) and one variable domain (VH), while the light chain includes 

only one constant domain (CL) and one variable domain (VL). The variable domains are responsible for 

the antigen binding that is mediated by three hypervariable loops, denoted complementary determining 

regions (CDRs). In the single-chain antibody fragment (scFv) the variable domains of the heavy (VH) and 

light (VL) chain are genetically joined via a flexible linker. 

Polyclonal antibodies 

The first applications using antibodies for molecular recognition, utilized pools of antibodies 

from animals immunized with an antigen of choice (Coons et al., 1942; Berson et al., 1956; 

Yalow and Berson, 1959). This pool of antibodies were derived from separate B-cell clones, all 

recognizing the same antigen but not necessarily the same epitope on the antigen. These 
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antibodies are referred to as polyclonal antibodies and they have different amino acid 

sequences and do therefore recognize different epitopes on the antigen.

The ability to recognize multiple epitopes on the antigen is the major advantage of polyclonal 

antibodies since it allows for recognition even if parts of the antigen no longer is accessible, for 

instance due to degradation, blocking, partial misfolding, denaturation or other modifications. 

These large populations of antibodies are therefore, as a pool, less sensitive to changes in assay 

conditions and can often be used in a variety of different platforms (Wide et al., 1967; Engvall 

and Perlmann, 1971; Angenendt et al., 2003; Uhlen et al., 2005). One disadvantage is the lack 

of reproducibility of polyclonal antibody production. Even if the same animal species is 

immunized with the same antigen, it results in a different composition of the polyclonal serum. 

This is mainly as a result of the nature of B-cell maturation; shuffling and somatic mutations 

do not yield the same results twice. 

Monospecific antibodies 

Target-specific antibodies constitute a relatively small fraction of all serum antibodies (Lipman 

et al., 2005) and for some applications, such as immunohistochemistry (IHC) and Western 

Blot, purification or enrichment of these antibodies can greatly improve the experimental 

outcome by minimizing unspecific binding caused by antibodies binding to irrelevant targets. 

Monospecific antibodies are a variant of polyclonal antibodies that have been affinity-purified 

using the antigen as affinity ligand (Olive et al., 2001). This purification procedure eliminates 

more than 99 % of the antibodies recognizing other targets than the antigen (Uhlen and 

Ponten, 2005), thus increasing the likelihood of a specific recognition of the antigen. 

Monospecific antibodies have some of the advantages of both polyclonal and monoclonal 

antibodies. While their antigen specificity is ensured (almost like monoclonal antibodies) they 

still recognize different epitopes on the antigen (like polyclonal antibodies), making them more 

versatile for various biotechnological applications, as discussed above. A disadvantage is that 

monospecific antibodies, as all polyclonal antibodies, are not derived from a renewable source. 

However, the experimental procedures required for generation of monospecific antibodies are 

less time-consuming than for monoclonal antibodies (Nilsson et al., 2005). This makes 

monospecific antibodies an attractive alternative for high-throughput proteomics efforts and 

this strategy has been implemented within the Swedish Human Protein Atlas (HPA) program 

(section 4.5) (Uhlen et al., 2005). 
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Monoclonal antibodies 

In 1975 Köhler and Milstein introduced the hybridoma technique where a selected antibody-

producing B-cell was fused with a myeloma cancer cell (Kohler and Milstein, 1975). The 

generated product, called hybridoma, inherited the ability of antibody production from the B-

cell and immortal growth from the cancer cell, resulting in a virtually unlimited supply of 

identical antibodies, monoclonal antibodies. This accomplishment earned Köhler and Milstein 

the Nobel Prize in 1984. Since monoclonal antibodies recognize one single epitope on the 

antigen, have a definable composition and can be reproducibly generated, they can be selected 

on the basis of desired antigenic specificity suitable for the application in mind. Therefore 

monoclonal antibodies are the most frequently used antibody source in applications requiring a 

highly defined affinity reagent, including diagnostic and therapeutic applications (Borrebaeck, 

2000). However, the method is relatively laborious, time consuming and has several other 

limitations. For instance, the produced antibodies are of rodent origin (most often mouse), 

which pose limitations for its use in medical applications in humans where it might elicit 

immune responses. In other cases, the monospecificity may be less suitable, for instance in 

assays with changing environments where multi-epitope detection is desired, as discussed for 

polyclonal antibodies.

Recombinant antibodies 

Isolation of cDNA from hybridoma or other sources allows for transfer and engineering of 

antibody genes, for example subcloning, expression of fragments (described in section 2.2) or 

genetic fusions to other proteins, as well as transfer into alternative expression hosts. With the 

chimerization (Boulianne et al., 1984) and humanization (Jones et al., 1986) techniques, where 

the entire murine variable regions or the murine CDRs are grafted into a human antibody 

framework, the use of antibodies in in vivo medical applications has been facilitated. Further, 

methods for producing almost fully human antibodies in transgenic mice exists (Fishwild et al., 

1996), as well as alternatives for expression in non-mammalian hosts like E.coli (Better et al., 

1988; Skerra and Pluckthun, 1988). Today new antibodies can be generated using in vitro

selection systems, such as phage display technology, providing further opportunities for 

antibody production without the problems associated with immunizations and the hybridoma 

technique (Wark and Hudson, 2006), for instance enabling generation of antibodies towards 

toxic substances. 
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Antibodies are powerful tools for target-specific detection in many different applications in 

biological research and diagnostics, as well as for targeted therapy in medicine, but the intact 

antibody format suffers from some disadvantages and limitations related to production and 

certain applications (mostly therapeutic). Antibodies are large glycosylated proteins, composed 

of several polypeptide chains, which depend on formation of several disulphide bonds for a 

correct structure. This results in complicated and hence expensive production processes and 

further limits their use to oxidative environments (Gill and Damle, 2006). Only a fraction of 

the antibody is needed for interaction with the target, whereas the function of the constant 

region of the antibody is required only in a few therapeutic applications (Gill and Damle, 

2006). Furthermore, the large size of the antibody decreases tissue penetration in medical 

applications and the long serum half-life causes poor contrast for in vivo medical imaging 

(Graff and Wittrup, 2003; Holliger and Hudson, 2005). This has led to the development of 

novel engineered antibody fragments as well as affinity reagents based on alternative scaffolds. 

2.2 Antibody fragments 

Advances in protein engineering have paved the way for the development of a large number of 

different engineered antibody fragments. In order to circumvent the problems associated with 

full-length antibodies, as mentioned above, the use of smaller sized antibody fragments with 

retained antigen binding specificity have been investigated (Holliger and Hudson, 2005). 

Advantages of using antibody fragments include facilitated expression and in vitro selection, for 

example by display on phages (McCafferty et al., 1990), as well as removal of the Fc region 

when effector functions are not desired. 

One of the first reported antibody derivates was the Fab fragment (55 kDa), originally 

produced by enzymatic cleavage of full-length antibodies (Porter, 1959) but today often 

produced by recombinant means (Holliger and Hudson, 2005). Another well established 

antibody fragment is the single-chain antibody (scFv, 55kDa) (figure 2.1) where the variable 

domains of the heavy (VH) and light (VL) chain are genetically joined via a flexible linker (Bird 

et al., 1988; Huston et al., 1988). In both scFv and Fab antibody fragments, the original pairing 

of the variable region from the heavy and light chains is preserved as opposed to VH and VL

single domains that contain either the heavy or the light chain variable region (Holliger and 

Hudson, 2005). Despite initial problems with solubility and aggregation, human single domain 

antibody scaffolds have now been engineered and specific binders selected (Holt et al., 2003; 
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Colby et al., 2004; Jespers et al., 2004). In nature, single domain antibodies (dAbs) have been 

discovered in camelids and cartilaginous fish. These single V-like domains have been exploited 

for protein engineering purposes and successfully used as scaffolds for selection of affinity 

proteins (Holliger and Hudson, 2005; Streltsov et al., 2005; Harmsen and De Haard, 2007). 

These antibody fragments are all monovalent binders but by recombinant means several 

different bivalent or multivalent constructs have been produced. Either as homomers, 

mimicking the bivalent nature of the full-length antibody to gain avidity, or as heteromers for 

creation of multispecific ligands (Holliger and Hudson, 2005). 

2.3 Alternative protein scaffolds 

The success of antibody engineering and the increased knowledge in the field of combinatorial 

biochemistry have inspired the development of non-immunoglobulin affinity proteins. The 

term scaffold refers to a protein framework that allows substitutions in amino acid 

composition to provide protein variants with novel binding specificities. The idea of 

combinatorial engineering has been adapted from the natural variability of antibody specificity 

and due to the complexity of de novo rational design of structured proteins, most scaffolds used 

for creation of molecular libraries originate from naturally occurring binding proteins, although 

there is a high diversity in function and structure (Hosse et al., 2006). 

Based on the intended use of the final affinity reagent, different scaffolds can be employed for 

the construction of combinatorial libraries. However, there are some general and important 

features, common for most of the non-immunoglobulin scaffolds. Firstly, the scaffold should 

have a highly stable architecture and be a single subunit protein of a relatively small size to 

facilitate library construction and expression (Nygren and Skerra, 2004). Usually, the libraries 

are created by selective random mutagenesis of a number of surface-exposed residues and the 

architecture should further have a high tolerance for randomizations and amino acid 

substitutions in order to maintain a high functionality of the resulting combinatorial library. 

Another desired property is a stable fold, independent of disulphide bond formation, 

facilitating high yields in bacterial production as well as intracellular applications. Absence of 

cystein residues in the scaffold further allows for site-specific incorporation of unique cystein 

residues for directed chemical modifications. If the affinity protein is intended for therapeutic 
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use, the origin of the protein scaffold and potential problems with immunogenicity should also 

be considered. 

Up to date there has been more than 50 different protein scaffolds reported (Nygren and 

Skerra, 2004; Binz et al., 2005; Hey et al., 2005; Hosse et al., 2006; Skerra, 2007) with high 

diversity in origin and structure (Table 2.1). I will hereon focus on the Affibody molecules, 

based on the scaffold of the Z-domain from Staphylococcal protein A, since such molecules 

are employed in one of the studies which this thesis is based upon. 

Table 2.1. Examples of non-immunoglobulin scaffolds for generation of novel affinity reagents. 

Name Scaffold Species Class Residues S-S
bonds

Selected
references

Company

Adnectin Fibronectin Human Several
loops

94 0 (Koide et al., 
1998)

Compound
therapeutics

Affibody Protein A Bacterial Secondary
structure

58 0 (Nord et al., 
1997)

Affibody AB 

Anticalin Lipocalin
(BBP)

Human/in
sect

Several
loops

168-180 2 (Beste et al., 
1999)

Pieris
Proteolab

Aptamer TrxA Bacterial Single loop 108 1 (Borghouts et al.,
2005)

Aptanomics

Avimer LDLR-A
domain

Human Oligomeric n x 40 3 (Silverman et al., 
2005)

Amgen

Darpin Ankyrin 
repeat

Designed Single loop 67 +
n x 33 

0 (Binz et al., 
2004)

Molecular 
partners

Kunitz 
domain

APPI Human Single loop 58 3 (Dennis and 
Lazarus, 1994) 

Dyax

Staphylococcal protein A consists of five domains (A-E), all with affinity for both the Fab and 

Fc part of antibodies from a diverse set of different species and subclasses (Moks et al., 1986; 

Jansson et al., 1998). Due to this affinity, protein A has been used in various applications such 

as chromatographical separation of antibodies (Stahl and Nygren, 1997; Hober et al., 2007). To 

increase the chemical stability of the B domain, two amino acids were substituted, resulting in 

the cystein-free, 58 amino acid protein domain, denoted Z (Nilsson et al., 1987). This domain 

forms a stable three-helix bundle that has been shown useful in library constructions. 

Randomization of 13 solvent accessible residues (nine of which also participate in the native 

interaction with Fc, (Deisenhofer, 1981)) in helix one and two of the Z domain, was 

performed in order to build a combinatorial library (Figure 2.2) (Nord et al., 1995). Several 

binding molecules, termed “Affibody molecules” have been selected from this library, against 
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various targets such as insulin (Nord et al., 1997), HER2 (Wikman et al., 2004), EGFR 

(Friedman et al., 2007), amyloid beta (Gronwall et al., 2007a) and other targets (Ronnmark et 

al., 2002a; Gronwall et al., 2008; Lundberg et al., 2008).

Figure 2.2. A schematic representation of the Affibody scaffold, derived from the 58 amino acid protein 

A domain Z. Combinatorial libraries of Affibody molecules have been created by mutagenesis of 13 

surface-exposed amino acid residues in helices 1 and 2. 

The affinity of these novel affinity reagents have generally been in the low to mid nanomolar 

range and they have successfully been employed in many biotechnological applications such as 

for bioseparation (Nord et al., 2000; Graslund et al., 2002), as detection reagents (Karlstrom 

and Nygren, 2001; Ronnmark et al., 2002b; Andersson et al., 2003; Renberg et al., 2005), for 

depletion in proteomics research (Gronwall et al., 2007b) and for tumor targeting applications 

(Wikman et al., 2004; Steffen et al., 2005; Friedman et al., 2007). In order to generate even 

stronger binders, construction of second-generation libraries together with affinity maturation 

selections have generated binders with affinities as low as 20 pM (Gunneriusson et al., 1999; 

Nord et al., 2001; Orlova et al., 2006; Friedman et al., 2008). One of these high-affinity 

Affibody molecules, targeting HER2 (Orlova et al., 2006) have been investigated in preclinical 

studies and have shown promising results as an in vivo imaging reagent for tumor visualization 
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(Nilsson and Tolmachev, 2007; Orlova et al., 2007; Tolmachev et al., 2007). Thanks to the 

small size of the Affibody molecule, the tissue penetration is good and the blood clearance 

rapid, which in combination with high affinity and specificity enables high contrast in vivo

imaging of tumors for cancer diagnostics (Nilsson and Tolmachev, 2007). Their small size, 

further allows them to be fully synthesized in vitro (Nord et al., 2001; Engfeldt et al., 2005; 

Renberg et al., 2005). The Z domain is one of many different scaffolds used to generate 

libraries of binding molecules, other examples are anticalins (Beste et al., 1999), ankyrin repeat 

proteins (Binz et al., 2004), aptamers (Ellington and Szostak, 1990) and carbohydrate binding 

molecules (CBM) (Gunnarsson et al., 2006) 

2.4 Detection of affinity reagents 

To demonstrate the binding of an affinity reagent to its target in situ (e.g. cells and tissue), a 

reporter system is required. Ideally, the reporter system should provide for specific detection 

of the affinity reagent, disregarding of the complex molecular background in cells and tissues, 

and give rise to sensitive, stable and quantitative signals. Commonly, the reporter is covalently 

attached to the primary affinity reagent or to a secondary reagent (e.g. antibody) used to detect 

the primary reagent. Dependent on the requirements of the intended application, different 

reporter systems and labels can be employed.

The most commonly used reporters in bioimaging applications are enzymes, radiolabels and 

fluorophores. Radiolabels were the first to be used in biotechnological applications (Yalow and 

Berson, 1959; Wide et al., 1967) and are now mainly used for in vivo imaging applications, 

followed by enzymes such as horse radish peroxidase (HRP) that are commonly used in 

Western blots and immunohistochemistry (Avrameas, 1970). An enzyme should permit either 

colorimetric, fluorimetric or luminometric measurements of the product formed, where the 

latter two provide higher sensitivity of detection (Porstmann and Kiessig, 1992). Today 

fluorescent labels are the most commonly used reporters in many applications, such as flow 

cytometry and fluorescence microscopy analysis, mainly thanks to their high sensitivity, easy 

handling and multiplexing possibilities. Fluorescent reporters are also often the reagent of 

choice for quantitative applications. The fluorescent labels can be organic molecules such as 

Alexa Fluor (Panchuk-Voloshina et al., 1999) and CyDyes (Mujumdar et al., 1993), fluorescent 

proteins such as the green fluorescent protein (GFP) or variants thereof (Verkhusha and 

Lukyanov, 2004) as well as semiconductor crystals (quantum dots) (Jaiswal and Simon, 2004; 
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Michalet et al., 2005). Direct labeling of affinity reagents are possible with the use of reactive 

derivates of fluorescent dyes (Haugland, 2005) and enzymes with introduced reactive groups 

(Ishikawa et al., 1983). Commonly used reactive groups are the N-hydroxysuccinimide (NHS) 

esters for conjugation to amino groups on lysine side-chains and N-terminal amines, or thiol-

specific reagents like maleimides for specific coupling to cystein residues (Haugland, 2005). 

Advantages using direct detection (i.e. labeled primary reagents) are simple and rapid 

experimental protocols and easier use of similar affinity reagents (i.e. antibodies of the same 

species) at the same time without risking cross-reactivity. However, problems with sensitivity 

due to low signal amplification may occur. In most systems today, multiple fluorophores and 

binding events are needed for detection. There are many different variants of amplification 

techniques to increase the signal intensity per binding event. Enzymes do in themselves 

possess a signal amplification trait, as they can process many substrate molecules. Other 

strategies for further signal amplification include use of the avidin-biotin complex (Hsu et al., 

1981), an enzyme-linked dextran polymer (Sabattini et al., 1998) or tyramine signal 

amplification (King et al., 1997). Advantages of using indirect detection (i.e. labeled secondary 

reagents) are the inherent amplification when multiple secondary antibodies bind one primary 

reagent, as well as the universal use of a limited set of secondary reagents. Only a relatively 

small number of standard conjugated secondary detection reagents need to be generated, 

making high-throughput applications feasible. Another risk of labeling primary reagents is that 

the label might interfere with the target binding capacity of the reagent. To avoid this, a 

controlled conjugation, preferably site-specific, is desired. This is easily achieved when using 

recombinant antibody fragments or alternative protein scaffolds, where the affinity reagents 

can be produced as a fusion with a reporter protein (Ducancel et al., 1993) or with specific 

handles, like a unique cystein residue, that allows site-specific conjugation (Friedman et al., 

2007; Ahlgren et al., 2008). 

Ideally, an affinity reagent should have selective and specific binding characteristics in terms of 

low cross-reactivity. Another parameter of importance for sensitive and specific detection is 

the affinity of the reagent in question, that is the strength of interaction between the affinity 

reagent and its target. The association of an affinity reagent and its target is described by the 

law of mass action, and is dependent on the molar concentration of free affinity reagent 

(binder), free target protein and the concentration of affinity reagent : target protein 

complexes. Where kon and koff is the association and dissociation rate constants, respectively, 

and Kd is the dissociation constant.
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A parameter that influences the strength of interaction is avidity, the ability to form multivalent 

interactions with the target. Furthermore, the accessibility of target and in particular, the 

binding epitope on the target, is an important factor affecting the detection of staining or 

signal intensity. With this in mind, one can imagine that weak or strong detection signals in 

bioimaging applications based on affinity reagent reporters not necessarily translate into low or 

high amounts of target protein. 

Binder + Target
koff

kon
Binder : Target

Binder[ ] Target[ ]

Binder : Target[ ]
=

koff

kon

= Kd
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3. Optical microscopy techniques 

Microscopy is the technical field, science and art of making fine details of an object visible and 

provides enlarged images not visible to the naked eye. The microscope was first introduced to 

basic biological research by Hooke in his book Micrographia in 1665 and has ever since been a 

fundamental tool in the biological and medical fields, providing an invaluable link from 

molecular events to cellular and tissue physiology. 

The two essential features of microscopy is the ability to resolve small object (resolution) and 

the ability to visualize them against the background (contrast). The human eye is only capable 

to detect the presence of objects in two ways, by color and intensity; hence the primary 

concern in all types of microscopy has been the generation of contrast visible to the human 

eye. There are two main ways to achieve this. First, and most commonly used, is to stain or 

label structures in the sample, for example with heavy metal compounds in electron 

microscopy, chromogenic substrates in brightfield histological imaging or fluorescent probes in 

fluorescence imaging. Second, to enhance and translate optical properties (normally invisible to 

the human eye) of the light traversing the sample to generate contrast visible to the human eye.  

There are three major fields of microscopy; optical-, electron-, and scanning probe 

microscopy. This thesis is however based upon studies of protein expression in cells and 

tissues using optical microscopy, therefore only that area will be covered in this chapter. 

3.1 Conventional light microcopy 

Optical or light microscopy involves the passing of visible light, transmitted through or 

reflected by the sample, through a single or a series of lenses generating a magnified view of 

the sample. This image can be viewed directly by the eye or be captured on a photographic 

plate or digitally. The light microscope is a central tool in studies of cell biology, pathology, 
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embryology, gene mapping etc, and the degree of structural detail revealed within a sample is 

determined by the resolving power of the entire microscope lens system. 

Resolution is defined as the limiting distance (dmin) between two points at which they are 

perceived as distinct from each other (Spector et al., 1998a). The objective lens is the most 

crucial component in the light microscope and its properties greatly affects parameters like 

resolution, depth of focus and contrast. Consequently, superior quality lenses with high 

resolving power are essential for producing clear and precise images. Due to the wave nature 

of light, the spatial resolution is limited by diffraction and can mathematically be described by 

the Raleigh criterion as a function of the numerical aperture (NA) of the objective and the 

wavelength ( ) of the light:

Trans-illumination:  dmin= /(NAobjective+ NAcondensor)

Fluorescence (epi-illumination): dmin=0.61 /NAobjective

Confocal fluorescence:  dmin=0.46 /NAobjective

As mentioned earlier, another important parameter for good image quality is contrast, i.e. the 

ability to visualize objects against the background. Bright field is the simplest form of light 

microscopy, where the visualization only depends upon the absorption of light. Many 

biological samples are however low contrast specimens that require enhancement of contrast 

for visualization. Cells for example, are often embedded in a water-based media and consist to 

a large extent of water in which some highly transparent structures are embedded and they are 

surrounded by a very thin and transparent membrane. In “invisible” samples like this, very 

little can be seen disregarding of the optical resolution of the microscope. Diverse staining 

techniques are commonly used to increase the contrast (Foster, 1997). The contributions of 

these techniques to enhance contrast in cells and tissues in bright field microscopy have been 

remarkable, and they are routinely used in pathology and histology in combination with 

chromogenic read-out systems (for fluorescent labeling in combination with fluorescent 

imaging see section 3.2). In addition, there is a number of non-invasive techniques for 

enhancing the contrast. These techniques employ inherent optical properties of the light 

(otherwise invisible to the human eye) and translate them into perceptible differences like 

intensity or color. Table 3.1 shows a summary of some different microscopic techniques that 

are used to enhance the contrast. 
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Table 3.1. Examples of optical microscopic techniques and comments on how the contrast is obtained. 
(Spector et al., 1998a). 

Imaging mode Mechanism of contrast Comment 

Bright field 
contrast depends on light 
absorbtion

commonly used together with histological 
stains to increase contrast 

Phase contrast 
converts differences in optical 
pathlength to differences in 
intensity

contrast proportional to local "phase dense" 
objects, for instance mitochondria, lysosomes 
and nucleoli 

Differential 
interference
contrast (DIC) 

converts rate of change of optical 
pathlength across specimen to 
differences in intensity 

parts where the optical path abruptly change, 
likes edges of cells and organelles, stand out in 
relief

Dark field only scattered light is detected generates images of cell and organelle edges 

Polarization
detects birefringence caused by 
supramolecular organization below 
optical resolution 

useful to generate contrast in birefringent 
specimens, often fiber-like structures like 
cytoskeleton or nerves. 

Fluorescence
contrast depends on absorption 
and emission of light by the 
fluorophore

requires the use of appropriate fluorescent 
probes

3.2 Fluorescence microscopy 

Fluorescence microscopy is a commonly used technique, employed in both medical and 

biological sciences (Herman, 1998). It is a powerful tool that provides quantitative spatial 

information (in living samples also information of temporal alterations) of objects that are 

either intrinsically fluorescent or have been linked to extrinsic fluorescent molecules. Further, 

it is a sensitive method with the ability to detect low amounts of material with high precision 

and signal-to-background ratios. The key advantage being the inherently greater sensitivity and 

dynamic range in comparison to methods based on changes in optical density. 

Fluorescence is an inherent property of some molecules to absorb light of a particular 

wavelength and after a brief interval, termed the fluorescence lifetime, emit light at a longer 

wavelength (Herman, 1998). In detail, the absorption of a photon causes excitation of an 

electron to a higher energy state, and after the loss of some energy as heat or vibrations the 

electron falls back to its ground state while emitting a photon of lower energy. The quantum 
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yield describes the efficiency of the fluorescence process, as the ratio of emitted photons to 

absorbed photons. The difference in excitation and emission wavelengths is called Stoke’s shift 

and is the basic property behind the high sensitivity in fluorescence microscopy, allowing 

excitation at one wavelength and detection at another (i.e. strong signals, yet low background). 

Many of the physical features of fluorescence can be measured and exploited in fluorescence 

microscopy studies, such as intensity, lifetime changes and spectral changes. 

There are several important parameters that need to be optimized to obtain good imaging 

results. For high contrast fluorescent imaging one should strive for; (i) maximum light 

collection for strong, clear imaging, (ii) minimum stray light for a low background (Herman, 

1998). In addition to appropriate optics (in terms of high NA and magnification), selection of 

light source and filters are essential to achieve this. The light source should provide effective 

excitation of the fluorophore and mercury or xenon arc lamps are usually used for epi-

illumination of the specimen. The filters should block the shorter wavelength exciting light 

after traversing the specimen yet permit the longer wavelength emitted light to pass. 

Wide field fluorescence microscopes collect light from the entire depth of the specimen. In 

combination with a CCD-camera (charge-coupled device), rapid acquisition of the entire field 

of view is feasible. However, a drawback is that regardless of where the microscope is vertically 

focused, illumination causes the entire specimen to fluoresce. In a given two-dimensional 

image of a sample more than 90 % of the observed fluorescence can be out-of-focus light that 

might obscure the in-focus detail and greatly reduce the contrast (Conchello and Lichtman, 

2005). This may cause problems when imaging thick or living samples. Photobleaching is a 

potential problem in fluorescence microscopy and it is import not to expose the specimen to 

higher excitation energy, or longer excitation periods, than necessary. Photobleaching is the 

process where a fluorophore permanently loses the ability to fluoresce due to photon-induced 

damage and covalent modification. In photodynamic bleaching, the illumination induces 

reactions between fluorophores and molecular oxygen that besides destroying the fluorescence 

also yields free radical singlet oxygen species that in turn can react with other molecules 

(Herman, 1998). This type of bleaching may cause problems when imaging live cells, due to 

cell damage introduced by the formed free radicals. Some fluorophores bleach more easily than 

others, and this is one important aspect when selecting suitable fluorochromes for labeling. 

For instance quantum dots are extremely stable and resistant to photobleaching. However, 

bleaching can be used in a controlled manner to extract information using techniques like 
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fluorescence recovery after photobleaching (FRAP) or fluorescence resonance energy transfer 

(FRET) (Goldman and Spector, 2005). 

The applicability of fluorescent imaging grows with the expanding range of fluorescent probes 

for every plausible organelle, protein or nucleic acid. There are numerous different 

fluorochromes available, such as organic fluorophores, fluorescent proteins, inorganic 

semiconductor nanocrystals (e.g. quantum dots), all with different properties and suitable 

applications (Haugland, 2005). An additional advantage of fluorescent microscopy is the 

possibility to use multiple fluorochromes with different spectral characteristics simultaneously 

to acquire multi-channel images that allows the analysis of several features in relation to each 

other.

3.3 Optical sectioning microscopy 

Optical sectioning microscopy, in particular confocal scanning microscopy, has radically 

transformed optical imaging in biology. Images of thin slices of specimens are acquired by 

removing the contribution of out-of-focus light in each focal plane. The removal of unwanted 

light provides higher contrast and permits three-dimensional reconstruction of the specimen 

by computationally combining the image data from a stack of single slice images. Confocal 

microscopy, first introduced in the late 1980s (Carlsson et al., 1985; White et al., 1987) is the 

most commonly used optical sectioning technique for fluorescence imaging, however there are 

computational approaches (described elsewhere) that allow sectioning using a conventional 

wide field fluorescence microscope. 

All confocal techniques are based on the same fundamental approach; they are scanning 

microscopes, thereof named confocal scanning microscopes (CSM) (Conchello and Lichtman, 

2005). The main concept is to perform two tasks simultaneously; (i) scan the specimen by 

illuminating regions in sequence (scanning the illumination), (ii) prevent all regions but the in-

focus region to provide return light to the detector (scanning the detection). The aim with the 

illumination is to focus the light to the smallest spot possible in the focal plane (a laser is an 

ideal source for this task). This does however not remove the unwanted out-of-focus light. 

This is instead achieved by placing a pinhole aperture in front of the detector, at a plane that is 

conjugated to the focal plane, which blocks all out-of-focus light. Thin optical sections and a 

dramatic improvement of contrast are achieved by point-by-point scanning (both the 
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illumination and detection) of a specimen in this manner. Optical sections, approximately 500 

nm thick, can be obtained by confocal imaging, this in contrast to wide field microscopes with 

a depth of field of 2-3 m at high power (Pawley, 2006). The depth of field and contrast 

enhancement is related to the size of the pinhole. A large pinhole gives a larger depth of field 

and lower contrast enhancement, while a too small pinhole gives a high loss of signal that 

outpaces the loss of background. The optimal pinhole size is therefore between 60% and 80 % 

of the diameter of the diffraction-limited spot (Conchello et al., 1994; Sandison et al., 1995). 

The in-plane (x,y) resolution can further be improved beyond what is possible with 

conventional wide field fluorescence microscopy, but in practice it is the optical sectioning 

effect that is more important than the resolution improvement (theoretical maximum 

resolution of confocal microscopy is approximately 150 nm) (Pawley, 2006). See figure 3.1 for 

a schematic drawing of the light paths in wide field and confocal microscopes. 

Figure 3.1. A schematic illustration of the principle of confocal microscopy, showing light paths in a 

conventional (wide field) epi-fluorescence microscope and a confocal microscope. The wide field 

microscope (left): The specimen is illuminated over an extended region and even light not originating 

from the focal plane reaches the detector. The confocal microscope (right): Here, two pinhole apertures 

have been introduced. One close to the light source that restricts the illumination to the same focal point 

as the other pinhole aperture, in front of the detector, that blocks all light but the light rays from the in-
focus point of the specimen. 
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Besides disadvantages associated with fluorescence imaging in general, such as photobleaching, 

the main drawback of confocal scanning microscopes is that image acquisition is not as rapid 

as for wide field techniques, due to the fact that the images are built pixel-by-pixel (Conchello 

and Lichtman, 2005). The detector is usually a photomultiplier tube (PMT) that has low noise 

and a fast response. It is good for detecting weak signals but is not very effective, and this may 

be a limitation when acquiring at higher scanning speed. One way to decrease the scan time 

without compromising the signal-to-noise ratio is to multiplex: illuminate several pixels 

simultaneously and collect light from all of them at the same time (Straub et al., 2000; 

Conchello and Lichtman, 2005; Wolleschensky et al., 2006). One successful such method, 

termed spinning-disk CSM, is based on the use of a disc with a series of pinhole apertures. The 

light that passes through the apertures is imaged on a detector, usually a CCD camera and with 

rapid rotation of the disc the entire field of view is scanned. One disadvantaged with the 

spinning-disc systems is inefficient use of the excitation light and the loss of flexibility due to 

fixed sizes of the pinholes in the disc.

A brief overview has here been given of some available optical imaging techniques that each 

has advantages and disadvantages, hence different suitable applications. To obtain as much 

information as possible, two or more of these techniques can be combined, for example 

confocal fluorescent imaging is commonly used together with differential interference contrast. 

Microscopy has been one of the driving forces of biological research for a long time and 

higher quality optics (sensitive detectors, high NA objectives), powerful data processing and 

image deconvolution techniques as well as novel advanced microscopy techniques are 

continuously being developed. Multiphoton excitation can be employed to allow imaging 

deeper in tissue (Helmchen and Denk, 2005). There are systems developed for high resolution 

live-cell imaging of rapid dynamic processes (Pepperkok and Ellenberg, 2006) and imaging in

vivo (Weissleder and Pittet, 2008). Some of these novel techniques are even challenging the 

most basic assumptions of light microscopy, such as the diffraction limit of spatial resolution. 

By using stimulated emission depletion (STED) (Stelzer, 2002), 4Pi confocal microscopy 

(Kano et al., 2001) or a combination of the two (Dyba and Hell, 2002), nanoscale resolution 

can be obtained. Alternative approaches include scanning near-field optical microscopy 

(SNOM) (de Lange et al., 2001). After all, many biological processes operates beyond the 

resolution of light microscopy, but with these novel techniques fluorescence imaging is 

transforming from microscopy to nanoscopy, with the potential of resolving the yet 

unexplored nano-dimension of cellular life. 
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4. Analysis of protein expression in cells 
and tissues using bioimaging 

As proteins are intricate building blocks of life, discovering their function, expression level, 

localization and interactions at a given time is essential for understanding cell and systems 

biology. Performing qualitative and quantitative analysis is important and the experimental 

approaches vary greatly, ranging from gene expression profiling to tissue profiling or analysis 

of cell lysates. 

In this chapter the use of affinity reagents for in situ studies of protein expression using 

bioimaging is discussed. Nevertheless, many other methods for analysis of protein expression, 

have been described, that also depend on specific recognition by affinity reagents, such as 

relative quantification of proteins by enzyme-linked immunosorbent assays (ELISA) (Engvall 

and Perlmann, 1971; Van Weemen and Schuurs, 1971) or protein arrays (Haab et al., 2001), 

size analysis by Western Blot (Renart et al., 1979), cell studies by flow sorting (Hulett et al., 

1969) and interaction studies by immuno affinity capture (Markham et al., 2007). 

The main advantage of using bioimaging in comparison to the above mentioned methods is 

the in situ aspect, the ability to preserve and analyze the essential spatial information that is 

embedded in the complex architecture of cells and tissues. Depending on what information is 

sought after; such as tissue distribution, expression levels, subcellular localization or temporal 

alterations, different imaging approaches have to be employed. A prerequisite for successful 

analysis is the accuracy of protein recognition. This requires specific affinity reagents that are 

well validated, preferably in the platform for their intended use. 

The technique to detect proteins in cells and tissue using affinity reagents and bioimaging were 

first applied by Coons et al (Coons et al., 1942) in the 1940s, where antibodies were employed 

for specific protein recognition and profiling of pneumococcal antigen distribution in tissue 

(i.e. immunohistochemistry, IHC). In 1974 Lazarides and Weber (Lazarides and Weber, 1974) 

presented a study where antibodies were used to study the subcellular distribution of actin 
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filaments using fluorescence microscopy in a variety of cells (i.e. immunofluorescence, IF). 

Ever since, the optical techniques for imaging cells and tissues have been a vital part of cell 

biology and novel technical developments in instrumentation, sample preparation and image 

analysis have allowed more advanced studies of higher resolution and speed (see chapter 3). 

4.1 Biological samples – cells and tissues 

Within the field of life-sciences microscopy is mainly used to study tissue-sections from 

multicellular organisms or isolated cells thereof. For an example of the same protein imaged 

with bright field in tissue and cells (IHC), and confocal microscopy (IF) in cells, see figure 4.1. 

Figure 4.1. Examples of images of immunohistochemical and immunofluorescent staining of tissue and 

cells. The samples are all stained with the same antibody targeting the mitochondrial import receptor 

subunit TOM20 homolog. A. Image of IHC stained tissue of small intestine. B. Image of IHC stained U-

2 OS cells. In both (A) and (B) the antibody staining is shown in brown and nuclear counterstaining in 

blue. C. Confocal image of IF stained U-2 OS cells. Here, the antibody staining is shown in green, 
microtubule marker in red and nuclei marker in blue. 

Microscopical studies of tissue sections represent a fundamental tool in areas like medicine and 

diagnostics, for example in histopathology where the golden standard is analysis of tissue 

sections from excised tumors under a light microscope. By using specific affinity reagents, for 

example in IHC staining, it is feasible to study the spatial distribution of a particular protein in 

virtually any human tissue or organ, in the context of neighboring cells and extracellular 

matrix.  

Cell cultures of isolated single cells are commonly used as basic research tools in biology and 

medicine, for example as in vitro models in cancer research. Among these cultured cells, a 
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distinction is usually made between primary cell cultures and cell lines. The former are primary 

cells that can be cultured in vitro for a limited period of time (Hayflick, 1965), extended by the 

presence of certain growth factors, before entering senescence. The latter are defined as ”a 

culture that is apparently capable of an unlimited number of population doublings; often 

referred to as immortal cell culture” (Schaeffer, 1990). These cells have undergone changes 

allowing them to grow indefinitely, for example by being derived from already transformed 

tumor cells, or by other means (physical, chemical or viral) introduced to normal primary cells 

(Bryan and Reddel, 1994; Bodnar et al., 1998; Russo et al., 2002). A general advantage of cell 

cultures in comparison to tissue biopsies is the possibility of performing studies in live cells. 

An advantage of primary cells is that they constitute direct representatives of their tissue of 

origin, however their limited life span may hinder long-term studies. The major advantages of 

cell lines is that they provide an unlimited source of cells that can be propagated in vitro for a 

long time, thus enhancing the usability in a variety of laboratory investigations. 

Today a broad variety of different cell lines are available throughout the scientific community 

and repositories that acquire, authenticate, preserve and distribute reference cell lines. 

Countless of successful studies using cell lines has been reported, for example for studying cell 

division and growth (Morin, 1989) or signaling pathways (Santos et al., 2007), as in vitro model 

systems for cancer and as tools for in vitro drug screening (Monks et al., 1991; Stinson et al., 

1992; Shoemaker, 2006). Despite this, the validity of experimental observations made with in

vitro cultured cell lines have been questioned. It has been shown that cross-contamination or 

misidentification of cell lines is common (Markovic and Markovic, 1998; Masters, 2002a; 

Masters, 2002b), for instance it is stated that 18 % of the cell lines donated to the repository 

DSMZ were contaminated or misidentified (MacLeod et al., 1999). Another general concern 

that may influence the experimental output is contamination of cell cultures with 

microorganisms, such as mycoplasma infections that has been shown to affect both cell 

metabolism and induce cytogenetic changes (McGarrity et al., 1984a; McGarrity et al., 1984b; 

Drexler et al., 2002). A more specific concern is the question of how well a given cell line 

actually serves as a representative for its tissue of origin. After all, these cells are altered to gain 

immortality and may have been in culture for a long period of time, both parameters that can 

confer changes in geno- and phenotype. Several large-scale studies of gene and protein 

expression has been made in order to evaluate the use of cell lines as models for cancer tissues, 

all showing that some cell lines serve as good model systems whereas others do not (Sandberg 

and Ernberg, 2005; Carlson et al., 2007). To avoid accumulation of genetic and phenotypic 
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alterations, and strive towards standardization of cell cultivation to facilitate cross-platform and 

cross-laboratory comparisons, guidelines for proper in vitro cultivation have been suggested 

(2000). After all, cell lines serve unique opportunities of studying cellular processes when 

chosen with care. 

4.2 Experimental considerations 

Before starting, considerations on how to best make the experimental setup to yield an answer 

to the biological question should be made. This is depending on the target protein and 

biological material that is to be analyzed as well as what kind of information that is desirable, 

for example; quantitative or qualitative, temporal or fixed end-point, distribution at a tissue, 

cellular or subcellular level. Furthermore, the choice of affinity reagent, need for reference 

markers and the number of samples that needs to be analyzed are parameters of importance. 

Based on these criteria a suitable experimental protocol and imaging platform can be selected. 

Below commonly used approaches, advantages and limitations are discussed. 

The overall scheme for probing a protein in cells or tissues using affinity reagents involves; (i) 

fixation (unless live cells are to be studied), (ii) permeabilization/antigen retrieval to allow 

access to target proteins (unless cell surface proteins are to be studied), (iii) blocking sites 

prone to nonspecific interactions, (iv) labeling the sample with the affinity reagent (including 

labels for detection), (v) mounting the sample for microscopic examination. 

Sample preparation 

Fixat ion  of the sample is performed to prevent autolysis and to preserve fine cellular 

structures by rapidly terminating all processes undergoing in the cells (Spector et al., 1998b). It 

is one of the most crucial steps to assure accurate protein detection and the ideal fixative 

would preserve a given antigen in a fashion that reflects its distribution in vivo (no diffusion or 

rearrangement). Furthermore, cell and tissue morphology should be preserved while the 

antigen remains accessible for recognition. Further treatment of the sample is most often 

needed for the antibody to gain access to the target protein. This process is often referred to as 

permeabi l izat ion  for cells and ant ig en re t r i eva l t r ea tment  for tissue. However, there is no 

such thing as an ideal fixative. Compromises have to be made and the best sample preparation 
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procedure can vary from protein to protein and experiment to experiment. For a particular 

application, the best sample preparation scheme should be determined empirically. 

Fixation of the biological sample is a crucial step in many ways and can, if wrongly applied, not 

only generate unsuccessful detection but also misleading information. Underfixation may lead 

to poor morphological preservation and loss of signal, whereas overfixation can give fixation 

artifacts, loss of signal and increased background. Below, different fixation chemistries and 

associated advantages and limitations are described in detail, followed by a description of 

commonly used procedures for the preparation of tissue and cell samples, respectively. 

Fixation of a sample is usually achieved by protein cross-linking or precipitation using 

aldehydes or alcohols, respectively (Spector et al., 1998b). Glutaraldehyde, a five-carbon 

dialdehyde, forms a Shiff’s base with amino groups on the protein and can polymerize to from 

extended cross-links (Johnson, 1987). It is the harshest fixation but provides the best 

preservation of fine structure and is therefore the reagent of choice for example in electron 

microscopy. However, glutaraldehyde fixation contributes to non-specific background 

fluorescence and is therefore not ideal for fluorescent analysis (Cande et al., 1977; Melan and 

Sluder, 1992). Formaldehyde, a one-carbon monoaldehyde, works by forming methylene 

bridges between reactive groups (Fox et al., 1985; Mason and O'Leary, 1991; Werner et al., 

2000). In comparison to glutaraldehyde, it has a small size and therefore a faster penetration 

into tissues. The entire mechanism for cross-linking using formaldehyde is not fully 

understood, however many of the cross-links that are formed have shown to be reversible 

(Rait et al., 2004; Fowler et al., 2008). The major disadvantage of using aldehydes is that the 

cross-linking may stericly hinder the affinity reagent from interacting with the antigen. This 

epitope-masking effect has been shown proportional to the degree of cross-linkage (Van Ewijk 

et al., 1984) and since formaldehyde is a milder fixative in these terms, it does not interfere 

with epitope recognition to the same extent as glutaraldehyde, and is commonly used in both 

IHC and IF analysis. Despite the cross-linking, there are studies reporting on structural 

changes after aldehyde fixation (Fox et al., 1985; Melan and Sluder, 1992). Acetone and 

alcohol-based fixatives provides a rapid fixation by precipitating proteins and carbohydrates 

and are used in both IHC and IF. The availability of target antigens is generally preserved 

better (since no cross-linkage is generated), however at the price of a higher degree of 

alterations of cell and tissue morphology as well as protein localization patterns (Spector et al., 

1998b; Werner et al., 2000). 
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To preserve t i s sue  morphology, fixation should be performed as soon as possible after 

removal of the tissue, either by chemical means or by snap-freezing (cryo freezing) (Spector et 

al., 1998b). By far the most commonly used protocols are immersion in 10% formalin (4 % 

formaldehyde), followed by dehydration through a series of graded alcohols and clearing with 

xylene, before final embedding in paraffin, generating formalin-fixed paraffin embedded tissue 

(FFPE). The tissue can then be cut using a microtome to produce sections of about 4-7 m to 

allow studies under a light microscope. Cryosectioning of frozen tissue is another option, 

however the quality is usually inferior to paraffin sections (Spector et al., 1998b). In order to 

restore the antigenicity of the FFPE tissue, antigen retrieval techniques are employed. The 

most widely used is heat induced epitope retrieval (HIER) that is achieved by boiling tissue 

sections in aqueous solutions using water baths, ovens and microwaves (Shi et al., 1991; 

Norton et al., 1994; McNicol and Richmond, 1998). The efficiency can further be optimized by 

altering retrieval solutions and for example pH values (Shi et al., 1995; Yamashita and Okada, 

2005). It is suggested that the post fixation processing makes the antigens accessible by 

disrupting the cross-links formed by formalin fixation (Rait et al., 2004; Fowler et al., 2008).

For fixation of c e l l s , 4% formaldehyde, freshly prepared from paraformaldehyde, serves a 

commonly used option (Spector et al., 1998b). If intracellular components are then to be 

visualized, permeabilization of the membrane is required, either with detergents or organic 

solvents that solubilize lipids from the plasma membrane. Commonly used detergents are 

Triton X-100 or NP-40 that solubilizes phospholipids. For a less damaging permeabilization, 

detergents that selectively interact with cholesterol can be used, such as saponin or digitonin. 

Saponin provides a permeabilization that is reversible and digitonin provides a selective 

permeabilization of only the plasma membrane (Willingham et al., 1978; Stearns and Ochs, 

1982). Cold methanol or acetone have the advantage of one step fixation and permeabilization 

and are most useful when studying major protein systems in cells, like cytoskeletal fibers 

(Spector et al., 1998b). Besides the increased risk of altering protein localization patterns, there 

is also a risk of losing soluble proteins as a result of the simultaneous fixation and 

permeabilization. 

Reporter labels and staining 

To obtain a strong specific visualization of the affinity reagent targeting a specific protein and 

as much information as possible from a microscopic study, considerations should be made 
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about the detection. The most commonly used read-out systems are based on the use of 

chromofores or fluorochromes for visualization (section 2.4). 

Chromogenic read-out is routinely employed in immunohistochemistry. The classical “brown” 

staining that can be observed by bright field microscopy derives from the conversion of a 

colorless substrate to a colored end product by the enzyme horseradish peroxidase (HRP) 

conjugated to the affinity reagent. The addition of the substrate, hydrogen peroxide (H2O2),

and a chromogen called 3,3’-diaminobenzidine (DAB) will cause oxidation of DAB that is 

converted into a brown color. Fluorescent reporters are widely used for fluorescent imaging of 

both cells and tissues. There are numerous different fluorescent reporters exhibiting different 

properties like excitation wavelength, stability and life-time (Giepmans et al., 2006). There are 

many major advantages of using fluorescent reporters over chromogenic reporters, such as 

higher sensitivity, higher dynamic range, exact quantification and possibilities for multiplexing.  

The main differences between chromogenic and fluorogenic read-out can be explained in 

relation to the biophysical properties of the chromogenic substrate and the fluorophores. In 

fluorescence measurements the signal is the actual photons emitted while chromogenic read-

out is measured as a reduction of transmitted light. The dynamic range is a direct function of 

the signal-to-noise ratio and the goal of increasing this is contravened when using a method 

that decreases the signal. The dynamic ranges of fluorescent reporters are hence inherently 

higher than for chromogenic reporters, 2-3 logs over 1-2 logs (Rimm, 2006). Quantification of 

the signal is subsequently a straightforward task when using fluorescence, whereas the optimal 

visual DAB brown stain has a high absorbance and blocks up to 99 % of the light, leaving only 

1 % for detection. Quantification of the signal has however been shown feasible by automated 

image analysis (section 4.4). Another advantage, stemming from the spectral characteristics of 

fluorophores, is the possibility to multiplex. Multiple reporters with different excitation and 

emission wavelengths are commonly used simultaneously and with more advanced techniques 

like spectral imaging and linear unmixing it is even possible to distinguish fluorophores with 

highly overlapping emission spectra (Schrock et al., 1996; Tsurui et al., 2000; Zimmermann et 

al., 2003). Although chromogenic substrates are available in different colors, the difficulty of 

resolving them from each other hampers their use for multiplexed staining, even though a few 

successful examples based on spectral or spatial discrimination have been reported (Hasui et 

al., 2003; Levenson and Mansfield, 2006). The general approach to enable comparison of IHC 

staining patterns of different proteins has instead been the use of consecutive tissue sections. 

To facilitate the evaluation of DAB stained samples, they are often counterstained with 
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hematoxylin resulting in an unspecific blue coloring, visualizing both cells and extracellular 

material. 

Autofluorescence of the sample can be a limiting factor for fluorescent imaging of cells and 

particularly tissues. Tissue autofluorescence is present at all excitation wavelengths, albeit 

strongest when UV- or blue-excitation light is used, and components like red blood cells, 

collagen or neuronal constituents can appear particularly bright (Bottiroli et al., 1995; Zonios et 

al., 1996; Lowry et al., 1997; Baschong et al., 2001). Autofluorescence in mammalian cells is 

principally due to flavin coenzymen (FAD and FMN; absorption 540nm, em 515nm) and 

reduced pyridine nucleotides (NADH, abs 340 em 460) (Aubin, 1979; Benson et al., 1979). The 

difficulty is most profound when imaging tissues and lies within the discrimination of the 

specific fluorescent signal from the autofluorescence. One successful solution to this has been 

the use of spectral discrimination (Levenson and Mansfield, 2006) and by using fluorophores 

with an excitation wavelength that is out of the high natural autofluorescence range the 

problem can be minimized. Numerous efforts have also been made to chemically eliminate 

tissue autofluorescence (Clancy and Cauller, 1998; Baschong et al., 2001; Neumann and Gabel, 

2002), none of which entirely successful.

There is a vast degree of variability of the amount of protein present in the sample and the 

dynamic range of its expression (section 1.2). Due to this variability as well as the variation of 

affinity of the affinity reagents, the optimal dilutions of the affinity reagents can vary and may 

have to be adjusted from experiment to experiment. Sometimes the dilution can prove crucial 

for the experimental output, there are for example studies showing that dilution clearly affect 

the apparent relationship between biomarker expression and clinical outcome (McCabe et al., 

2005).

Throughput

Some final considerations regarding which imaging platform to use are required. A high 

resolution and magnification often comes with the price of a longer image acquisition time. 

High-throughput microscopic studies are now feasible thanks to developments of automated 

sample preparation as well as automated high-speed imaging systems. IHC has transformed 

into a high-throughput procedure with the advent of tissue microarray (TMA) technology and 

automation of staining (Battifora, 1986; Kononen et al., 1998), enabling protein expression 
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screening over a panel of different tissues. Methods for arraying in vitro cultured cell lines are 

also available (Moskaluk and Stoler, 2002; Abbott et al., 2003; Waterworth et al., 2005; 

Andersson et al., 2006). Development of high-throughput fluorescence microscopes has 

further enabled imaging to be used as a screening platform for cell analysis (Pepperkok and 

Ellenberg, 2006; Oheim, 2007). 

4.3 Analysis of protein expression levels and 

localization

The information on where, when and to what extent a certain protein is expressed is important 

for understanding protein function and cell biology as well as the function of a protein and its 

involvement in disease formation and progression. The possibility to detect and localize 

proteins at tissue, cellular and subcellular level represents key pieces of the puzzle, and even 

though the activity of a certain protein stems from much more complex regulation than merely 

expression level, quantification is an important aspect to help bridge the gap between genotype 

and phenotype. 

The vast range of protein expression levels in cells (section 1.2), further complicates the task of 

protein detection and quantification in situ. Protein concentration in vivo generally span at least 

two orders of magnitude and in certain extreme cases, such as after gene amplifications, the 

protein expression can range from a few hundred proteins per cell to millions (Rimm, 2006). 

These differences in expression levels present high demands on the dynamic range of the 

technology used for their analysis. 

IHC is a powerful technique for identifying sites of protein expression at both tissue and 

cellular level (Uhlen et al., 2005; Stromberg et al., 2007; Warford et al., 2007), information that 

is crucial for diagnosis and understanding of disease. Information on a subcellular level, critical 

for the understanding of protein function and cell biology, is however best obtained using 

fluorescence imaging. IHC staining can give a rough estimate of the amount of target protein 

and at best, provide a relative quantification between samples. However, it is a well-established 

method, routinely used in the clinic for determining protein expression thus diagnosing 

disease. One example of a commonly used test is Herceptest™ (Genentech/DAKO) for 

measuring HER2 levels in breast cancer biopsies to evaluate the possible therapeutic use of a 

monoclonal antibody (Herceptin™, Genentech/Roche), which is suitable for treatment of 
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tumors expressing high HER2 levels. Although IHC is an established method, the questions 

are turning from binary (expressed or not) to query the exact amount expressed and for this 

task fluorescence imaging is more suitable. Due to the quantitative nature of fluorescence as 

well as the inherently higher sensitivity and broader dynamic range, fluorescence microscopy 

has long been the golden standard for imaging of cells. IF is commonly used for both 

subcellular localization and quantification of protein expression in cells (Lazarides and Weber, 

1974; Henderson, 2000). Furthermore, fluorescence allows for the analysis of multiple proteins 

simultaneously, facilitating studies of protein functions and interactions. In spite of this, the 

number of studies based on fluorescently labeled tissue sections is limited. (Suetterlin et al., 

2004; Robertson et al., 2008). This number is however constantly increasing thanks to 

improvement of microscopic systems and techniques for image analysis, and it is reasonable to 

believe that fluorescence imaging will become the golden standard even for protein expression 

analysis in tissue. 

The major limitation of imaging applications based on affinity reagents is that they usually 

apply to end-point measurements of fixed samples, hence temporal information is not easily 

obtained. Cells and organelles are not static in any way, and live cell imaging of protein 

expression, localization and signaling is of importance to gain information on the dynamics of 

cellular processes. Furthermore, any conclusion about the localization or amount of a protein 

critically depends upon the faithful preservation of its in vivo distribution. There are examples 

of proteins where the subcellular distribution and intensity of staining varies with the different 

sample preparation protocols (Melan and Sluder, 1992; Schrader et al., 1995; Vekemans et al., 

2004).

There are other experimental approaches to study the “where, when and to what extents” of 

protein expression, not based on the use of affinity reagents or imaging. One commonly used 

technique for quantification of protein expression levels in cells, still using fluorescence 

immunostaining, is flow cytometry. There are also techniques that combine flow cytometry 

with microscopy, for example laser scanning cytometers (LSC) for imaging of samples on 

microscopic slides (Darzynkiewicz et al., 1999) or more newly emerged techniques where 

images are captured of all cells analyzed in the flow cytometer (Zuba-Surma et al., 2007; 

McGrath et al., 2008). There have also been several reports on systematic studies of subcellular 

localization of proteins in diverse cells. For example by fluorescent imaging of proteins 

expressed as genetic fusions to fluorescent proteins (Simpson et al., 2000), or by subcellular 

fractionation followed by mass spectrometry analysis (Foster et al., 2006). Further, studies of 
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protein expression levels from cell lysate or sera using protein array technology are commonly 

performed (Kingsmore, 2006). The major advantage of bioimaging-based analysis of protein 

expression comes with the simultaneous analysis of both localization and expression levels. 

For example a high local concentration of a certain protein would be detected. This is 

information that would be lost if using a method that requires lysing of cells or 

homogenization of tissue. 

4.4 Automated image analysis 

One of the major challenges in all imaging applications is the extraction of qualitative and 

quantitative data from the images. Visual inspection and annotation of images is often a 

bottleneck in high-throughput studies as well as a source of error due to inconsistencies among 

different annotators. With the use of automated image analysis, the throughput and 

reproducibility can be improved. The accuracy of the automated image analysis is dependent 

on the resolution of the image and the process can be facilitated by for example the use of 

reference markers. 

Images of cell cultures or tissue sections normally contain many cells in close proximity and 

require the segmentation of these images into single cell regions for analysis. Cell segmentation 

is a critical step in image analysis because its precision determines the accuracy of the following 

cell measurements. There are several different approaches for cell segmentation even though it 

is well recognized as a challenging task. Occasionally, the analysis can be applied to the entire 

field instead of at a single cell level. Once individual cells have been segmented, a series of 

features can be calculated to describe the staining, such as morphological, edge, texture, 

geometrical or wavelet features. By combining multiple features using And, Or, Max, Min etc, 

different class descriptions are obtained that further can be used for classification of an image 

or objects within. However, amongst the hundreds of features, a significant quality 

improvement of the results can be obtained by selecting a specific set of discriminatory 

features to build the classifiers. Statistical tests can be applied to determine the class belonging 

of a specific image. However, this would be a tedious task if, for instance, unknown 

localization patterns were to be compared with all known patterns. This can be solved by 

machine learning using supervised classifiers. A supervised classifier is designed to assign a 

class to an unknown input, based on the previous learning from a training set consisting of 

example images of each class. The limitation is the need for a training set and that images only 
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can be assigned to predefined classes. The field of image analysis is nicely reviewed by Glory 

and Murphy (Glory and Murphy, 2007). 

Different technologies have been developed and utilized for automated analysis of images of 

immunostained cells and tissues. Quantification of fluorescently labeled samples is a relatively 

straightforward task and even quantification of brown IHC staining has been shown feasible 

by automated image analysis using simple color cameras and appropriate separation and 

analysis software (Ruifrok, 1997; Ruifrok and Johnston, 2001; Stromberg et al., 2007). The 

classification of subcellular localization from fluorescence microscope images of cells has 

successfully been demonstrated using machine learning techniques (Boland et al., 1998; Boland 

and Murphy, 2001; Danckaert et al., 2002). Some reports of automated analyses of tissue have 

also been described for quantification of the amount of staining as well as for classification of 

subcellular localization for both IHC staining (Bauer et al., 2000; Wang et al., 2001 Stromberg, 

2007 #150; Newberg and Murphy, 2008) and IF staining (Camp et al., 2002; Berger et al., 

2004; Psyrri et al., 2005). 

4.5 The Human Protein Atlas 

The Swedish Human Protein Atlas (HPA) program is a large-scale project, aiming to profile 

the human proteome in terms of protein expression and localization using antibody-based 

proteomics (Uhlen and Ponten, 2005). Using antibodies as affinity reagents, protein expression 

is studied in a multitude of normal tissues, cancer tissues, cell samples and cell lines. The long-

term goal of this project is to have one validated antibody towards all non-redundant human 

proteins (approximately 20,500) and provide a first draft of the human proteome by 2015 

(Uhlen, 2007). One of the most important objectives, besides creating an enormous resource 

of reagents and images, is to detect potential biomarkers to be used for diagnosis and 

prognosis of disease and ultimately serve as targets for development of novel drugs (Uhlen and 

Ponten, 2005).

The used affinity reagents are monospecific antibodies (see section 2.1) and the entire pipeline 

of the project starts with the in silico selection of a transcript fragment corresponding to a 

suitable antigen in the target protein (Lindskog et al., 2005). This fragment is picked up from 

human RNA pools, using custom designed specific oligonucleotide primers and RT-PCR 

(Agaton et al., 2003). The fragment is inserted into a vector and sequence verified before 
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expression of the corresponding recombinant protein in bacteria (Larsson et al., 2000). The 

produced protein is purified (Steen et al., 2006), verified to have the correct molecular weight 

by mass-spectrometry analysis and immunized into rabbits for generation of polyclonal 

antibodies. The polyclonal serum is further purified by affinity chromatography using the 

recombinant protein as a ligand, resulting in monospecific antibodies (Agaton et al., 2004). The 

specificity of the purified antibodies is validated using protein arrays (Nilsson et al., 2005), 

Western blots and IHC (Uhlen et al., 2005). 

Figure 4.2. A schematic illustration of the pipeline of the Human Protein Atlas program. Reproduced 
with kind permission of Lisa Berglund and Erik Björling. 

The validated antibodies are employed to map the human proteome in terms of protein 

expression and localization on tissue as well as cellular level. The expression patterns are 

screened in 48 normal tissues and 20 tumor tissues assembled in tissue microarrays (TMA), 

using automated IHC (Kampf et al., 2004). The obtained images are annotated by certified 

pathologists in terms of intensity, fraction of immunostained cells and subcellular localization 

if possible. Furthermore, 47 different human cell lines and twelve clinical cell samples 

assembled in a cell microarray (CMA) format are analyzed using automated IHC combined 
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with automated image analysis (Stromberg et al., 2007). The subcellular localizations are 

evaluated in three different cell lines using IF and confocal microscopy (Barbe et al., 2008). 

Additionally, any target protein showing characteristics of specific interest, for example the 

potential of being a biomarker, are evaluated further by TMAs containing large cohorts of 

defined cancers with associated clinical data. 

All images, annotations as well as the quality assurance data for approved antibodies are 

publicly available through the Human Protein Atlas website (http://www.proteinatlas.org). 
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PRESENT INVESTIGATIONS 
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5. Objective

The objective of this thesis has been to develop, evaluate and implement techniques for the 

use of affinity reagents in diverse imaging platforms for analysis of protein expression in situ in 

cells and tissues. The five articles included in this thesis can be grouped in many different ways, 

based on the type of affinity reagent or reporter system used, the type of microscope system, 

biological specimen or the type of assay performed. But in the end, it all boils down to the use 

of affinity reagents and bioimaging to answer biological questions: Starting with technical 

developments (paper I and II), pursuing with applications of bioimaging techniques for high-

throughput systematic analysis (paper III and IV) and finally proving the value of these 

systematic approaches, as well as affinity-reagent based bioimaging in general, by the discovery 

and validation of a novel biomarker. 

Paper I describes a novel technique for fluorescent labeling of antibodies. Paper II 

demonstrates the use of an alternative affinity reagent, the Affibody molecule, in numerous 

immunoassays and bioimaging applications. Paper III, IV and V are all performed within the 

framework of the Human Protein Atlas (HPA) program and shows how diverse bioimaging 

approaches can be applied to perform systematic analysis of protein expression in terms of 

subcellular localization (III), level of expression (IV) as well as the subsequent discovery and 

in-depth study (V) of a candidate biomarker, using monospecific antibodies.

Finally, a brief discussion on potential future improvements and perspectives will be presented 

as a concluding section. 
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6. Results and discussion 

6.1 Labeling of antibodies on solid-phase (I) 

There are numerous advantages of using labeled primary antibodies as detection reagents in 

biological applications, including a reduced staining time and multiplexing possibilities in terms 

of using several antibodies from the same species without the risk of cross-reactivity. In this 

study, a novel miniaturized protocol for reproducible labeling of small amounts of antibodies 

on solid-phase is presented.

Direct labeling of antibodies with reactive fluorescent dye is usually performed in solution 

(Haugland, 2005) followed by removal of unreacted fluorophore using for example dialysis or 

desalting columns. The reaction requires a pure antibody sample at a rather high concentration 

(generally recommended to be between 2 and 10 mg/ml). Other disadvantages include dilution 

and loss of antibody during the post-reaction purification step as well as incomplete removal 

of free dye. Furthermore, the reaction is difficult to control and the resulting degree of labeling 

(DOL, the number of fluorophores/antibody) is hard to predict. It is important to control the 

DOL due to several reasons, such as to increase the fluorescence signal to obtain as sensitive 

detection as possible, yet avoid quenching of the signal and interference with antibody 

function. Efforts have been made to address these problems, for example the development of 

a method for biotinylation of small amounts of antibodies (0.1-10 mg) on IMAC support that 

showed to be applicable for both amine and sulfhydryl reaction chemistry (Strachan et al., 

2004). The protocol was more rapid than the conventional labeling in solution but the need for 

a pure antibody sample remained. 

By using a solid-support throughout the labeling, excess reagents are easily washed away while 

antibodies remain bound to the support. In this study we have taken advantage of the strong 

and specific interaction between protein A and antibodies (Richman et al., 1982; Jansson et al., 

1998). This enables simultaneous purification, concentration and labeling of the antibody 
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sample. In this study, a micropipette tip was utilized as a container of the solid support to 

miniaturize the labeling procedure. 

As proof-of-principle, amine-reactive Alexa Fluor dyes were used for fluorescent labeling of 

the antibodies. The labeling protocol was optimized in terms of reaction pH, time, temperature 

and amount of reactive dye. After optimization of the protocol, labeling and recovery of 

micrograms of antibodies was feasible, even when starting with 100-fold lower antibody 

concentrations than what is required for labeling in solution. The reaction was shown to be 

highly predictable in terms of the resulting DOL; by adding a certain amount of dye a precise 

DOL could be obtained (Figure 6.1). To further assess the reproducibility and robustness of 

the method, eight different antibodies of various concentrations were labeled with two 

different amine reactive dyes (Alexa Fluor 555 and Alexa Fluor 647) followed by evaluation of 

the antibody specificity on protein arrays. The results showed an extremely high conformity in 

the obtained DOL (2.1 ± 0.08 and 4.1 ± 0.4, respectively) hence demonstrating the robustness 

of the method. Antibodies labeled using this solid-phase method were also shown to be similar 

in terms of stability and activity to antibodies labeled in solution as evaluated by protein array 

analysis.

Figure 6.1. The degree of labeling (DOL) obtained after conjugation of amine reactive Alexa Fluor 555 

to a rabbit -his6 ABP antibody on solid phase. The x-axis shows the nanomole amount of Alexa Fluor 

555 used for the conjugation. The y-axis shows the obtained DOL in terms of mole Alexa Fluor 555 per 
mole antibody. 

As mentioned above, the specific interaction between protein A and antibodies can be 

exploited for a simultaneous purification and labeling of antibody samples. This was 

demonstrated by labeling of antibodies directly from rabbit sera with amine reactive Alexa 

Fluor 647, resulting in pure samples of fluorescently labeled antibodies, again demonstrating 
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the robustness of the method by a high conformity in the obtained DOL (1.9 ± 0.1 for 

triplicate samples) (data not previously published). 

In conclusion, this novel solid-phase method for labeling antibodies offers equivalent levels of 

antigen binding activity and stability of the labeled antibodies plus the added advantages of 

shortened protocol time, possibility to start with impure samples, high predictivity of DOL, 

combined with high recovery of antibody following labeling. This method has further been 

shown useful with maleimid conjugation chemistry as well as for using other labels (Cy-dyes, 

biotin, HRP, FITC and BODIPY dyes, data not previously published) and has the potential 

for automated high throughput applications thanks to the micropipette tip format. 

6.2 Affibody molecules for one-step protein detection 

in cells and tissue (II) 

In this study we demonstrate the use of an alternative, non-IgG, affinity reagent in numerous 

immunotechnological applications. As a relevant proof-of-principle example, an Affibody 

molecule binding the HER2 receptor was site-specifically labeled and employed for in vitro

analysis of HER2 expression in cells and tissue using flow cytometry, immunofluorescence 

(IF), immunohistochemistry (IHC) and immunoprecipitation. 

The HER2 receptor is a member of the human epidermal growth factor (EGF) family of cell 

surface receptor tyrosine kinases that in its active form, as homo- or heterodimers with other 

members of the EGF-family, trigger diverse signaling pathways within the cell (Yarden and 

Sliwkowski, 2001). Unlike the other members of the EGF family, HER2 requires no bound 

ligand for dimerization and over-expression is by itself enough to trigger signaling cascades 

that influence cell proliferation, differentiation, survival and motility, all parameters that 

promote cell transformation (Hung and Lau, 1999). Over-expression of HER2 has been most 

comprehensively studied in cases of breast and ovarian cancer where a high level of expression 

has been correlated to a poor patient prognosis (Slamon et al., 1987; Ross and Fletcher, 1998). 

For breast cancers that over-express HER2 a monoclonal antibody (trastuzumab) is often 

suitable for therapy, hence determination of HER2 expression levels in tumor biopsies is of 

outmost importance to elucidate whether the patient should receive this therapy or not. One 

way of analyzing if HER2 is over-expressed is by fluorescence in situ hybridization (FISH), 

however it has been shown that over-expression may occur without gene amplification and 
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vice versa (Pauletti et al., 1996; Hammock et al., 2003), therefore analysis of HER2 expression 

on a protein level is desired. The level of HER2 protein expression in tumors is routinely 

assessed in the clinic using IHC (the test is commercialized as Herceptest®). This analysis 

provides a qualitative measurement of HER2 levels in different parts of the tumor but it is 

merely semi-quantitative. To obtain a more firm quantitative measurement, methods such as 

FC have been suggested (Stal et al., 1994). 

We have investigated the use of Affibody-based reagents for the analysis of HER2 expression 

in cultivated cells and xenograft tissue. The HER2 specific Affibody molecule, Z00477 (Orlova 

et al., 2006), as well as a control Affibody molecule, Z01080, was produced as head-to-tail 

homo-dimers with a genetically introduced cysteine residue at the C-terminus. This unique 

cysteine residue was employed as a handle for site-specific conjugation to fluorescent or 

enzymatic (e.g. HRP) reporter functions, resulting in labeled primary detection reagents. 

The amount of HER2 expressed on the surface on eleven well-characterized cell lines was 

quantified in relation to each other using fluorescently labeled (Z00477)2 applied in flow 

cytometric analysis. These expression levels were further shown to correlate well with HER2 

mRNA expression levels as determined by real-time PCR experiments (Figure 6.2). 

Interestingly the results showed some discrepancies; SKOV-3 and LS174T cells had lower 

HER2 protein levels than what would have been expected based on the mRNA levels. The 

reason for this is unknown but might be the result of post-translational regulatory mechanisms 

of HER2 (Mehta et al., 2006). 

Figure 6.2. Relative quantification of HER2 mRNA and protein levels in different cell lines. The values 

are given as molecules of mRNA or protein in comparison to the amounts in MCF-7 cells. White bars 

represent protein levels, dotted bars mRNA levels and the error-bars corresponds to the variation 
between the duplicate samples. 
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Fluorescently and enzymatically labeled (Z00477)2 was furthermore used for microscopical 

detection of HER2 expression in situ, in studies of cell lines and cryosections of SKOV-3 

xenografts. Both IF and IHC analyses showed a strong specific staining of the plasma 

membrane of the tumor cells with very low background staining (Figure 6.3). In addition, the 

use of these directly conjugated primary reagents made all staining procedures simple and 

rapid. The unique C-terminal cystein residue was also used for directed coupling of the 

Affibody molecule to a solid-phase resin, subsequently used to successfully recover full-length 

HER2 protein from cell extracts by immunoprecipitation. 

Figure 6.3. Images from microscopic analysis of IHC or IF stained cells or tissue sections, using an 

Affibody molecule specific for HER2, (Z00477)2. The fluorescent reporter was Oregon green 488 

(OG488) and the enzymatic reporter horse radish peroxidase (HRP), shown in green and brown, 

respectively. A. SK-BR-3 cells stained with (Z000477)2-OG488. B. SK-BR-3 cells stained with mouse 

anti-HER2 monoclonal antibody following detection with a Alexa Fluor 488 labeled secondary antibody. 

C. SKOV-3 cells stained with (Z000477)2-OG488. D. SH-SY5Y cells stained with (Z000477)2-OG488.

E. Sections of SKOV-3 xenografts in mice stained with (Z000477)2-OG488. F. Sections of SKOV-3 

xenografts in mice stained with (Z000477)2-HRP. The IF and IHC stained samples were counterstained 
with DAPI and hematoxylin, respectively, giving nuclei a blue color. 

In conclusion, we show how a non-IgG derived affinity reagent (i.e. Affibody molecule) can be 

used as a single-step reagent for detection and quantification of HER2 expression in vitro using 

different immunological techniques. Detection of HER2 in tissue sections of SKOV-3 

xenografts indicates that (Z00477)2 can be used to analyze the HER2 status in patient biopsies, 

similar to methods developed for antibodies (Sartelet et al., 2005; Loussouarn et al., 2006). It is 

further anticipated that the methods described here can be adapted for Affibody molecules 

binding to cell surface receptors other than HER2. 
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6.3 Subcellular localization of proteins using 

immunofluorescence confocal imaging (III) 

In this study it is demonstrated that affinity reagents can be used to systematically determine 

protein localization on a subcellular level. We report on the creation of a subcellular atlas, 

based on a pilot study of 466 proteins in three different human cell lines using 

immunofluorescence (IF) and confocal microscopy (CSM). It is anticipated that this study can 

be extended to cover the entire human proteome as well as to the proteomes of other species. 

So far, systematic studies of subcellular localization of proteins have been performed either 

with cellular fractionation and mass spectrometry analysis (Simpson and Pepperkok, 2006) or 

fluorescence microscopy (Liebel et al., 2003; Mehrle et al., 2006). A common approach in the 

latter case has been the use of genetic constructs, where the protein of interest is expressed in 

fusion with a fluorescent protein or another tag for detection. Here, we describe an alternative 

approach for systematic localization studies using antibodies and confocal microscopy. The 

reason that no one, so far, has attempted to use this approach in large scale is most likely due 

to the lack of affinity reagents for an adequate number of proteins (Taussig et al., 2007). 

However, it is here demonstrated feasible within the framework of the HPA program.

Successful IF analyses rely on three major steps: sample preparation, image acquisition, and 

data analysis. These parameters have been evaluated thoroughly and adjusted to suit the needs 

for the high-throughput application.

To enhance the number of proteins being expressed in a limited set of cell lines, three human 

cell lines derived from different tissues and lineages were selected to be included in the study; 

U-2OS, A-431, and U-251MG tumor cell lines from mesenchymal, epithelial, and glial tumors 

respectively. Furthermore, the selection was based upon morphological characteristics and 

widespread use. For sample preparation, a protocol using paraformaldehyde for fixation 

followed by Triton X-100 for permeabilization was used. As reference probes, three different 

markers were selected; (i) DNA stain DAPI for the nucleus, (ii) tubulin as internal control for 

fixation quality and homogeneity, and (iii) calreticulin for the endoplasmic reticulum. The 466 

HPA antibodies were randomly chosen and, to suit the high throughput approach, diluted to a 

fixed concentration for staining (2 g/ml). This could however cause problems for the analysis 

of some proteins due to differences in antibody affinity, target protein abundance and dynamic 

range of protein expression. To be able to visualize as fine subcellular details as possible a 
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conventional confocal microscope was used to acquire images of high resolution (close to the 

diffraction limit, i.e. about 200 nm). The microscope settings were adjusted individually for 

each sample to use the full dynamic range of the detector.  

Figure 6.4. Examples of different subcellular localizations. U-2 OS cells were immunofluorescently 

stained with HPA antibodies (green) and counterstained with the nuclear probe DAPI (blue) and 

confocal images were aquired. A. Cytoplasm (T-complex protein 1 subunit . B. Microtubules (androgen 

receptor coactivator ARA55 isoform 2). C. Nucleus (splicing factor arginine/serine-rich 11). D.
Mitochondrion (elongation factor Ts, mitochondrial precursor). E. Vesicles (eukaryotic translation initiation 

factor 4E transporter). F. Actin filaments ( -filamin). G. Endoplasmic reticulum (protein-disulphide isomerase 

A3 precursor). H. Golgi apparatus (golgin subfamily A member 5). I. Focal adhesions / plasma membrane

(vasodilator-stimulated phosphoprotein). 
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The acquired images were visually inspected and annotated in terms of staining intensity, 

subcellular localization and staining characteristics. The staining intensity was annotated as 

negative, weak, moderate or strong, based on the microscope settings used. Furthermore, 

staining patterns were annotated as unspecific when there was a homogeneous staining all over 

the cells. Figure 6.4 shows examples of nine different localizations annotated in this work. The 

staining characteristics of these organelles can however vary greatly. Figure 6.5 shows images 

of eight different nuclear proteins that show different distribution (nucleus, nucleoli, and 

nuclear membrane) as well as varying characteristics of the staining (smooth, granular, 

speckled, dotty, and clusters of spots). This illustrates the difficulty associated with the 

translation of images to descriptive terms. A more detailed annotation could provide added 

information about the function of individual proteins, but the large spectrum of staining 

patterns makes this risky and a likely source of error (Starkuviene and Pepperkok, 2007). 

Figure 6.5. Examples of different nuclear and subnuclear patterns. U-2 OS cells were 

immunofluorescently stained with HPA antibodies (green) and counterstained with the nuclear probe 

DAPI (blue) and confocal images were aquired for the following proteins A. Methyl-CpG-binding 

protein 2. B. RNA-binding motif protein 14. C. Zinc finger and SCAN-domain containing protein 1. D. 
Emerin. E. Bcl-2-associated transcription factor 1. F. Probable RNA-binding protein 25. G.
Bromodomain-containing protein 1. H. Mucin-4 precursor.

Approximately 3000 images of immunofluorescently stained cells were captured. More than 

80% of the analyzed proteins could be classified into one or multiple subcellular compartments 

whereas about 20 % were left with undefined localization in all three cell lines (i.e. negative or 

unspecific). The reasons for these undefined localizations could for instance be; (i) lack of the 
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target protein in the analyzed cell lines, (ii) failure to permeabilize the compartment in which 

the target protein was present, (iii) failure to recognize the epitope of the target protein due to 

masking effects by the fixation protocol.

An evaluation of the distribution and concordance of the obtained subcellular localizations in 

the three different cell lines was performed. A stringent comparison (requiring an exact match 

of annotated localizations) demonstrated that 23% and 45 % of the antibodies showed 

identical localization of the target protein in three and two cell lines, respectively. When doing 

this comparison in a non-stringent manner (i.e. partial annotation overlap) these numbers 

increased to 49 % and 82 %, respectively. Discrepancies between the different cell lines could 

also be noticed. For example, U-251MG showed the highest proportion of proteins with a 

nuclear localization, whereas A-431 showed very few mitochondrial proteins and these 

findings needs to be further investigated. However, complete concordance between the cell 

lines was not expected considering their different origin and morphology.

To evaluate the accuracy of the annotated protein localizations, a comparison with Gene 

Ontology (GO) annotations (Harris et al., 2004) was performed. The use of compiled 

experimental data from all three cell lines resulted in a 60 % agreement with GO annotations. 

From this comparison it was evident that our study could add valuable localization information 

for proteins without any existing GO annotations. Furthermore, a difficulty of identifying 

vesicular staining patterns when using our approach was highlighted. These small membrane-

bound organelles have also previously been described as difficult to annotate (Glory and 

Murphy, 2007). It was also noticed that comparisons of the nuclear and cytoplasmic 

compartments were the most complex. These were the most common annotations yet the 

agreement with GO annotations was low (45 % and 55 %, respectively). This indicates that 

some proteins will not easily be detected in their intact subcellular compartment and hence fall 

into a less resolved compartment, i.e. cytoplasm or nucleus, organelles that in this context 

should be considered as meta-compartments. 

A subcellular atlas comprising the generated images as well as the annotation comments, have 

been integrated into the publicly available Human Protein Atlas website 

(www.proteinatlas.org). 

In conclusion, this is the first large-scale antibody-based study to localize proteins into 

subcellular compartments using fluorescence microscopy. The major advantage of the 
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antibody-based approach is that no genetic constructs are needed; consequently the potential 

artifacts of protein fusions are avoided. One drawback is that this strategy requires fixed and 

permeabilized cells, limiting the experiments to dynamically fixed end points. The antibody- 

and genetic construct-based methods should therefore be considered complementary for large-

scale studies of protein localization in cellular systems. 

6.4 Analysis of protein expression levels from 

immunohistochemical images (IV) 

In this study, a large-scale effort to estimate relative protein levels in human cell lines using an 

antibody-based approach is described. Automated image analysis was used for protein 

expression profiling of 1862 different human proteins in 47 cancer cell lines and 12 clinical cell 

samples based on immunohistochemistry (IHC). The analysis showed that most proteins were 

expressed in a cell size-dependent manner. These results, as well as results from other studies 

(Lu et al., 2007), indicate an overall need for not only standardized protocols, but also 

appropriate normalization approaches in quantitative proteomics. Here, two different 

normalization approaches for IHC protein expression profiling are proposed. 

Normalization of data obtained from large-scale expression studies is of importance to correct 

for systematic biases associated with the method used and to obtain reliable and comparable 

values of expression levels. For gene expression profiling on a transcript level this has been 

extensively studied (Fundel et al., 2008; Park et al., 2003) as well as for a few proteomics 

platforms (Kreil et al., 2004; Listgarten and Emili, 2005; Callister et al., 2006) but for IHC this 

is largely unexplored.

The 59 cell samples included in this study were assembled in a cell microarray (CMA) format 

and subjected to IHC staining followed by automated image analysis, as previously described 

(Andersson et al., 2006; Stromberg et al., 2007). By using a microarray format all samples were 

subjected to the same treatment, rendering most variables equalized across the specimens and 

making relative comparisons between the different samples feasible. Images of the CMA show 

IHC staining of cross-sections of approximately 300 cells per core. These cross-section areas 

are likely to represent both different levels and angles of sectioned cells, as well as cells of 

different sizes. We make the assumption that the average cell cross-section area (hereon 
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referred to as cell size) is related to cell volume and consequently the average immunostaining 

observed per cross-section area represent the immunostaining of an entire cell. 

Automated image analysis was used to extract information from approximately 220 000 IHC 

images. The average amount of immunostaining per cell was quantified for each protein, giving 

an average protein expression value per cell for each of the 59 cell types. For each cell type, the 

average cell size was determined based on the analysis of 60 000 cells and a global expression value

representing the total protein content per cell was calculated based on the expression of all 

analyzed proteins (i.e. the sum of all protein expression values). It is evident that most cells follow a 

trend in which global expression values are related to the size of the cell (Figure 6.6). This suggests 

that most proteins are expressed to yield similar concentrations in cells with highly different 

sizes and morphology. This was further supported by correlation analyses between the protein

expression profiles for each of the 1862 individual proteins and the i) cell sizes (mean R=0.42) as

well as ii) the global expression profile (mean R=0.49). 

Figure 6.6. Scatter plot showing the correlation between cell size  (x-axis) and global protein expression values

(y-axis) for all cell lines. A linear regression performed on the data yielded an R2-value of 0.82. 

The evident correlation between protein expression and cell size imposes a need for 

normalization of quantitative data to allow for protein profiling across a panel of diverse cells.  
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To normalize the obtained protein expression values, two alternative approaches were evaluated: 

1) Normalization in reference to cell size, generating relative values for the apparent

protein concentration in the cells.

2) Normalization in reference to global expression values (i.e. the total amount of 

protein per cell), generating relative values representing the protein density in the cells. 

Correction for cell size does not take into consideration the morphological differences between 

the different cell lines, e.g. bi- and polynucleated cells in HDLM2 or prominent cytoplasmic 

vacuoles in AN3CA. When using the global expression values as reference, correction for 

differences in cell size is obtained indirectly since these two parameters are closely linked. In 

addition to this, correction for morphological differences as well as systematic biases in the 

experimental procedure (i.e. fragmented cells, aggregated cells, response to the antigen retrieval 

treatment etc.) is obtained. 

In order to investigate the impact of the normalization approaches, the correlation between the 

expression profiles of 10 000 randomly paired protein were evaluated using non-normalized as 

well as normalized data. It is likely that if intrinsic differences in cell size and morphology were 

accurately corrected for, the overall correlation for randomly sampled protein pairs would be 

close to zero. The mean correlation was 0.25 for non-normalized values, 0.12 for values 

normalized in reference to cell size and 0.01 for values normalized in reference to global expression 

values and the differences were demonstrated to be significant using the Wilcoxon signed-rank 

test. This shows that normalization in reference to the global expression profile is a highly effective 

approach. This analysis was also performed on a small set of proteins grouped according to 

subcellular localization (cytoplasm, plasma membrane, nucleus and mitochondria).  No 

significant differences were observed between the four groups, indicating that the 

normalization can be used as a general approach. 

Figure 6.7 shows examples of protein expression profiles after normalization in reference to 

the global expression profile. Two different plots are shown for each example; (i) showing the 

protein expression value, where the cell lines are plotted in order of cell size, and (ii) showing the 

protein density, where the cell lines are grouped according to their cellular origin. Figure 6.7 A 

shows the expression profile for mitochondrial stress-70 protein (HSPA9). It shows a high 

correlation (0.86) to the global expression profile, and after normalization (A,ii) the relative protein

density is similar for all cell lines. This size dependent expression corresponds well with the 
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known function of HSPA9. It is involved in the control of cell proliferation and ageing, and 

can therefore be expected to of equal importance in all proliferating cancer cell lines (Wadhwa 

et al., 2002). Figure 6.7 B shows the expression profiles for interferon regulatory factor 4 

(IRF4). The expression profile does not correlate with the global expression profile (0.12). IRF4 is 

known to be expressed in B-cells and to have an important function for plasma cell 

differentiation at the exit from germinal centers (Teng et al., 2007) as well as development of 

TH-cells (Brustle et al., 2007). As shown after normalization (B,ii), overexpression of the 

protein is evident in leukemic clinical cell samples and cell lines derived from the B-cell lineage. 

These protein profiles provide a reference draft for categorizing proteins into functional 

groups, separating “house-keeping” proteins that are expressed similarly across the cell lines 

from proteins with a more cell line-specific pattern. 

Although the proteins analyzed here only constitute a subset of the human proteome (9 %), 

the linear correlation with cell size suggests that the normalization factors will not be 

significantly changed with an increased number of analyzed proteins. The two parameters cell

size and global expression value both serve well as reference standards for normalization of IHC 

cell data and dependent on the aim of the analysis, either one could be used. 
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Figure 6.7. Examples of protein 

expression profiles for two 

different proteins in the 47 cell 

lines and 12 clinical cell samples. 

The measured example proteins 

are A. mitochondrial stress-70 

protein (HSPA9) and B.
interferon regulatory factor 4 

(IRF4). Plot i) shows the protein

expression profile. The expression 

is normalized towards the 

highest expressing cell line, and 

is shown on the y-axis and the 

different cells and cell lines on 

the x-axis, sorted in order of cell

size. The corresponding names 

of the cells and cell lines are 

found in supplementary table 2 

in article IV. Plot ii) shows the 

expression normalized towards 

the global expression profile, i.e. the 

protein density. The expression is 

normalized towards the highest 

expressing cell line, and is 

shown on the y-axis and the 

different cells and cell lines are 

on the x-axis. The cell lines are 

grouped according to their tissue 

of origin as indicated on top of 

the plot; I. Myeloid, II. 

Lymphoid, III. Brain, IV. Lung, 

V. Abdominal, VI Breast, VII. 

Urinary, VIII. Skin, IX. 

Sarcoma, X. Miscellaneous. The 

corresponding names of the 

cells and cell lines are found in 

supplementary table 1 in article 

IV. The dashed line represents 

the average expression of the 

cell lines while +/- 1 standard 

deviation are marked with 
dotted lines.
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6.5 Identification of a novel biomarker for colorectal 
cancer by microscopical screening (V) 

Article V reports on an in depth study of a potential biomarker for colorectal cancer using 

affinity reagents and bioimaging. The Human Protein Atlas (HPA) provides a powerful 

starting point for biomarker discovery efforts, with its extensive documentation of antigen 

localization in normal and cancer tissue. One example of such a candidate protein, first 

discovered by mining HPA data, is SATB2 that demonstrated tissue specific staining of normal 

colon and colorectal cancers.

Colorectal cancer (CRC) is one of the most common forms of human cancer and the second 

most common cause of cancer-related death (Parkin et al., 2005). Current diagnostic strategies 

are based on clinical and endoscopic examination, which allows for tissue biopsy and 

histological evaluation. Thus, the discovery of CRC-specific proteins could enable better 

diagnostic accuracy and may be useful for disease prognosis. In this study, SATB2 was shown 

to be highly specifically expressed in normal and malignant cells from the lower gastrointestinal 

(GI) tract and interestingly it was possible to correlate SATB2 expression and patient survival 

time in stage III/IV colorectal tumors. 

SATB2 is a member of the family of Special AT-rich Binding proteins (FitzPatrick et al., 2003). 

A family of transcription factors that coordinate gene expression in a tissue-specific manner by 

epigenetically regulating high-order chromatin structure (Dickinson et al., 1992; Yasui et al., 

2002). This is performed through interactions with matrix attachment regions (MARs) (i.e.

sequences in the DNA where the nuclear matrix attaches) (Bode et al., 1996). Previous studies 

have demonstrated cell-specific expression of SATB2 in the cortex of the developing mouse 

brain, where it acts by altering chromatin structure in differentiating neurons (Britanova et al., 

2005). Furthermore, haplo-insufficiency of the SATB2 gene has been shown associated with 

cleft palate syndrome in humans (FitzPatrick et al., 2003; Britanova et al., 2006) and SATB2-/- 

mice display similar craniofacial deformities (Dobreva et al., 2006). 

SATB2 were picked up as an interesting protein from the immunohistochemical (IHC) HPA 

data due to a strong nuclear expression, almost exclusive to normal and malignant cells from 

the lower GI tract. Out of the 48 different types of normal human tissue a strong staining was 
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observed in glandular cells of the appendix, colon, and rectum, as well as in a subset of 

neuronal cells in the cerebral cortex and hippocampus while most other cell types were 

negative. Analysis of the panel of 216 tumor specimens from 20 cancer types revealed that 

SATB2 was expressed in all analyzed CRCs while other tumor types only showed rare cases of 

expression. Analysis of SATB2 on a transcriptional level further supported these findings by 

showing a significantly higher level of gene expression in normal colorectal tissues and CRCs, 

in comparison to the baseline level in most tissues. Consistent with the protein expression 

pattern was also the increased mRNA expression evident in normal and malignant tissues from 

the central nervous system and in sarcomas. 

The specificity of SATB2 as a diagnostic marker for CRC was further examined in comparison 

to other commonly used markers for GI-tract tumors. Hierarchical clustering of IHC protein 

expression patterns in the 20 different tumor types showed that SATB2 clustered together 

with the previously suggested CRC markers, CK20 (Tot, 1999) and CDX2 (Dennis et al., 

2005), none of which solely specific for CRC. The best diagnostic power was obtained by 

combining SATB2 with CK20, detecting >95% of all colorectal cancers. 

Figure 6.8. Images of SATB2 expression in IHC stained normal and cancerous tissue from the GI-tract. 

The top row shows H&E (hematoxylin and eosin) staining and the two bottom rows shows IHC staining 

of SATB2 in normal colonic mucosa, adenoma, carcinoma and lymph node. Note the decrease in SATB2 
staining from adenoma to carcinoma to lymph node. 
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Furthermore, investigations aiming to elucidate if the expression of SATB2 is altered during 

tumor progression, was performed. Studies in the in vitro SW480/620 human colon 

adenocarcinoma model comprising two cell lines derived from the same patient, one 

established from a primary CRC (SW 480) and the second from a lymph node metastasis (SW 

620), showed that SATB2 protein expression was markedly decreased in SW620 cells 

compared to SW480 cells, suggesting that SATB2 expression may be reduced in more 

advanced stages of CRC. Extended analysis of SATB2 expression was also performed using 

IHC in two independent CRC cohorts, a test cohort (122 samples) and a validation cohort 

(320 samples). Distinct nuclear SATB2 expression was evident in 81% of the carcinomas in the 

test cohort and in 84% of the carcinomas in the validation cohort. Automated image analysis 

was used to quantify the SATB2 expression at different stages of tumor progression. The 

results from the test and validation cohort were consistent and revealed a marked decrease of 

SATB2 expression in metastases compared to primary carcinomas (p < 0.001) as well as in 

poorly differentiated tumors, as compared to moderate or well differentiated tumors (p < 

0.001), further supporting the hypothesis that SATB2 expression is decreased in more 

aggressive tumors. (Figure 6.8) 

Based on these findings we proceeded to investigate SATB2 as a potential prognostic marker 

of CRC. Interestingly, survival analyses revealed that a decreased SATB2 expression (< 25% 

positive nuclei) was associated with a decreased overall survival in patients with advanced CRC 

(p=0.05). The median overall survival was 4.6 years for patients with high SATB2 expression 

as compared to 2.6 years for patients with reduced SATB2 expression, in the group of stage 

III/IV tumors (Figure 6.9). 

Figure 6.9. Analysis of SATB2 expression in a 

validation cohort containing 320 patients. Kaplan-

Meier plot of patient overall survival (y-axis) over time 

(x-axis) for patients with metastasing CRC (stage III-

IV tumors) showing a significantly reduced overall 

survival for patients with tumors showing decreased 
SATB2 expression. 
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The reason for SATB2’s loss of expression in more aggressive tumors could not be explained 

since the function of SATB2 is not fully characterized. To study the subcellular distribution of 

SATB2 at a higher resolution, immunofluorescence (IF) and confocal microscopy was 

employed (Figure 6.10). Staining of CACO2 cells demonstrated a speckled staining pattern of 

the nucleus excluding the nucleoli. To further scrutinize the potential binding of SATB2 to 

chromatin, all soluble proteins were extracted prior to fixation and immunostaining resulting in 

a significant loss of SATB2 staining. However, small distinct regions of staining remained 

visible, indicating that a fraction of SATB2 was bound to chromatin in discrete regions, 

possibly representing specific MARs, as has been shown for other members of the SATB 

family using in situ hybridisation (de Belle et al., 1998). 

Altogether, our results suggest that SATB2 is both a specific and sensitive marker for 

colorectal cancer and that decreased SATB2 expression may be associated with reduced overall 

survival for a subgroup of patients with colorectal carcinoma. 

Figure 6.10. Confocal images of SATB2 expression in Caco-2 cells. The staining of SATB2 and the 

control proteins BRCA-1 and PCNA was evaluated prior to and after extraction of soluble proteins from 

the cells using the same microscope settings. The left panel shows untreated cells and the right panel 

shows extracted cells. Cellular DNA was detected by DAPI and is shown in blue. This shows that the 

majority of SATB2 is removed with the soluble fraction except in a few spots in the nuclei, where distinct 
staining remained after fixation. 
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7. Concluding remarks
and future perspectives 

The main conclusion from these studies is that affinity reagents are truly versatile tools that 

provide enormous possibilities for studying protein expression in situ in cells and tissues using 

bioimaging.

In paper I, a novel technique for fluorescent labeling of antibodies on solid-phase is described. 

This method offers simultaneous purification, concentration and labeling of an antibody 

sample, giving predictable and reproducible results. It has also proven versatile and applicable 

for labeling using several labels and conjugation chemistries. Thanks to the micropipette tip 

format, automation of the labelling procedure will be an easy task, making the technique 

compatible with high-throughput applications. One could also envision the labeling being 

performed on other types of solid resin, for example using the antigen as ligand to hinder the 

labels from interfering with the antigen binding capacity of the antibody. In many instances, 

the availability of small and limited amounts of antibody can be a reason for not labeling the 

primary reagent. We anticipate that the method developed in this study has over-come this 

problem.

The use of alternative affinity reagents was evaluated in paper II. Here we demonstrated that 

an Affibody molecule could be employed in numerous immunoassays, including bioimaging, as 

a highly satisfactory substitute for antibodies. This was demonstrated by using an Affibody 

molecule binding the HER2 receptor. However, we anticipate that the methods described here 

can be applied for Affibody molecules binding to other cell surface receptors as well. With the 

advantage of simple production in bacteria and the ease of making site-specific modifications, 

it is plausible that the use of alternative affinity reagents will increase.  

The remaining three studies were performed within the framework of the Human Protein 

Atlas (HPA) program.  
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In paper III, the feasibility of using an antibody-based approach for systematic studies of 

subcellular localization of proteins was successfully demonstrated. This was the first ever large-

scale study to perform this task using IF and confocal imaging. The obtained localization 

information and the high-resolution images, constituted the starting point for the creation of a 

subcellular atlas of protein localization. Today the number of analyzed proteins has increased 

and the atlas contains subcellular information for more than 2000 proteins and the ultimate 

aim is to include all non-redundant human proteins.

The issue of obtaining expression data from bioimaging studies of a multitude of diverse cells, 

with highly different morphology, was addressed in paper IV. Antibody-based IHC protein 

expression profiling of nearly 2000 proteins in 59 cell types revealed that most proteins are 

expressed in a cell-size dependent manner. Two different normalization approaches were 

presented and evaluated to allow for comparative protein profiling across these diverse cells, 

disregarding of differences in cell size and systematic biases associated with the experimental 

procedure. Using this approach, patterns of protein over- and under-expression could 

successfully be revealed and proteins with stable expression, i.e. “housekeeping proteins” as 

well as proteins with lineage specific expression were identified. 

Information on protein localization and level of expression is fundamental for studies of cell 

biology. The data obtained from the studies presented in paper III and IV is publicly available 

and open to be used by anyone. It can hopefully contribute to many research efforts by 

facilitating protein and cellular studies as well as the discovery of targets for the design of novel 

diagnostic tools and drugs.

The strength of antibody-based proteomics as a platform for this kind of biomarker discovery 

is demonstrated in paper V. Here a candidate biomarker for colorectal cancer, SATB2, is 

discovered and subsequently studied in depth. Results from extended analyses of tumor 

biopsies showed that detection of SATB2 protein using IHC provides a clinically relevant 

diagnostic tool with high specificity and sensitivity for establishing a diagnosis of colorectal 

cancer. Furthermore, the study demonstrated a potential prognostic role of SATB2, as 

decreased expression was associated with a significantly shorter overall survival in patients with 

advanced colorectal cancer. This also demonstrates the value of using affinity reagents and 

bioimaging for both the initial screening phase as well as in the following in-depth studies. It is 

further anticipated that as the content in the Human Protein Atlas increases, its role as a 
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platform for biomarker discovery will increase accordingly and play an important role in future 

cancer research.

With the increasing amount of available affinity reagents, the potential of bioimaging 

applications using them grow larger. For example the use of modification specific reagents (e.g.

phosphorylation specific) allows imaging of protein activity levels. Further developments of 

imaging systems will most likely push the limits of biological and medical research further by 

for example allowing nanoscale resolution, high-speed acquisition, deeper tissue penetration, 

single molecule detection and multidimensional imaging, altogether providing a deeper insight 

into the cellular systems of life. 
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CCD  Charge-coupled device 

CDR  Complementarity determining region 

CH  Constant domain of the antibody heavy chain 

CL  Constant domain of the antibody light chain 

CMA  Cell microarray 

CRC  Colorectal cancer 

CSM  Confocal scanning microscopy 

DAB  3,3’-diaminobenzidine 

DIC  Differential interference contrast 

DNA  Deoxyribonucleic acid 

DOL  Degree of labeling 

ELISA  Enzyme-linked immunosorbent assay

Fab  Fragment, antigen binding (Antibody) 

Fc  Fragment, crystallizable (Antibody) 

FFPE  Formalin-fixed paraffin-embedded 

FISH  Fluorescence in situ hybridization 

FRAP  Fluorescence recovery after photobleaching 

FRET  Fluorescence resonance energy transfer 

GFP  Green fluorescent protein 

GI  Gastrointestinal 

GO  Gene Ontology 

HER2  Epidermal growth factor receptor-2 (HER2/neu, ErbB-2) 

HIER  Heat induced epitope retrieval 

HPA  Human protein atlas 

HRP  Horseradish peroxidase 

IF  Immunofluorescence 

Ig  Immunoglobulin 

IHC  Immunohistochemistry 

IMAC  Immobilized metal ion affinity chromatography

KA  Association equilibrium constant 

kon  Association rate constant 

koff  Dissociation rate constant 
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mRNA  Messenger ribonucleic acid 

NA  Numerical aperture 

RT-PCR  Reverse transcriptase polymerase chain reaction 

SATB2  Special AT-rich binding protein 2 

scFv  Single chain variable fragment (Antibody) 

SNOM  Scanning near-field optical microscopy 

STED  Stimulated emission depletion 

TMA  Tissue microarray 

VH  Variable domain of the antibody heavy chain 

VL  Variable domain of the antibody light chain 
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