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Abstract
Lindskog Bergström, C. 2013. Tissue Microarrays for Analysis of Expression Patterns. Acta
Universitatis Upsaliensis.  Digital Comprehensive Summaries of Uppsala Dissertations from
the Faculty of Medicine 846. 62 pp. Uppsala. ISBN 978-91-554-8551-1.

Proteins are essential building blocks in every living cell, and since the complete human genome
was sequenced in 2004, researchers have attempted to map the human proteome, which is
the functional representation of the genome. One such initiative is the Human Protein Atlas
programme (HPA), which generates monospecific antibodies towards all human proteins and
uses these for high-throughput tissue profiling on tissue microarrays (TMAs). The results are
publically available at the website www.proteinatlas.org.

In this thesis, TMAs were used for analysis of expression patterns in various research areas.
Different search queries in the HPA were tested and evaluated, and a number of potential
biomarkers were identified, e.g. proteins exclusively expressed in islets of Langerhans, but not in
exocrine glandular cells or other abdominal organs close to pancreas. The identified candidates
were further analyzed on TMAs with pancreatic tissues from normal and diabetic individuals,
and colocalization studies with insulin and glucagon revealed that several of the investigated
proteins (DGCR2, GBF1, GPR44 and SerpinB10) appeared to be beta cell specific. Moreover, a
set of proteins differentially expressed in lung cancer stroma was further analyzed on a clinical
lung cancer cohort in the TMA format, and one protein (CD99) was significantly associated with
survival. In addition, TMAs with tissue samples from different species were generated, e.g. for
mapping of influenza virus attachment in various human and avian tissues. The results showed
that the gull influenza virus H16N3 attached to human respiratory tract and eye, suggesting
possible transmission of the virus between gull and human. TMAs were also used for analysis
of protein expression differences between humans and other primates, and two proteins (TCF3
and SATB2) proved to be significantly differentially expressed on the human lineage at both
the protein level and the RNA level. 

In conclusion, this thesis exemplifies the potential of the TMA technology, which can be
used for analysis of expression patterns in a large variety of research fields, such as biomarker
discovery, influenza virus research or further understanding of human evolution.
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Populärvetenskaplig sammanfattning 

Den genetiska koden i vår arvsmassa, DNA, fungerar som en byggbeskriv-
ning för mer än 20 000 proteiner. Proteiner medverkar i ett stort antal livs-
nödvändiga processer i kroppen. De behövs för att omvandla maten vi äter 
till energi, transportera substanser mellan kroppens olika delar och försvara 
oss mot främmande organismer. Dessutom hjälper de till att bilda enzymer, 
hormoner och andra molekyler som ständigt cirkulerar i vår kropp och gör 
oss till dem vi är. 

Sedan hela den mänskliga arvsmassan kartlades 2004 har forskare världen 
över försökt att även kartlägga alla de proteiner som arvsmassan utgör en 
mall för. Till skillnad från arvsmassan, som alltid ser likadan ut i alla krop-
pens celler, varierar uttrycket av proteiner beroende på en rad olika faktorer. 
Vissa proteiner finns i alla celltyper, medan andra bara finns i celler i ett 
visst organ i kroppen. En hudcell innehåller t.ex. andra proteiner än en hjärn-
cell och när en frisk cell förvandlas till en cancercell kan det leda till att olika 
proteiner ökar eller minskar i mängd. Att mäta förekomst av proteiner i olika 
celltyper, både friska och sjuka, är därför nödvändigt för att förstå bakgrun-
den till cancer och andra sjukdomar. T ex kan det vara användbart för att 
säkerställa vilken sjukdom en patient lider av, vilken behandling patienten 
får bäst effekt av, vilka biverkningar som kan uppkomma eller hur stor chans 
patienten har att tillfriskna från sin sjukdom. Ett stort antal läkemedel har 
utvecklats för att binda till och påverka olika typer av proteiner. 
 
”The Human Protein Atlas project” (HPA), är ett svenskt forskningsprojekt 
som arbetar med att kartlägga alla människans proteiner. HPA-projektet 
tillverkar målsökande molekyler, antikroppar, som är designade för att binda 
till en viss del av ett utvalt protein. Antikropparna är kopplade till en kemisk 
reaktion som gör att cellerna färgas bruna där antikroppen har bundit och på 
detta sätt kan man se i vilka celler proteinerna finns. Delar från mänskliga 
organ och tumörer erhålls från patologiska arkiv som innehåller biopsier från 
olika patienter. Från varje biopsi tas stansar som är 1 mm i diameter och 
sänks ner i en ca 2x3 cm stor paraffinklots, kallad ”tissue microarray” 
(TMA). En enda TMA innehåller stansar från mer än 100 olika organ och 
därmed finns de flesta av människans celltyper och olika typer av cancrar 
representerade på ett fåtal TMA:er. Genom att skära 4 µm tjocka snitt från 
TMA:erna och lägga snitten på mikroskopglas, kan snitten färgas och sedan 
studeras i mikroskop. HPA-projektet har som mål att år 2015 ha tillverkat 
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antikroppar mot alla kroppens 20 476 proteiner. Resultaten finns publicerade 
på Proteinatlasen (www.proteinatlas.org), en sida på Internet där HPA-
projektet lägger ut alla mikroskopbilder och sammanställningar från olika 
analyser. Den nuvarande versionen innehåller resultat från 14 079 av männi-
skans proteiner. Proteinatlasen är tillgänglig för alla och gör det möjligt för 
forskare världen över att söka fram de proteiner de är intresserade av och 
studera deras förekomst i olika celltyper eller cancrar. Denna strategi kan 
utgöra grunden för framtida forskningsprojekt. 
 
I det första delarbetet av denna doktorsavhandling gjordes olika sökningar i 
Proteinatlasen och en rad proteiner intressanta inom olika forskningsområ-
den erhölls; dels proteiner kända sedan tidigare, men även helt okända såda-
na. T.ex. identifierades proteiner specifika för en viss celltyp eller organ, 
samt proteiner som ökar i mängd i cancerceller jämfört med i normala celler. 
Några proteiner återfanns i cancerceller hos vissa patienter, men inte hos 
andra patienter, vilket kan tyda på att proteinet är kopplat till sjukdomsför-
loppet och hur elakartad cancern är. Sådana proteiner kan vara viktiga för att 
avgöra hur stor chans patienten har att klara sig. Intressanta proteiner som 
identifieras i Proteinatlasen på detta sätt kan sedan undersökas vidare med 
andra typer av metoder.     

I det andra och tredje delarbetet användes sökverktyget i Proteinatlasen 
för att identifiera proteiner som finns i vissa celler i bukspottskörteln, vilket 
är av intresse för diabetesforskning. För att undersöka proteinerna vidare 
tillverkades TMA:er innehållande bukspottskörtlar från friska individer och 
olika diabetespatienter. Därefter studerades om proteinerna skiljde sig åt 
mellan olika individer med hjälp av antikroppar. Ett antal intressanta protei-
ner erhölls, vilka kan vara potentiella kandidater för fortsatt forskning inom 
diabetes, t.ex. för att förstå hur de insulinproducerande cellerna fungerar, 
eller inom sjukvården för att identifiera personer som har en ökad risk att 
utveckla diabetes. 

I det fjärde delarbetet undersöktes 12 proteiner som i Proteinatlasen åter-
fanns i den bindväv som omger lungcancerceller. Proteinerna identifierades 
med hjälp av resultat från tidigare studier kring bindväv i olika cancertyper. I 
detta arbete analyserades förekomsten av de 12 proteinerna med hjälp av 
antikroppar i TMA:er innehållande prover från 190 lungcancerpatienter. Ett 
protein, CD99, visade sig ha betydelse för hur stor chans lungcancerpatienter 
har att klara sig. Patienter med stor mängd CD99 i lungcancerbindväven 
överlevde längre än patienter som hade mindre mängd CD99. Proteinet stu-
derades därefter i TMA:er innehållande prover från ytterligare 240 patienter, 
vilket stärkte teorin om dess betydelse för överlevnad. Vidare studier behövs 
för att undersöka och förstå vad CD99 har för funktion i lungcancer. 

I det femte delarbetet tillverkades TMA:er med luftvägs- och 
mag/tarmkanalprover från and, gås och människa, samt prover från delar av 
mänskliga ögon. Dessa användes för att kartlägga i vilka celltyper tre olika 
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influensavirus, H3N2, H6N1 och H16N3, kunde fästa. Med hjälp av en färg-
ningsmetod bildas en röd färg där ett virus bundit till en viss cell. En rad nya 
fynd erhölls som inte undersökts tidigare, vilket är av betydelse för att förstå 
hur influensavirus infekterar och sprids mellan olika arter.  

I det sjätte delarbetet konstruerades TMA:er med prover från ett stort an-
tal olika organ från människa, chimpans, gorilla, orangutang och makak, för 
att studera förekomsten av 50 olika proteiner. Dessa proteiner är kopplade 
till benutveckling och tros kunna förklara varför formen på skelettet skiljer 
sig mellan de olika arterna. Detta arbete visade för första gången att 11 av de 
50 proteinerna uppvisar skillnader mellan arterna. Att kartlägga skillnader av 
detta slag är av stor betydelse för att förstå hur vi utvecklats till dem vi är. 
Detta kan i sin tur ge djupare kunskap om hur vissa allvarliga sjukdomar 
som endast drabbar oss människor uppkommer och vad vi kan göra för att 
undvika dessa.  
 
Denna doktorsavhandling presenterar hur Proteinatlasen kan användas som 
utgångspunkt för att hitta speciella typer av proteiner, samt hur frågeställ-
ningar kring olika forsknings- eller sjukdomsområden kan besvaras med 
hjälp av TMA:er.  
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Introduction 

In every cell of an organism, proteins are essential building blocks, involved 
in a multitude of crucial functions in order to maintain life and make us who 
we are. Since the complete human genome was sequenced in 2004, several 
attempts have been made to map the human proteome, the functional repre-
sentation of the genome. One such initiative is the Human Protein Atlas pro-
gramme (HPA), which generates monospecific antibodies towards all human 
proteins. Unlike the genome, the proteome is not a fixed characteristic of the 
cell and may vary with cell type, developmental stage and environmental 
conditions. For high-throughput tissue profiling, tissue microarrays (TMAs) 
can be used. The TMA technology constitutes an excellent methodology for 
large-scale studies in various research fields, such as exploration of bio-
markers of potential diagnostic, prognostic or predictive relevance; or un-
raveling the background of influenza virus pandemics and the mysteries of 
human evolution.  

 
This thesis is based on the work of six research papers, and the following 
chapters will give an introduction to the field of proteomics and TMAs, and 
a background of the different research covered by the papers.  
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Proteins 

The genome consists of deoxyribonucleic acid (DNA), which is found in the 
nucleus of all eukaryotic cells and contains instructions that specify the cor-
rect order of amino acids during protein synthesis1,2. This flow of sequence 
information from DNA to protein is referred to as the central dogma3 (Figure 
1). Synthesis of proteins occurs in the ribosomes, via translation from mes-
senger RNAs (mRNAs), which carry the genetic code from the genome.  

 
Figure 1. The central dogma, which involves replication of DNA, transcription of 
DNA into messenger RNA (mRNA), and translation of mRNA into proteins. 

 
Proteins are linear polymers composed of one or more amino acids linked 
together into long unbranched chains. The amino acid composition, with 
combinations of 20 different types of amino acids, determines the primary 
structure of the protein. All types of amino acids have the same general 
structure, but contain side groups which vary in size, shape, charge, hydro-
phobicity and reactivity. Hydrogen bonds between certain residues form the 
protein chain into its secondary structure, consisting of α-helixes and β-
sheets4,5. To be able to function efficiently, the proteins fold into tertiary 
structures, consisting of complex three-dimensional shapes, stabilized by 
hydrophobic interactions or disulfide bonds between side-chain groups6. 
Several chains can act as subunits and be linked together into dimeric, tri-
meric or multimeric proteins, which are further organized into different qua-
ternary structures7. The nature of the protein is also determined by post-
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translational modifications, e.g. phosphorylation, glycosylation or ubiquiti-
nation8. Changes in the environment of the cell, binding of specific mole-
cules or chemical modifications can activate, deactivate or affect the func-
tion of the proteins. Different functions of proteins include e.g. participation 
in cell signaling, control of gene function and transport or storage of other 
molecules. Proteins can also be involved in immune protection, or act as 
enzymes or hormones7,9. Further investigations of protein interactions, mod-
ifications and localizations of expression are needed to deeper understand 
the nature of different proteins and their involvement in normal and disease 
cellular processes.  

Proteomics 
The first draft of the human genome was provided in 2001 by the Interna-
tional Human Genome Sequencing Consortium (IHGSC)10 and Celera Ge-
nomics11. In 2004, IHGSC presented an update, which covered 99% of the 
human genome sequence12. Subsequently, several attempts have been in-
itiated to map the human proteome, the functional representation of the ge-
nome13. In the latest version of Ensembl, 20,476 known protein-coding 
genes are listed14; however, this number refers to the non-redundant set of 
proteins15, which relies on the assumption that every gene gives rise to a 
single representative protein. mRNAs can be spliced in alternative ways, e.g. 
by inclusion or exclusion of one or several exons16, resulting in different 
isoforms and a much higher estimate on the number of proteins. There is 
evidence that up to 35-59% of human genes have at least one splice 
form10,17,18, and studies based on microarrays even suggest that 74% of hu-
man multi-exon genes are alternatively spliced19. Protein variants can also be  
generated by specific proteolytic processing20 and accordingly, the estimated 
number of proteins represented by splicing and proteolysis might be between 
50,000 and 500,00015.  

Proteomics, which refers to large-scale studies on the structure and func-
tion of all proteins, can be divided into separation-based and affinity-based 
techniques. Separation-based methods rely on differences in the physical and 
chemical properties of the proteins and include centrifugation, electrophore-
sis and chromatography7. Centrifugation separates proteins based on their 
molecular weight and shape, while gel electrophoresis relies on the rate of 
movement of the proteins in an applied electric field21. In liquid chromato-
graphy, proteins are separated when moving through a column packed with 
spherical beads, either based on molecular weight22, charge23 or ligand-
binding properties24. Affinity-based techniques refer to immunological me-
thods which depend on antibodies binding to specific antigens, including 
immunohistochemistry, Western blot and enzyme-linked immunosorbent 
assay (ELISA).  
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Affininity-based proteomics 
Antibodies are the most commonly used affinity reagents against proteins 
and were first discovered by von Behring, a German scientist who in 1901 
was awarded the Nobel Prize for his achievement. Antibodies are normally 
produced in white blood cells of an animal in response to the presence of 
foreign substances including parts of bacteria, viruses, pollen, or substances 
formed within the organism, in order to protect the animal from infection. A 
substance that can be bound by an antibody is termed antigen, or antibody 
generator, and the antibody binds specifically to the antigen at an exact site 
referred to as the epitope25,26. Antibodies are glycoproteins composed of 
amino acid residues and sugar chains, forming Y-shaped functional units 
called immunoglobulin (Ig) monomers. Each Ig molecule is composed of 
four polypeptide chains; two identical heavy chains (H) and two identical 
light chains (L), connected by disulfide bounds (Figure 2). All chains are 
required for full activity of the antibody. Variable amino acid sequences in 
the arms of the antibody form a pocket into which the antigen fits. Different 
sequences of the polypeptide chains and combinations of these render a 
possible number of more than 108 different antibodies that can be formed, 
giving high antibody diversity in order to protect the organism from foreign 
incursions9. There are different subclasses of Ig molecules in the human 
body. The most common class IgG, is composed of one Y-shaped functional 
unit, whereas IgA molecules are dimers consisting of two Ig units, and IgM 
is pentameric with five Ig units27.  

 
Figure 2. An IgG antibody, containing two identical heavy chains (H) and two iden-
tical light chains (L). The typical Y-shape is hold together by disulfide bonds. The 
heavy chain consists of three constant domains and one variable domain, while the 
light chains include one constant domain and one variable domain. 
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Antibodies are used in a wide variety of therapeutic, diagnostic and research 
related applications and ideally, the antibodies should be specific, stable and 
reproducible. Antibodies can be divided into different types, e.g. monoclonal 
or polyclonal antibodies, with characteristics making them suitable for dif-
ferent applications.   

Monoclonal antibodies 
In therapeutic and diagnostic applications, monoclonal antibodies (mAbs) 
are most commonly used. mAbs were invented in 1975, when Köhler and 
Milstein successfully fused an antibody-producing B-cell from mouse spleen 
with an immortalized murine myeloma cell28. Each hybridoma rendered by 
this method is derived from a single immortal antibody-producing B-cell and 
hence allows for indefinite cultivation of identical B-cells, with generation of 
antibodies directed towards the same epitope of the antigen. This procedure 
yields an almost limitless resource of highly specific and reproducible anti-
bodies. However, it requires time-consuming screening processes in order to 
obtain antibody-producing hybridomas of correct specificity, and generation 
of mAbs is therefore not so well suited for large-scale efforts. In addition, 
the epitopes on some proteins may be denaturated or change conformations 
in some applications, making antibodies recognizing only one epitope less 
useful.   

Polyclonal antibodies 
Antibodies recognizing specific molecules where first demonstrated by Tise-
lius and Kabat, Uppsala, in the late 1930’s. In the first applications, antise-
rum was utilized from animals immunized with the antigen of interest29-32. 
This procedure yields antibodies recognizing the same antigen but not neces-
sarily the same epitopes, and the achieved pools of antibodies are according-
ly referred to as polyclonal antibodies (pAbs). A pool of pAbs contains anti-
bodies with specificity for different amino acid sequences, and has the ad-
vantage of recognizing the target antigen even if parts of it are inaccessible 
due to degradation or modifications. As pAbs are insensitive to changes in 
assay conditions, they are preferably used in multi-assay applications where 
the proteins are present in different forms15,33-35. However, pAbs may lead to 
cross-reactivity to other proteins. Moreover, even if the same animal species 
is immunized with the same antigen, a different composition of the pool of 
pAbs will be achieved, thus pAbs lack antibody production reproducibility.  

Monospecific antibodies (msAbs) are polyclonal antibodies with some of 
the properties similar to monoclonal antibodies. msAbs are produced in rab-
bits through immunization of suitable protein epitope signature tags 
(PrESTs)36. The PrESTs consist of 100-150 amino acids, which represent a 
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unique region of the protein. The achieved polyclonal antiserum is purified 
in a selection step, using the antigen as a ligand37 (Figure 3); a procedure that 
eliminates 99% of the antibodies recognizing other targets than the antigen15. 
The yielded msAbs are specific, but still have the ability to recognize differ-
ent epitopes on the antigen. Accordingly, msAbs are suitable in high-
throughput efforts, e.g. in generation of antibodies towards the whole human 
proteome38-40. However, as for regular pAbs, msAbs have disadvantages in 
antibody production reproducibility. 

 
Figure 3. Generation of monospecific antibodies. A suitable protein epitope signa-
ture tag (PrEST) is selected based on gene data and bioinformatics analysis. The 
PrEST is inserted into a vector and the expressed recombinant protein is used as 
antigen for immunization of rabbits. The generated polyclonal antibodies are further 
affinity purified using the expressed recombinant protein as a ligand. 
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Other affinity reagents 
In addition to the most commonly used monoclonal and polyclonal antibo-
dies, other affinity reagents are available, generated by in vitro technologies 
rendering high reproducibility without the need of immunization. 

Recombinant antibodies are produced using the phage display technology, 
which involves the expression of proteins, including antibodies, on the sur-
face of a filamentous phage. The genes of interest are inserted into coat pro-
tein genes of the phage, which subsequently is used to infect E. coli bacteria. 
The bacteria start to produce and secrete new phage particles, which express 
the encoded protein fused with the coat protein on the surface of the 
phage41,42. By this method, large phage libraries can be generated, to screen 
in order to select phage particles with desired binding specificity43,44. Re-
combinant antibodies lack the problems associated with immunizations and 
hybridoma techniques45, which is of advantage for instance when generating 
antibodies towards toxic substances.  

Other affinity reagents include antibody fragments, having the advantage 
of maintained antigenicity but smaller molecule size46; and aptamers47 or 
affibodies48, characterized by high affinity for the target molecule.  
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Immunohistochemistry 

Immunohistochemistry (IHC) has become a widely used method in diagnos-
tic pathology to assess protein expression49-51. Antibodies are applied on 4-5 
µm thick sections of the tissue samples, in order to bind the corresponding 
antigens. The localization and expression of the antigens are visualized by 
enzyme-based or fluorescence-based color-producing reactions.  

Tissue fixation and processing 
In order to arrest decomposition and preserve morphology of the tissues, 
fixatives are used. A commonly used fixation method is immersing the tissue 
in 10% formalin (4% formaldehyde) immediately after surgical removal52. 
Following dehydration in graded alcohols and clearing with zylene, the tis-
sue is embedded in paraffin blocks53. Alternative tissue fixatives include 
other aldehyde-based liquids such as Glyo-fixx54, or non-aldehyde based 
fixates, e.g. alcohol, acetone or salt-based solutions55.  

Antigen retrieval 
Fixing of tissues with formaldehyde involves cross-linking of reactive sites 
within and between proteins through the formation of methylene bridges56,57, 
which may alter the three-dimensional structure of the protein and hide some 
epitopes of the antigen. Hence, the cross-links between protein groups must 
be reversed through antigen retrieval methods before usage of IHC in order 
to unmask the hidden epitopes. The most commonly used antigen retrieval 
method is heat induced epitope retrieval (HIER)58,59, by which the tissue 
sections are boiled in aqueous solutions using water baths, ovens or micro-
waves60,61. The method can be optimized with retrieval solutions of different 
pH values, e.g. citrate buffers, and pressure boilers with exact time and tem-
perature settings62-64.  
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Detection 
Antibodies cannot be seen with the light microscope unless they are strongly 
and specifically visualized with a detection method. In general, the deparaf-
finized and antigen retrieval-treated tissue is incubated with the primary 
antibody and following washing steps, the secondary antibody is applied, 
binding to the primary antibody. The secondary antibody can be labeled with 
an enzyme, e.g. horseradish peroxidase (HRP)65,66, which through addition of 
the substrate hydrogen peroxide (H2O2) and the chromogen 3,3’-
diaminobenzidine (DAB) starts an enzyme-substrate reaction. The reaction 
oxidizes DAB, turning into an insoluble, brown-colored product (Figure 4). 
The brown color represents the binding of the antibody to its antigen. Alter-
native detection methods include e.g. 3-amino-9-ethylcarbazole resulting in 
a red-colored product, or secondary antibodies labeled with fluorophores. 
Visualization can also be obtained by direct conjugation of the primary anti-
body. 

 
Figure 4. A schematic presentation of immunohistochemical staining with a primary 
antibody directed towards the antigen, and a secondary antibody labeled with HRP, 
which through addition of DAB and H2O2 starts a reaction yielding a brown color. 

Annotation of immunohistochemical staining 
Following the IHC staining, the cells can be visualized by counterstaining 
with hematoxylin. Subsequenctly, the IHC expression pattern is generally 



 24 

manually evaluated under microscope with regard to staining intensity and 
fraction of stained cells. An alternative to manual scoring is using an auto-
mated image analysis system, where the annotation relies on a computer 
algorithm that recognizes the color generated by the IHC staining 
procedure67,68. Automated annotation has the advantage of reducing inter- 
and intra-observer variability69,70; however, it is a time-consuming challenge 
trimming the algorithm to detect the correct cells in tissue section consisting 
of several different cell types. 

In order to assess the reliability of the IHC pattern, the antibody dilution 
is optimized rendering distinct staining with as little background positivity as 
possible. The optimization is performed by comparison of the staining pat-
tern with literature on protein function, tissue expression and splice variants. 
Usage of modern automated instruments, treating all the slides simultaneous-
ly under equal conditions through all the staining and washing steps, im-
proves the reproducibility and throughput of the IHC compared to manual 
staining procedures49.  

Antibody validation 
Despite comparison of the IHC pattern with previously published data, and 
usage of positive and negative controls, it can be a challenge to validate the 
obtained expression and judge if the antibody binds to the targeted protein. 
Reliability of the IHC staining can be investigated by usage of paired anti-
bodies, or by comparison of the IHC pattern with RNA expression levels71,72 
or data generated by in situ hybridization experiments73. Moreover, quality 
control can be performed with various methods such as protein arrays, West-
ern blotting, small interfering RNA or epitope mapping. 

 
Paired antibodies are two or more antibodies directed towards different epi-
topes on the same proteins. The paired antibodies can be used to validate 
each other, e.g. by rendering similar Western blotting results, by comparison 
of IHC staining pattern in consecutive sections74,75, or by usage of proximity 
ligation assay (PLA). The PLA technology requires both antibodies to bind 
in order to give a signal76. 

Protein array assays show if an antibody binds to the correct protein 
fragment. A large number of different protein fragments or PrESTs are spot-
ted onto glass slides, followed by addition of primary antibodies and fluores-
cently labeled secondary antibodies. The amount of protein in each spot is 
quantified, and the signal from binding of the antibody to its own protein 
fragment is compared to the other signals representing unspecific binding39. 

Western blotting is a three-step procedure used to detect selected proteins 
in tissues or cells which are homogenized or chemically treated into lysates, 
in order to solubilize the proteins. Reducing agent is added to break the dis-
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ulfide bounds forming the proteins into secondary and tertiary structures. 
The protein mixture is loaded onto a polyacrylamide gel infused with the 
dissociating agent sodium dodecyl sulfate (SDS). An electrical current is 
applied, which makes the negatively charged proteins to migrate through the 
gel and separate according to molecular weight. Accordingly, this step of the 
method is called SDS-PAGE (SDS polyacrylamide gel electrophoresis). The 
proteins on the gel are subsequently transferred to a nitrocellulose mem-
brane, and by adding an antibody targeting the protein of interest, antibody-
antigen complexes are formed. The complexes are generally visualized with 
enzyme-labeled secondary antibodies, and following the chromogenic reac-
tion and adding of substrate, one or several bands are yielded, which 
represent the size of the protein detected by the antibody9,77. The sizes of the 
yielded bands are compared with literature on the protein of interest78,79. 
Splice variants, presence of signal peptides, glycosylation or other posttran-
slational modifications of the protein may alter the predicted size of the pro-
tein and hence, the yielded band may be of larger or smaller size than ex-
pected even though the antibody has bound to the right protein. Western 
blotting can also be used to test sera for presence of antibodies to specific 
proteins, e.g. to detect antibodies to HIV. 

Another way to validate if the antibody binds to the right protein is to per-
form small interfering RNA (siRNA) experiments on cell lines which appear 
to express the protein of interest. Cell lines are cultured cells capable of in-
definite growth and an unlimited number of population doublings80. siRNA 
consists of short double-stranded RNA molecules with a length of 20-25 
nucleotides. By transfection of the cells with siRNA homologous in se-
quence to a specific gene, the siRNA interferes with the gene, leading to 
reduced expression of the specific protein81,82. In all experiments, two con-
trols are used; untransfected cells grown under the same circumstances and 
cells transfected with scrambled siRNA, which lack homology to any gene. 
This proves that the gene silencing is due to specificity of the siRNA and not 
due to transfection or other non-specific effects. A successful knock-down 
can be observed as reduced immunohistochemical staining intensity or 
weaker bands on Western blotting in the cells transfected with siRNA, com-
pared with the controls.   

Epitope mapping enables identification of the amino acid sequence to 
which the antibody binds, based on bacterial surface expression of antigen 
protein fragments, followed by antibody-based flow-cytometric sorting83. 
The method can also be used for generation of epitope-specific antibodies84. 
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Tissue microarrays 

Microscopical analysis of IHC stained formalin fixed and paraffin embedded 
tissues is an efficient method to assess the protein expression in human tis-
sues and cells, and valuable for determination of cancer diagnosis. When a 
large number of tissues are to be examined in clinical research projects, pro-
duction of tissue microarrays (TMAs) allows for staining on tissues from 
different organs and individuals on a single slide.  
 
The TMA technology was introduced in 1986, with multitumor tissue blocks 
assembled into one paraffin block85, and in 1998, the technology was refined 
and developed into the TMA procedure used today. In brief, cylindrical 
cores representing hundreds of different tissues are removed from the donor 
blocks and placed into a recipient paraffin block86 (Figure 5), using a manual 
or automated arraying instrument. Together with automated IHC staining, 
the TMA technology enables exploration of protein expression patterns in a 
high-throughput manner. With sufficient core depth, up to 200 sections can 
be obtained from each array87,88, and the diameter of the tissue cores (0.6-2.0 
mm) determines the number of tissues that can be fit into one array. Sections 
from all donor blocks are stained with hematoxylin and eosin and evaluated 
in order to select the appropriate area of the donor block where the cylindric-
al core should be removed. To ensure that each cell and tissue type is 
represented on the TMA, the tissues are included in duplicates or 
triplicates89,90.  
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Figure 5. Generation of a tissue microarray (TMA). (A) Cylindrical cores from the 
donor blocks (left) are removed using an arraying instrument (middle), and placed 
into the recipient block (right). (B) Example of a glass slide containing sections from 
two TMAs (left), and magnification of a cerebellum tissue core (middle and right), 
immunohistochemically stained with an antibody towards the protein NAV2 (neuron 
navigator 2).  

Tissue microarrays in biomarker discovery 
Biomarkers are characteristics that can be measured objectively and function 
as indicators of a physiologic state, often changing during a disease 
process91. Biomarkers can be specific cells, genes or proteins and are valua-
ble tools to provide early diagnosis or to measure the progress of a disease. 
Different types of biomarkers include diagnostic, prognostic or predictive 
markers92. Diagnostic biomarkers measure the onset of a specific disease and 
are used for determination of diagnosis, e.g. prostate specific antigen (PSA), 
a protein produced in the prostate gland. PSA is routinely used in the clinic 
and is present at low levels in serum of healthy men, but over-expressed 
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when measuring serum levels in men with prostate cancer. Hence, PSA can 
be used for diagnosis of prostate cancer at an early stage93. Diagnostic bio-
markers specific for a certain tumor type can also be helpful when determin-
ing the origin of a distant metastasis. Prognostic biomarkers are associated 
with how the disease may develop in an individual case, and are used when 
deciding how aggressively the patient should be treated. Predictive biomark-
ers are helpful tools when assessing toxicity, effectiveness or dosing of a 
specific available therapy.  

In biomarker discovery, the TMA technology is an invaluable tool which 
allows for generation of large patient cohorts. Tissue samples from hundreds 
or thousands of patients can be assembled into just a few TMAs, and stained 
for using IHC, followed by correlation of the generated protein expression 
with patient characteristics and clinicopathological parameters (Paper II-IV). 
Since only a few slides need to be stained with each antibody, the samples 
from all patients can be treated simultaneously, which is necessary to be able 
to draw conclusions based on differences in protein expression between pa-
tients. Moreover, generation of TMAs saves reagents and valuable patient 
material, and simplifies high-throughput screening of a large number of 
biomarker candidates. Since IHC is routinely used in diagnostic pathology, 
identified reliable cancer biomarkers are easily translatable to the clinic.  

Tissue microarrays in other research applications 
Although the most common research application for TMAs is biomarker 
discovery using IHC, the TMA technology can be used for a large variety of 
other studies. Any kind of formalin fixed and paraffin embedded material 
can be included in TMAs for comparison, such as tissues from different spe-
cies (Paper V-VI), tissues from the same species treated in a different man-
ner, or cultured cells exposed to various substances in vitro. Generation of 
TMAs also facilitates high-throughput studies on tissue samples with other 
methods, e.g. PLA, in situ hybridization73, or investigation of influenza virus 
attachment using virus histochemistry (Paper V). Also when setting up new 
methods or refining protocols, TMAs are very useful. 
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The Human Protein Atlas project 

The Human Protein Atlas (HPA) project is a Swedish research initiative, 
which aims to generate representative antibodies towards all non-redundant 
human proteins, and provide a first draft of the human proteome by 201594. 
TMAs are produced containing human tissues from 69 different normal cell 
types (from 144 different individuals), the 20 most common cancer types 
(216 different tissues), as well as 47 cell lines and 12 samples of primary 
cells40,95. The TMAs are used for high-throughput tissue profiling of inhouse 
generated msAbs15, as well as commercially available antibodies from dif-
ferent vendors. The IHC stained tissues are annotated manually by patholo-
gists, while the IHC stained cells are scored using an automated image anal-
ysis software96. On the comprehensive web-based protein atlas 
(www.proteinatlas.org), all data is publically available as high-resolution 
images. The current version of HPA (v. 10.0) contains expression profiles 
from 17,298 antibodies, which corresponds to 14,079 genes. In addition to 
protein expression data, additional information on the subcellular localiza-
tion is presented, determined by confocal microscopy and fluorescently la-
beled antibodies97,98. For proteins where paired antibodies were used, a 
common score, called annotated protein expression (APE), is set for each 
cell type75. APE is a manual decision showing estimations of true protein 
expression versus unspecific binding. Moreover, the quality of every antibo-
dy included in HPA is validated with protein arrays39 and Western blotting, 
and RNA sequencing data is available for comparison from three different 
cell lines99.  

To answer more specific questions in different disease areas, the HPA al-
lows for advanced search queries where different criteria can be combined in 
order to search for proteins displaying a certain expression pattern (Paper I). 
The proteins yielded in the searches can be stained for on more specifically 
designed TMAs, e.g. including tissues from patients in well-defined clinical 
cohorts74,100,101. 
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Diabetes 

Diabetes mellitus is a chronic disease characterized by high blood glucose 
levels (hyperglycemia), and can lead to serious health complications such as 
ketoacidosis, kidney and heart failure, stroke and blindness. Almost 6% of 
the world’s population is affected, and The worldwide prevalence of diabetes 
in year 2000 was estimated to 2.8%, which corresponds to 171 million 
people. If the trend continues, the number is believed to have doubled within 
the next 10-20 years102,103.  

Diabetes is caused by insufficient insulin functionality104, and is divided 
into type 1 and type 2 diabetes mellitus (T1D, T2D). In T1D, which accounts 
for 5-10% of all cases105, the immune system attacks and destroys the insu-
lin-producing beta cells in islets of Langerhans in pancreas. This leads to 
reduced or eliminated insulin production. The event usually occurs in child-
hood or adolescence and is triggered by environmental factors in individuals 
that are genetically susceptible106. In T2D, the insulin deficiency is usually a 
result of insulin resistance in older or obese individuals, leading to failure of 
the muscle or adipose to respond to the normal insulin levels.    

Diagnosis and treatment 
Typical early symptoms of diabetes are increased thirst, urination and hun-
ger. The diagnosis is based on clinical parameters such as blood glucose 
concentration and abnormal glucose tolerance; a situation not changed over 
the last 100 years. The blood glucose is monitored with insulin treatment, 
which has been shown to delay the onset, and slow the progression of other 
serious complications107. T2D can usually first be monitored by diet and 
physical exercise, but eventually a majority of the patients need to be treated 
with insulin. An alternative therapy is islet transplantation, which can lead to 
improved blood glucose homeostatis108-110; however, shortage of donor ma-
terial and survival of the transplanted islets are limiting factors111.  
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Islet of Langerhans 
In a normal pancreas, the islets of Langerhans are nests of endocrine cells 
scattered around the organ with a total mass of around 1%, and surrounded 
by the enzyme-secreting exocrine glandular cells. The total islet cell mass is 
only around 1 g in an adult individual. At least 60% of the islet cells are 
associated with insulin production (beta cells), which permits transfer of 
blood glucose into cells and synthesis of glycogen, in order to lower the 
blood glucose level. The remaining islet cells mainly secrete glucagon (alpha 
cells, around 20%), somatostatin (delta cells) and pancreatic polypeptide 
(PP) (Figure 6). T1D patients often already lack 80-95% of the beta cells 
when the hyperglycemia appears112,113. 

 
Figure 6. An islet of Langerhans, with cells secreting glucagon (alpha cells, green 
color), insulin (beta cells, blue color), somatostatin (delta cells, yellow color) and 
pancreatic polypeptide (PP cells, red color).  

Biomarkers  
The clinical parameters measured at diagnosis are late stage markers, which 
provide little information about the changes in beta cell function preceding 
the clinical manifestation of the disease. Understanding the events that occur 
in the beta cells before the onset of T1D and T2D would be of significant 
clinical advantage, allowing for early intervention strategies to delay or pre-
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vent onset of disease. There are currently no available methods to increase 
the beta cell mass or stop the progressive destruction of beta cells. Tech-
niques to measure the beta cell mass in situ, e.g. by development of tracers 
for positron emission tomography (PET), would simplify development of 
new such therapies114. Several candidate proteins have been described as 
potential targets for PET-tracers, however, many of the candidates lack the 
specificity required for in situ imaging of the beta cells115-117. Hence, identi-
fication of novel proteins is clearly warranted (Paper II-III).  
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Lung cancer 

Lung cancer is the leading cause of cancer death worldwide. Despite 
progress in research and introduction of novel therapies during the last dec-
ades; lung cancer is associated with a poor prognosis118. The five-year sur-
vival is 13.9%119, and for patients with advanced/metastatic tumors, the me-
dian survival is less than one year120. The most common cause of lung cancer 
is cigarette smoking121,122, nevertheless 10-25% of the diagnosed patients are 
non-smokers123,124, and recent studies show that the number of non-smoking 
lung cancer patients is increasing, especially in Asia125. In addition to smok-
ing, an increased risk is associated with environmental factors such as expo-
sure to radon126, asbestos127 and workplace carcinogens; as well as with ge-
netic factors, dietary factors and other acquired lung diseases128.  

Diagnosis and treatment 
The first symptoms of lung cancer are generally problems associated with 
the respiratory tract, including coughing, shortage of breath, chest pain and 
pneumonia, in some cases in combination with tiredness and weight loss. All 
these symptoms are diffuse and can also be caused by other diseases, hence 
most lung cancer patients are diagnosed at a late stage129,130. Upon diagnosis 
the tumor is classified based on histological subtype. Lung cancer is divided 
into small cell lung cancer (SCLC), which accounts for around 15% of all 
cases131, or non-small cell lung cancer (NSCLC). NSCLC is further classi-
fied into adenocarcinomas, squamous cell carcinomas or large cell carcino-
mas, with adenocarcinomas being most common, constituting around 40% of 
the diagnosed cases. In addition to histological subtype, the stage of the tu-
mor is generally denoted according to the TNM system132,133, taking to ac-
count tumor size and growth into neighboring organs (T), existence and de-
gree of metastases in lymph nodes (N) and existence of distant metastases 
(M). A higher stage is associated with a worse prognosis.  

The histological subtype and tumor stage form the basis for treatment se-
lection. SCLC is generally treated with chemotherapy134, while the most 
common treatment in NSCLC is surgery. Surgery is generally performed on 
NSCLC patients with stage I-IIIa tumors, in stage II-IIIa together with adju-
vant therapy135,136. Stage IIIb NSCLC are considered inoperable, and are 
generally treated with radiotherapy and chemotherapy137. Up to half of the 
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newly diagnosed NSCLC are stage IV tumors, which are considered incura-
ble, but chemotherapy or targeted therapy may improve symptoms and pro-
long life of the patient138.  

Biomarkers 
The role of adjuvant chemotherapy has been extensively investigated during 
recent years. A meta-analysis confirms that post-operative cisplatin-based 
chemotherapy prolongs survival in stage II and IIIa NSCLC patients139,140. 
Adjuvant therapy is however associated with severe side effects and bio-
markers are needed in order to identify patients with resistance to, or patients 
that would benefit from different available therapies.  

As of today, the diagnosis and treatment decision of NSCLC patients is 
mainly based on histological subtype, stage and performance status. Several 
potential biomarkers have been suggested previously, and prospective ran-
domised trials will show if any of these have enough sensitivity and specific-
ity to be included in routine diagnostics141-143. 

Lung cancer stroma 
Interactions between different cells in the tumor microenvironment involve 
the stromal cells surrounding the tumor cells. The tumor stroma consists of 
fibroblasts, inflammatory cells, pericytes, vasculature and extracellular ma-
trix proteins, and is thought to play a role in tumor formation and growth144. 
In the search for new potential biomarkers of cancer, it is important to take 
the expression in tumor stroma into account.  

Recent studies on NSCLC and different stromal compartments have for 
example showed significance of cancer-associated fibroblasts in regulation 
of gene expression in invasive lung cancer145-147, and correlations between 
the number of present T-cells and a good prognosis148-150. However, the role 
of tumor stroma in lung cancer progression needs to be further investigated 
(Paper IV). 
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Influenza viruses 

 
Influenza viruses are RNA viruses classified into the family orthomyxoviri-
dae, and divided into three genera: Influenzavirus A, B and C. The three 
different virus types differ in host range and pathogenicity, with influenzavi-
rus A being most common151. They mainly infect wild aquatic birds, which 
are natural reservoirs152, however, the viruses are occasionally transmitted to 
other species153,154, which can give rise to severe disease and pandemics155.  

The shape of influenza A viruses is spherical, with a viral capsid contain-
ing the glycoproteins hemagglutinin (HA) and neuraminidase (NA), and a 
central core with nine other viral proteins essential for packaging and pro-
tecting the RNA. The classification and infectivity of influenza A viruses is 
based on the expression of different subtypes of HA and NA. There are 17 
known subtypes of HA (H1-H17) and nine known subtypes of NA (N1-N9), 
which are defined based on the interaction with antibodies156,157.  

 
Infection and replication 
Influenza viruses only replicate in living cells. Upon infection, HA recogniz-
es erythrocytes or epithelial cells of the host158, and binds to glycans contain-
ing the monosaccharide sialic acid159. After attachment, the virus enters the 
host cell by endocytosis and the HA fuses with the endosome membrane, by 
which ribonucleoproteins (RNPs) are released into the cytoplasm160,161. The 
RNPs are then transported to the nucleus, followed by transcription and rep-
lication of the viral genome. The generated viral proteins, together with the 
newly replicated genome are then incorporated into the influenza virion, and 
the viruses leave the infected cell by exocytosis. The neuraminic acids on the 
infected cell’s surface are cleaved by the virus NA, which prevents hemag-
glutination and facilitates virus release from the infected cell162-165.  

Human influenza A viruses mainly infect and replicate in human airway 
epithelium166,167, while avian influenza viruses generally infect and replicate 
in bird intestine168,169. This difference is explained by preference of different 
types of sialic acids on the surface of the host cell170-172.   
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Epidemiology  
Influenza A viruses are among the most common causes of human respirato-
ry infections173, and have occurred since ancient times174,175. The viruses are 
mainly transmitted by aerosols containing the virus, or via direct contact or 
contaminated surfaces176. Human influenza is a seasonal epidemics, but in 
addition to the regular winter outbreaks, pandemic influenza viruses occa-
sionally emerge155,177, which leads to a much larger number of deaths and 
infected individuals than expected178,179. The worst pandemic recorded in 
history, the “Spanish” influenza pandemic in 1918, killed up to 50 million 
people worldwide180. Epidemics and pandemics are caused by emerging of 
new strains as a result of mutations affecting HA and NA antigens in the 
viral envelope151. 

 
Virus histochemistry 
Deeper understanding of the underlying mechanisms of influenza virus trop-
ism is of great importance for prediction of possible transmission between 
species and future pandemics. For this purpose, the specificity and affinity of 
influenza A viruses to both human and avian tissues needs to be further cha-
racterized (Paper V). Virus attachment studies can be performed using a 
method called virus histochemistry181-183. Virus histochemistry is similar to 
regular immunohistochemistry and can be used on formalin fixed and paraf-
fin embedded tissue samples, but instead of the primary antibody, a fluo-
rescein isothiocyanate (FITC)-labeled virus is used. The tissue section is 
deparaffinized and incubated with the labeled virus. Following addition of 
peroxidase-labeled antibodies towards FITC, amplification steps and revela-
tion with 3-amino-9-ethylcarbazole (AEC), a diffuse granular red staining is 
generated (Figure 7).  
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Figure 7. Schematic illustration of virus histochemistry with a FITC-labeled in-
fluenza virus and a secondary anti-FITC antibody, labeled with peroxidase. The 
signal is amplified by tyramidine and streptavidin, and addition of AEC starts a 
reaction yielding a red color. 
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Human evolution 

From the first primates to humans 
The evolutionary history of life on planet Earth goes back around 3.5 billion 
years, when life is thought to have begun with simple cells184. Humans are 
members of the biological order primates, first appearing around 55-58 mil-
lion years ago185. Primates also includes prosimians, monkeys and apes186, 
with the great apes (orangutans, gorillas and chimpanzees/bonobos) being 
most closely related to humans (Figure 8). The divergence of these lineages 
occurred approximately 8.2, 6.7 and 5.5 million years ago187.  

 

Figure 8. Phylogenetic tree, showing the evolutionary relationship between mon-
keys, apes and humans. 

Interspecies similarities and differences 
All primates share anatomical, physiological and behavioral characteristics 
that make us a group different from other species, and chimpanzees have 
around 99% sequence similarity to humans188. Nevertheless, despite the 
close evolutionary relationship, humans differ from other primates in a num-
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ber of ways, and chimpanzees have proved to be unsuitable models for a 
large number of human diseases and conditions, such as several tumor types, 
influenza A symptomatology, myocardial infarction, Alzheimers, AIDS and 
malaria189,190. In order to understand pathogenic mechanisms of serious hu-
man diseases, it would be of interest to investigate where differences be-
tween species have occurred191. 

The complete genome sequences of human12, chimpanzee188, gorilla192, 
orangutan193 and rhesus macaque194 provide invaluable resources for com-
parison between species. Furthermore, a draft sequence of the Neandertal 
genome was published in 2010195, and in the same year, the complete mito-
chondrial DNA from an unknown hominin, found in the Denisova cave, 
Siberia, was sequenced196,197. The Denisova genome has a high coverage and 
provides new insights in searches for more recent changes on the human 
lineage.    

The RUNX2 pathway 
In comparisons of the Neandertal genome to present-day humans from dif-
ferent parts of the world, the gene RUNX2 was present in regions considered 
to be potentially positively selected in humans195. RUNX2 is involved in 
osteoblastic differentiation and skeletal morphogenesis198. It also regulates 
the closure of the fontanel, which is essential for brain expansion199. Hence, 
evolutionary changes in gene expression of RUNX2 are thought to explain 
skeletal differences such as the shape of the cranium and upper body, which 
raises questions on the expression of RUNX2 and its interactors in various 
primate species (Paper VI).  
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Present investigation 

Aim 
Overall aim: 
• To analyze expression patterns using the TMA technology 
 
Focus was put on the following areas: 
• Identification of potential biomarkers (Paper I-IV) 

- Evaluation of search algorithms in the HPA (Paper I) 
- Identifcation of cell type-specific proteins in islets of Langerhans 

(Paper II-III) 
- Identification of prognostic markers in lung cancer stroma (Paper 

IV) 
• Comparison of expression patterns in different species (Paper V-VI) 

- Mapping of influenza virus attachment in human and avian tissues 
(Paper V) 

- Analysis of expression differences in human and other primate tis-
sues (Paper VI) 

Methodological considerations 
In Paper I, different search algorithms of the search function on the HPA 
version 3.0 were tested and evaluated. The search algorithms were designed 
to identify different types of potential biomarkers, including cell type-
specific proteins and tumor-specific proteins.  
 
In Paper II-III, the advanced search function on the HPA was further used to 
search for proteins exclusively expressed in islets of Langerhans in pancreas, 
in order to identify cell type-specific proteins that can be used for bio-
imaging or diabetes research. The identified proteins were analyzed with 
immunohistochemistry on TMAs, as well as with Western blotting (Paper II) 
and immunofluorescence triple staining on cultured islets (Paper III). 
 
In Paper IV, a list of lung cancer stroma-specific proteins, based on gene 
expression data and literature was checked in the HPA, in order to identify 
proteins differentially expressed in lung cancer stroma. The identified pro-
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teins were analyzed with immunohistochemistry on TMAs, and one protein 
showing prognostic significance was further studied with Western blotting 
and immunofluorescence double staining. 
 
In Paper V, the attachment of three different influenza viruses in human, 
mallard and gull tissues was explored using virus histochemistry on TMAs.  
 
In Paper VI, a list of genes involved in the RUNX2 pathway were analyzed 
with immunohistochemistry on TMAs including tissues from humans and 
other primates. The generated protein expression data was then compared to 
data from RNA sequencing and genomic analysis.  

Results and discussion 
Paper I:  
A web-based tool for in silico biomarker discovery based on tissue-specific 
protein profiles in normal and cancer tissues. 
 
Of the 3015 antibodies included in version 3.0 of the HPA, searches for cell 
type-specific proteins resulted in 11 proteins exclusively expressed in glome-
ruli but not renal tubules, 14 proteins specific for subsets of cells in the bone 
marrow, and 18 proteins expressed only in cells with endocrine differentia-
tion.  

To identify tumor-specific proteins, different strategies were used, identi-
fying (i) proteins expressed in one tumor type but not in others; (ii) proteins 
expressed in both a specified tumor type and the corresponding normal cell 
type, but not in other organs; (iii) proteins stronger expressed in malignant 
cells compared to the benign counterparts; (iv) proteins generally over-
expressed in malignant cells as compared with normal cells; (v) and proteins 
differentially expressed within the same tumor type. The search for proteins 
expressed in one specific tumor type but not in others, yielded nine proteins 
over-expressed in prostate cancer. In the searches for proteins expressed in 
both a specified tumor type and corresponding normal cells but not in other 
organs, 15 proteins specific for glioma and normal brain tissue, as well as 
five proteins over-expressed in both malignant and benign lymphoid cells 
were identified. A search for proteins expressed in higher levels in colorectal 
cancer as compared to normal colon, resulted in 11 hits. In a more genera-
lized search for proteins expressed in epithelial tumors, 14 proteins with 
enhanced expression in cancer were identified. Searches for proteins diffe-
rentially expressed within the same tumor type resulted in 20 proteins dis-
playing a variable expression pattern in lung cancer, four proteins with diffe-
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rential expression in colorectal cancer and nine proteins differentially ex-
pressed in breast cancer.  
 
The advanced search queries in the HPA yielded a large number of potential 
biomarkers, including both previously characterized proteins known to be 
expressed in specific cells in the selected tissues, as well as unknown pro-
teins. Some of the proteins were cell type-specific and can be explored with 
focus on a particular biological question, whereas tumor-specific proteins 
have the potential as future diagnostic, prognostic or predictive biomarkers.  
 

Paper II:  
Antibody-based proteomics for discovery and exploration of proteins ex-
pressed in pancreatic islets. 
 
In Paper II, the advanced search function in the HPA described in Paper I 
was further used, searching for proteins strongly expressed in islets of Lan-
gerhans, but not expressed in exocrine glandular cells. This resulted in a list 
of 110 proteins. Five proteins previously not characterized in islet cells 
(B2M, B3GAT1, SUNC1, TSPAN7 and UCHL1) were analyzed with im-
munohistochemistry on an extended TMA with eight isolated human islets 
exposed to various substances in vitro, and pancreatic tissues from 20 indi-
viduals with different metabolic characteristics. For comparison, staining 
was also performed for five proteins previously characterized in pancreatic 
islet cells (chromogranin A, insulin, glucagon, somatostatin and PDX1), as 
well as two proteins specific for exocrine glandular cells or pancreatic ducts 
(amylase and KRT19). A search for proteins with an opposite expression 
pattern in pancreas, displaying strong positivity in exocrine glandular cells 
and no expression in islet cells, identified 166 potential exocrine markers. 
One protein, LGALS2 was selected for inclusion in the present study.   

All five novel endocrine markers were expressed in both in vitro cultured 
islet cells and in islet cells in pancreatic tissues. One protein, TSPAN7, was 
identified as a membrane-bound protein exclusively expressed in a majority 
of the islet cells. B2M and UCHL1 also showed expression in a majority of 
the islet cells, whereas SUNC1 and B3GAT1 only were positive in a subset 
of the islet cells. LGALS2 displayed distinct immunoreactivity in both exo-
crine glandular cells and pancreatic ductal cells, with a less diffuse pattern 
than amylase, suggesting that LGALS2 can be used as an alternative pan-
creatic exocrine marker.  

Most investigated proteins exhibited a reduced expression in the in vitro 
cultured islet cells compared to islet cells in pancreatic tissues, suggesting 
impurity of the islet isolations with remaining exocrine and ductal cells in 
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the cell culture. This was confirmed by analysis of the expression of amylase 
and KRT19.  

Some trends were noted when comparing the protein expression patterns 
in islet cells subjected to different culture conditions or in comparison of 
expression in pancreatic islets from patients with different characteristics. 
However, due to the small number of samples within each group, it was not 
significant. Islet cells cultured in high concentration of glucose had lower 
expression of PDX1 and B2M, while addition of cytokines in the cell culture 
resulted in an increased expression of B2M and UCHL1. Pancreatic tissues 
subjected to a long duration of ischemia displayed reduced expression of 
B2M and TSPAN7.  
 
The five pancreatic islet-specific proteins identified in the present study 
should be further investigated on larger, well-defined patient material, in 
order to explore their physiological role and potential involvement in the 
pathogenesis of diabetes.  

Paper III:  
Novel pancreatic beta cell-specific proteins: antibody-based proteomics for 
identification of new biomarker candidates. 
 
Paper III is a continuation of Paper II, and also in this paper, the advanced 
search function in the HPA described in Paper I was used for identification 
of new proteins selectively expressed in islets of Langerhans. In addition to 
strong expression in pancreatic islets and negative in exocrine glandular 
cells, we searched for proteins that lacked expression in other abdominal 
organs close to pancreas, i.e. duodenum, kidney, liver, lymph node, small 
intestine and stomach. The search yielded 27 hits, including well-known islet 
cell markers, such as insulin, glucagon and PP. Twelve candidate proteins 
previously not characterized in islets of Langerhans were selected for inclu-
sion in the study, based on clear membranous staining, or presence of trans-
membrane regions with epitopes located at the cell surface.  

In order to determine colocalization with alpha and beta cells, cultured is-
lets were triple stained with antibodies towards the 12 new targets and anti-
bodies towards glucagon and insulin. Confocal microscopy revealed that 
four proteins overlapped with the expression of insulin but not glucagon 
(DGCR2, GBF1, GPR44 and SerpinB10), six proteins (HMGXB3, PTPRN, 
SCG5, SCGN, SNAP25 and SNED1) showed expression in both alpha and 
beta cells, and two proteins (C4ORF18 and QRFPR) were expressed in a 
smaller subset of the islet cells, not overlapping with the expression of nei-
ther alpha nor beta cells.  

The specificity of the 12 proteins was investigated with IHC on a TMA 
including pancreatic tissues from normal individuals and individuals with 
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type I or type II diabetes. The beta cell specificity of DGCR2, GBF1, GPR44 
and SerpinB10 was confirmed in the TMAs. All four proteins showed dis-
tinct immunoreactivity in insulin-positive islets, but were completely nega-
tive in T1D islets, which lack beta cells. Moreover, the six proteins that 
overlapped in expression with both alpha and beta cells (HMGXB3, PTPRN, 
SCG5, SCGN, SNAP25 and SNED1) displayed distinct immunoreactivity in 
both insulin-positive and insulin-negative islets, similar to that of Chromo-
granin A. C4ORF18 and QRFPR showed positivity in a subset of both insu-
lin-positive and insulin-negative islet cells, suggesting expression in delta or 
PP cells.  
 
The study shows how tissue microarrays and antibody-based proteomics can 
be used for identification and deeper characterization of proteins potentially 
interesting for beta cell imaging and diabetes research. Four proteins 
(DGCR2, GBF1, GPR44 and SerpinB10) not previously described in con-
texts related to beta cells or diabetes, were identified as beta cell-specific. 

Paper IV:  
CD99 is a novel prognostic stromal marker in non-small cell lung cancer. 
 
In Paper IV, a list of stromal proteins with clinical relevance in NSCLC was 
compiled, based on gene expression array data and available literature. The 
protein expression of the 203 stromal candidate genes was screened using 
the HPA. Twelve proteins were selected for inclusion in the study, based on 
differential stromal expression (BGN, CD99, DCN, EMILIN1, FBN1, 
PDGFRB, PDLIM5, POSTN, SPARC, TAGLN, TNC and VCAN), and 
analyzed with IHC on a TMA consisting of 190 NSCLC samples. The over-
all stromal staining pattern was manually scored using a four-graded intensi-
ty scale. In order to identify stromal proteins with a potential relevance for 
patient outcome, statistical analysis was performed, which revealed that 
higher stromal expression of CD99 was associated with a better prognosis 
(OR = 2.0, CI: 1.04-3.82, p = 0.037). Furthermore, multivariate analysis 
showed that the prognostic impact of CD99 was independent of age, tumor 
stage, smoking history and performance status (OR = 2.05, CI: 1.04-4.05, p 
= 0.039). The prognostic impact of CD99 was confirmed in an independent 
cohort of 240 NSCLC patients (p = 0.008). 

No significant correlation with survival was noted for the other 11 inves-
tigated proteins, however, a trend towards better survival with lower expres-
sion of PDLIM5 was observed (OR = 0.5, CI: 0.28-1.05, p = 0.07). In addi-
tion, increased expression of PDLIM5, SPARC and TAGLN was associated 
with a high tumor proliferation rate, while increased expression of EMILIN1 
and FBN1 was associated with low proliferation.   
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CD99 appeared to be expressed both in round cells most likely 
representing lymphocytes, and in cells resembling fibroblasts. In order to 
confirm this observation, fluorescence double-stainings with antibodies to-
wards CD99 and PTPRC or ACTA2 were performed. The results showed 
that CD99 clearly co-stained with both PTPRC and ACTA2, suggesting 
expression of CD99 in lymphocytes as well as in cancer-associated fibrob-
lasts.  

Moreover, the reliability of the CD99 antibody was confirmed with dis-
tinct bands of expected size in Western blotting analysis, and clearly similar 
expression pattern in consecutive sections stained with another antibody 
towards CD99.  
 
The study introduces CD99 as a novel stromal prognostic marker for lung 
cancer, and shows how TMAs and IHC can be used for identification and 
exploration of potential cancer biomarkers.  

Paper V:  
H16 gull influenza virus attaches to the human upper respiratory tract and 
eye. 
 
In Paper V, TMAs were generated with tissue samples from the respiratory 
and gastro-intestinal tract of humans, mallards and gulls. Virus 
histochemistry was performed on TMA sections as well as on full tissue 
sections from human eyes in order to investigate the attachment pattern of 
the gull influenza virus H16N3, using mallard influenza virus H6N1 and 
human influenza virus H3N2 used as references.  

The human virus attached to the human respiratory tract and the mallard 
virus attached to mallard colon, which is consistent with previous results. 
Moreover, the gull virus attached to a majority of both goblet and ciliated 
cells in the human respiratory tract, suggesting that this virus might be more 
likely to replicate in human airways compared to other previously tested 
avian influenza viruses. Moreover, the gull virus attached to human alveolar 
macrophages, mucinous salivary glands, cornea and conjunctiva.  

The mallard virus also showed attachment to human eye, which had been 
confirmed previously by other studies. The human virus did not attach to any 
of the tested mallard tissues, however, the gull virus attached to mallard 
trachea and the mallard virus attached to mallard trachea and different parts 
of mallard intestine. This suggests that replication of influenza virus in ducks 
is not only restricted to the colon as shown previously, but rather occurs 
along the entire digestive tract. Furthermore, the human virus attached to 
gull trachea, which suggests a potential transmisson of influenza A viruses 
from humans to gulls.  
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The study presents how TMA can be used for mapping of influenza virus 
attachment sites in different human and avian tissues. The gull virus H16N3 
was found to attach to human upper respiratory tract and eye, suggesting 
possible transmission of the virus between gulls and humans.  
 

Paper VI:  
Analysis of candidate genes for lineage-specific expression changes. 
 

In Paper VI, TMAs containing a large number of normal tissues from rhesus 
macaque and humans were generated and used for IHC staining on 50 can-
didate genes, all part of the RUNX2 pathway. Previous studied have identi-
fied RUNX2 as an important gene in the origin of modern humans, and it 
would be of interest to analyze RUNX2 and its interactors at the protein 
level. For 16 of the investigated genes (AR, CDK1, CREBBP, EP300, FGF2, 
GLI3, HDAC3, HDAC5, JUN, PRKD3, RUNX1, SATB2, SMURF1, TCF3, 
XRCC5 and YAP1), potential differences in the protein expression between 
macaque and human were noted. Those genes were selected for further stain-
ing on TMAs from orangutan, gorilla and chimpanzee, in order to investigate 
where in the evolution the changes had occurred.  

After the second staining, 11 genes (AR, CREBBP, EP300, FGF2, 
HDAC3, JUN, PRKD3, RUNX1, SATB2, TCF3, and YAP1) remained as 
potential targets presenting differences in the protein expression between 
species. Moreover, the 11 genes were further analyzed with regard to ge-
nomic features, and compared to RNA sequencing data from six different 
organs of different great ape species. Two genes (TCF3 and SATB2) were 
identified showing significant changes at both the protein and RNA level. 
TCF3 revealed strong expression in a subset of the cells in human testis and 
low or absent expression in the other species. Furthermore, SATB2 showed 
expression to a lower extent in human hippocampus compared to the other 
species, however, the protein was more abundant in other regions of human 
brain.   
 

The study presents how TMAs can be used for large scale analysis of pro-
tein expression patterns in different species as part of evolutionary research. 
Two genes (TCF3 and SATB2) were identified showing distinct expression 
differences between species, both at the RNA level and protein level, sug-
gesting that these genes were involved in the development to modern hu-
mans.  
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Concluding remarks and future perspectives 

In this thesis, different expression patterns were analyzed utilizing the TMA 
technology in a wide variety of research areas. Strategies are described how 
new biomarker candidates can be identified, and several potential biomark-
ers are introduced. Paper I concludes that the publically available data on the 
HPA constitutes an invaluable resource for researchers all over the world to 
identify and further explore new such markers. The latest version of the HPA 
contains 17,298 antibodies, which is almost six times the number of antibo-
dies used in the presented search strings. A larger number of antibodies al-
lows for searches with even more hits. Moreover, the search function has 
been improved in order to narrow down the searches using more criteria, 
such as a specific subcellular localization, antibody validation or searches 
within certain protein classes, which gives even more possibilities.  

Paper II-III further support the potential of using the HPA for identifica-
tion of new biomarker candidates. Moreover, antibody-based proteomics and 
the TMA technology are presented as novel strategies in the diabetes field, 
for identification and exploration of potential beta cell markers. Previous 
groups have characterized tissue-restricted transcripts, and efforts using 
cDNA libraries have established a relative abundance of >2,000 islet tran-
scripts, including both well-known and potential new markers200. In addition, 
genes of pancreatic islets modified by viral infections and cytokines have 
been described201. However, it is important to understand the correlation 
between genotype and phenotype. Previous studies with two-dimensional gel 
electrophoresis and mass spectrometry have generated reference maps of the 
human pancreatic islet proteome202,203. Nevertheless, until date, no groups 
have mapped the proteomic landscape of the islet of Langerhans using IHC.  

Several of the novel endocrine markers identified in Paper II-III showed 
distinct membranous expression pattern, or displayed transmembrane re-
gions with epitopes located at the cell surface. Together with the beta cell 
specificity this suggests that they possibly could be used as targets for in vivo 
imaging of the beta cells in islets of Langerhans. The identified proteins 
should be further investigated in order to unravel their potential as targets for 
future PET tracers, e.g. by epitope mapping and fluorescence-activated cell 
sorting (FACS). Moreover, the interesting proteins should be analyzed on 
TMAs with larger cohorts of pancreatic tissues from diabetes patients with 
well characterized clinical data. The TMAs can be designed to answer spe-
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cific questions addressed on how certain patient characteristics or experi-
mental perturbations affect the protein expression.  

In order to explore new islet-specific targets, a screening TMA with pan-
creatic tissues from normal and diabetic individuals, as well as insulinomas 
and tissues from different parts of the gastro-intestinal tract has been gener-
ated. This new TMA allows for large-scale mapping of the human pancreatic 
islet proteome, and constitutes an easy and reliable method for identification 
of beta cell marker candidates.  

The IHC technology is widely used in clinical diagnostics, and hence, po-
tential biomarkers in the pathology field are easily translatable to the clinic, 
without the need of setting up new techniques. Paper IV exemplifies how 
new such biomarkers can be explored, utilizing clinical patient cohorts in the 
TMA format. CD99 was identified as a potential prognostic marker in tumor 
stroma of NSCLC, with expression in both lymphocytes and cancer-
associated fibroblasts. Previous groups have suggested that CD99 acts as a 
tumor suppressor, down-regulated in e.g. osteosarcoma and gastric adeno-
carcinoma204,205, which is in concordance with our data. The exact stromal 
function of CD99 remains however unclear, and in order to elucidate if the 
impact on survival relies on the CD99-positive lymphocytes, the CD99-
positive fibroblasts, or both, deeper characterization is needed. Further co-
localization studies should be performed, e.g. with antibodies towards the 
different subtypes of lymphoid cells.  

CD99 showed significant correlation with survival in two cohorts, never-
theless, the impact on survival needs to be tested on more sets of patients. 
The Uppsala NSCLC TMA cohort has been extended to include in total 355 
patients, with also the patients displaying intermediate survival time and not 
only long and short term survivors. This constitutes a unique patient material 
with well characterized clinical and molecular data206, and hence, the TMA 
should be used for exploration of future potential NSCLC biomarkers, in 
tumor cells as well as in tumor stroma.  

Until date, TMAs have mainly been used for biomarker discovery in clin-
ical patient cohorts, nevertheless, the technology can be used in any research 
project involving formalin fixed and paraffin embedded tissue samples. Two 
such other studies are described in Paper V-VI, where tissues from different 
species of birds and primates have been prepared and included in TMAs for 
answering questions on influenza virus attachment and human evolution.  

Influenza virus pandemics have received a lot of attention in media over 
the last years. In order to be prepared and possibly prevent devastating con-
sequences by these outbreaks, we need deeper understanding of the influenza 
virus tropism and how the viruses transmit between different species. In 
Paper V, the gull virus H16N3 proved to attach to human respiratory tract 
and eye, which raises questions on its ability to replicate in human tissues. 
As attachment only is the first step, experimental infections are needed to 



 49 

clarify if an infection is possible in the tissues where influenza virus 
attachment was observed.  

Humans suffer from several severe diseases that are unique for our 
species, and even the closest related chimpanzees show large differences in 
epidemiology and severity of a number of those diseases189,190. In order to 
fully understand the underlying biology and be able to prevent such diseases, 
deeper characterization of the evolutionary differences between species is 
necessary191. The complete genome sequences of humans, neandertals and 
other primates give unique possibilites to search for evolutionary differences 
at the genomic level. However, it has been found that as little as 40% of the 
variability observed in protein levels can be explained by mRNA levels207, 
and only a few studies on proteins have previously been performed on a 
larger scale, e.g. using mass spectometry208. Antibody-based proteomics has 
the advantage of providing information about the spatial distribution of 
proteins within a tissue, and could give an estimate about the real abundance 
of the proteins in different cell types.  

Paper VI constitutes an example of large scale mapping of proteins in the 
evolutionary field, taking advantage of IHC and the TMA technology. Two 
proteins, TCF3 and SATB2, were significantly differentially expressed at 
both the RNA and protein level. Moreover, nine other proteins were 
identified displaying interesting differences between species at the protein 
level. These proteins should be investigated further on more individuals from 
different species, as well as characterized in RNA sequencing data sets 
covering a larger number of tissue types.  

 
In conclusion, this thesis describes and exemplifies the potential of the TMA 
technology in biomarker discovery and various other research fields. 
Moreover, this thesis shows that collaborations across different areas of 
research provide invaluable insights into various levels of biological 
organization in both humans and other species, piece by piece unraveling the 
mystery of who we are, and why.   
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