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Abstract 

Recent advances in biotechnology have generated possibilities to investigate and measure parts 

of life previously left for believers to explain. Utilizing the same book of recipes, the genome, 

our cells produce selections of proteins at a time and thereby niche into a multitude of 

specialized cell types, tissues and organs comprising our body. Knowledge of the precise 

protein composition in a given organ at normal and disease condition would be of invaluable 

importance, both for identification of disease causes and the design of new pharmaceuticals, as 

well as for a deeper understanding of the processes of life.  

This doctoral thesis describes the start and progress of a visionary project (HPR) to 

localize all human proteins in our body, with emphasis on the generation and characterization 

of antibodies used as protein targeting missiles. To facilitate the identification of one human 

protein in a complex environment like our body, it is of significant importance to have precise 

and specific means of detection. The first two papers (I-II), describe software developed for 

generation of monospecific antibodies satisfying such needs, using a set of rules for antigen 

optimization. Five years after project start a large amount of antibodies with documented 

characteristics have been generated. The third paper (III), illustrates an attempt to sieve these 

antibody characteristics to develop a tool, for further improvement of antigen selection, based 

on the correlation between antigen sequence and amount of specific antibody generated. 

Having a panel of protein-specific antibodies is a possession of a great value, not only 

for localization studies, but also as possible target-directed pharmaceuticals. In such cases, 

knowledge of the precise epitope recognized by the antibody on its target protein, is an 

important aid, both for understanding its effect as well as unwanted cross-reactivity. Paper (IV) 

describes the development of a high-resolution method for epitope mapping of antibodies 

using staphylococcal display. An application of the method is described in the last paper (V) 

where it is used to map an anti-HER2 monospecific antibody with growth-inhibiting effects on 

breast cancer cells. The monospecific antibody was fractionated into separate populations and 

five novel epitopes related to cancer cell growth-inhibition was determined.  

Altogether these methods are valuable tools for generation and characterization of 

monospecific antibodies. 

 
Keywords: antibody, epitope mapping, HER2, Human Protein Atlas, immunogenicity, 
proteomics, staphylococcal display 
©Johan Rockberg 2008 
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INTRODUCTION 



2 METHODS FOR GENERATION AND CHARACTERIZATION OF MONOSPECIFIC ANTIBODIES 

1. Life, DNA and Proteins 

When I was thirteen years old my chemistry teacher taught me that if someone ever asked me 

what chemistry was, all I needed to do was to tell them that “Chemistry is the knowledge of 

how electrons travel” and I should be fine. This thesis encompasses electron travelling in 

much more complexity than I ever thought I would have to explain 15 years ago. The 

following chapters give you an overview of my work in the field of biotechnology with 

emphasis on the biochemical antibody molecule. 

 

1.1  Life, cells and technology 
Curiosity has always characterized the human nature. Limited by our means of investigation, 

our atlases of the world and nature have constantly improved. Just as Galileo Galilei in 1610 

developed the first adequate telescope and made observations critical for the acceptance of the 

heliocentric model of our universe, Antonie van Leeuwenhoek 1674 constructed the first 

adequate microscope and opened a door to a previous unknown world of life’s building block 

compartments –the cells.  

Although great technological improvements have taken place, not all details of a cell 

may be visualized and quantified by microscope. Cell biologists hence depend on other means 

of measuring cellular states and directions. Since the grand plan for the destiny of a cell is 

imprinted in its collection of genetic material (genome), methods for such studies have been 

highly attractive. Key achievements in the genomic field include the x-ray structure of DNA 

[3], the discovery of the genetic code [4-6], recombinant DNA technologies [7], amplification 

of DNA by the polymerase chain reaction (PCR) [8, 9]; and DNA sequencing methods [10-

13]. Using these technologies in the genomic era of late 20th /early 21st century, scientists 

have been (and are still) producing massive amounts of genomic data posting it into various 

databases (e.g. Genbank, EMBL, DDJB). The completed sequencing of the human genome 

[14, 15] was another historical break-point. -Now, as president Clinton phrased it in 2000, 

scientists are able to read the book in which all human life is written. As explained by Crick 

[16] in 1970 when presenting the central dogma of molecular biology, there is a link between 

our eight million base pairs of human DNA [14, 15] and the cellular functions performed by 

our proteins (figure 1).  

Luckily to the scientists (and the cells) the whole genome is not translated into proteins 

constantly at the same levels. This fact pushed technology development and research focus on 

to studying the dynamic intermediate RNA molecules using real time quantification [17, 18] 
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and microarray technology [19-23]. As our knowledge about RNA has improved, the straight 

line between DNA and function is considerably blurred as multiple RNA forms regulating the 

transcription, half-life and translational faith of other RNA molecules have been discovered 

[24-26]. Today the human genome is believed to consist of less than 22,000 protein coding 

genes [27] and a lot of effort is currently being put into finding ways of characterizing the 

actual workhorses (proteins) in their corresponding cellular contexts, instead of measuring the 

blueprints or intermediate molecules [28, 29].  

 

Figure 1. The central dogma of molecular biology, describing the information flow from 

DNA, stored in the chromosomes of the cells’ nucleus, via messenger RNA to functional 

proteins. 

1.2  Proteins 
Being the manpower of our genetic code, the proteins carry a lot of responsibility on their 

shoulders. They are the ones appointed to build up cellular structures, catalyze the degradation 

of nutrients into useful building blocks and energy for the cell, correct errors, modify and copy 

DNA for new cells, enable specific transportation in and out of the cell, communicate with the 

surrounding as receptors or as ligands, protect us from pathogenic threats and decide when to 

reproduce and when to die. 

Although being involved in this many (and more) different biological processes, the 

basic building blocks, the twenty amino acids, of (most) proteins are the same. The amino 

acids of proteins are linked together by peptide bonds in a condensation reaction. The order of 

which the amino acids are combined (primary structure) is of major importance for the 

proteins, dictating both structure and function [30]. Regularly repeating local structures of 

protein sequence (secondary structures) are grouped into major classes: helical, turn and sheet 

structures, of which the alpha helix and beta sheet are most common, both stabilized by 
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backbone hydrogen bonds [31-33].  A protein thus consists of a number of different secondary 

structural elements connected by flexible loops and folded into a continuous three-dimensional 

shape (tertiary structure). In the case of multimeric proteins folding together, e.g. antibody 

proteins, the corresponding shape is referred to as quaternary structure.  

As interaction of proteins often requires molecular recognition, knowing the three-

dimensional structure greatly aids in understanding protein function. Protein-protein 

interaction is often characterized by a relatively large interaction surface of many, by them self 

relatively weak, hydrophobic van der Waal and electrostatic bindings generating a collective 

high affinity and specificity. 

Affinity is a term taken from the law of mass action, first reported by the Norwegians 

Guldberg and Waage in 1864, describing the concentration dependent reaction force related to 

chemical association reactions (1). In biochemistry, affinity is usually expressed as the reaction 

dissociation coefficient at equilibrium, Kd (2), measured in molar units (M) and typically vary 

substantially spanning from weak micromolar to strong femtomolar, as in the case for the 

interaction between biotin-avidin [34].  

  

A + B  AB       (1) 
 

€ 

Κa =
[AB]
[A] ⋅[B]

Κd =
[A] ⋅[B]
[AB]

       (2) 

As proteins are being present in nearly all cellular processes, certain diseases directly 

relate to unbalanced levels or malfunction of proteins. Thanks to development in molecular 

biotechnology, including cloning and DNA amplification, [7-9, 35] and bioprocess technology, 

for large scale production of recombinant proteins in bacterial and mammalian cells [35, 36], 

laboratory-produced healthy versions of proteins, such as insulin approved in 1982 [36], 

growth hormone and blood coagulation factors VIII and IX [1], can efficiently replace 

deficient or abnormal proteins. Other protein-based pharmaceuticals may act as stimulating 

agents on existing pathways, e.g. by promoting wound healing of ulcers [37], or being 

introduced to have novel functions, e.g. to reduce blood clotting [38] or to interfere with a 

molecule, e.g. blocking of TNF-alpha using a monoclonal antibody in the treatment of 

Rheumatoid arthritis [39]. With a large number of protein therapeutics both in current clinical 

use and in clinical trials for a range of disorders, one can confidently predict that proteins as 

therapeutics will have an expanding role in medicine for years to come [1]. One versatile 

protein, carrying part of the responsibility for this optimism, is the antibody molecule 

presented in the next chapter. 
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2. Antibodies  
Being a living creature in our world is by no means a trivial errand. Physical changes, whether 

it is due to expansion and aging of the universe itself, colliding meteorites, changes in climate, 

limiting food resources, infections or diseases, the environment has forced every living cell and 

virus into adaptation for survival.  

The adaptive immune system of vertebrates is thought to have been present for nearly 

as long as vertebrates them self [40, 41] and is still present in fish, amphibians, birds, mammals 

and reptiles. Throughout time, this line of defense has evolved into a diverse arsenal of cell 

types and proteins combing old innate with more “modern” adaptive immune system to work 

together with highly specific tasks to protect us from a variety of invading foreign substances 

(antigens) [42]. In this defined arsenal there are two major branches of adaptive immunity: 

cellular immunity, mediated by T lymphocytes eliminating infected or malfunctioning cells and 

humoral immunity, mediated by B lymphocyte secreted (or bound) antibodies 

(immunoglobulins, Ig) specifically binding to antigens and attracting effector cells for 

elimination. To enable specific recognition to a nearly infinite variety of invaders, the immune 

system has to hold an enormous diversity of antigen receptors. The both types of lymphocytes 

employ a similar way to generate this vast repertoire of specificity by combining variable, 

diversity and joining parts of genes in their early cellular developmental stages [43-45]. It is 

clearly interesting to know more about the immune systems as our defense for pathogens, but 

also fascinating (and central to this work), to understand the structure and generation of 

antibodies and how these magic bullets can be manipulated to be used for purposes defined by 

engineers. 
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2.1  Antibody structure 
As previously mentioned antibodies serve a dual purpose, both specifically and stably binding 

antigens and also attracting effector cells. Antibodies may e.g. neutralize a pathogen such as a 

virus, simply blocking its surface functions itself [46] or by labeling it for destruction by innate 

killer cells. These two functions reflect the Y shaped structure of the antibody, consisting of 

two homologous arms with specificity-determining function and one opposite arm designed 

for binding to effector functions. Sequence-wise, this bi-functionality is reflected by one 

sequentially variable and one sequentially constant domain of the molecule (figure 2). 

Structurally, the antibody is a globular tetramer of two longer heavy chains (50 kDa) and two 

shorter light chains (25 kDa). There are five functionally different major subclasses of heavy 

chain fragments (IgA, IgD, IgE, IgG, IgM), but only two variants of the light chain subclasses 

(kappa and lambda) without any known functional differences [47].  

In this work the word antibody is used synonymously to antibodies of heavy chain 

subclass IgG, if not stated otherwise. Being heavily stabilized by cysteine bonds (black bars in 

figure 2), antibodies subjected to cysteine protease papain digestion, form three characteristic 

fragments frequently referred to; two identical antigen binding fragments (Fab) and one 

crystallizable (Fc) fragment. The top region of the variable Fab fragment carries the 

complementarity determining region (CDR). The CDR region is a highly variable loop region 

at the N-terminus of the heavy and light chains and it serves for most of the interaction with 

the antigen.  

 

 

Figure 2. Schematic illustration of an IgG antibody molecule 
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2.2  Antibodies in bodies 
As mentioned briefly earlier, the antibodies ability to recognize antigens is due to an advanced 

combinatorial process involving fusion of different sets of gene segments (V, D and J) existing 

in multiple different copies each. These gene segments, separated by thousands of base pairs in 

the genome, are brought together by a stepwise recombination process and fused into 

functional heavy and light chain genes during the differentiation from a hematopoietic stem 

cell to a mature naïve B cell [45]. In addition to the great number of different gene segment 

copies, the actual variability is further increased by imperfections in the recombination and 

segment joining process. As mature antibody presenting B cells circulating the body the 

antibody affinity is relatively low (10-5 – 10-6 M) [48], so upon antigen encounter the B-cell 

migrates to secondary lymphoid organs (e.g. lymph nodes) for further binding improvements 

of the antibody. In broad terms two major changes appear. Firstly class switching, which leads 

to a change in constant region of the expressed antibody enabling a choice of innate effector 

functions while still retaining the same antigen specificity [49]. The second change is a somatic 

hypermutation, which greatly contributes to diversifying the information encoded by the 

germline gene segments. This process, typically involving a change between zero and 25 amino 

acids [50], is mainly achieved by mutations all over the variable region, especially in mutational 

hotspots that are more susceptible to replacement mutations [51]. B-cells with improved 

binding affinity will proliferate and outcompete other cells in the fight for limited amount of 

antigen displayed on the follicular dendritic cells and they will thus get the T-cell signal 

necessary for survival [52]. In a recent study [53] the affinities found in matured antibody 

populations after immunization with tetanus toxoid varied substantially ranging from 

micromolar to picomolar values. This result supports the theory that the antibody affinity 

maturation is a result of the competition locally but not between different germinal centres 

[54].  
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2.3  Cloning antibodies 
Although the phenomenon of immunity was described in the Arabic world already in the 9th 

century and medical immunizations using powders of dried smallpox lesions in China dates 

back to the 11th century, immunological methods were fairly uncommon in the western world 

until Edward Jenner’s and Pasteur’s developments of vaccines in late 18th and 19th century 

respectively [55]. Although a lot of ground braking antibody characterization was undertaken 

in the early 20th century, e.g. Emil von Behring (discovery of the Antibody) and Paul Ehrlich 

(antibody-antigen interaction) [56], the next truly fundamental step for antibody usage came as 

late as in the mid 1970s. 1975 Köhler and Milstein published a way of culturing cells to 

reproducibly generate a specific antibody without the need for re-immunizations. This 

technique, the hybridoma technology, is based on the fusion of an antibody producing mouse 

B-cell with an immortalized tumor cell to form a hybrid with indefinite ability to produce 

monoclonal antibodies (mAb) [57]. Form a therapeutic point of view this was a major step 

towards controlled targeted immunotherapy. To lower immunogenicity [58] and improving 

poor effector functionality, due to the murine heritage of the mAbs, recombinant cloning was 

used to humanize the mAb by fusion of its rearranged variable V(D)J gene segments to human 

constant domains, forming a chimeric antibody [59]. Further steps to lower immunogenicity 

involved humanization of mice and several transgenic strains have had their mouse 

immunoglobulin loci replaced with human immunoglobulin gene segments, enabling “fully 

human” antibodies generated in mouse [60, 61]. However, differences during the somatic 

affinity maturation as well as in glycosylation patterns between human and mouse make these 

antibodies distinguishable from native human antibodies. After the discovery that antibodies 

could be functionally produced in E.coli [62] the whish for in vitro generated human 

antibodies, led several groups to sample and clone complete naïve, immune and synthetic 

human antibody repertoires [63-67]. In 1990 Greg Winters and co-workers showed for the first 

time a system for expression and selection of fully human antibodies using phage display of 

scFv [68]. This study, followed by the selection of human phage displayed Fab fragments [69], 

confirmed the ability to enrich monoclonal binders from a large antibody library using phage 

display.  
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2.4  Antibody display technologies 
The fundamental task solved by display technologies [70] is the establishment of a link through 

the central dogma, connecting genotype of a library member with its corresponding 

phenotypic protein, e.g. an antibody fragment. Along with maintaining this link, an equally 

important feature of a display technology is an easy way for enrichment and screening for the 

library member(s) best satisfying a given reaction or binding criteria. 

Although various display technologies have arisen through the last decade, phage 

display using filamentous phage particle M13 [71] is still by far the most commonly used. It 

consists of a phage particle carrying a phagemid with the library gene recombinantly fused to 

one of its surface phage genes. Although many standardized protocols for enrichment 

(biopanning) have been developed [71-73], the number of protocols tends to scale with the 

number of targets and applications. One procedure typical involves immobilization of target 

protein onto a solid support (e.g. magnetic beads), incubation with phage library at desired 

reaction conditions followed by washing steps to rinse weak and unwanted possible binders 

directed to the solid support. The round of enrichment is completed by elution of phages (by 

for example acid or alkaline conditions) from the immobilized target. Since phages cannot 

propagate by them self, this is followed by E.coli infection for amplification of the enriched 

members. Next step is phage recovery and another round of biopanning. Typical parameters 

varied from one round of panning to the next include target concentration, incubation time, 

number of washings and harshness in elution. This procedure is repeated (generally 3-6 times) 

until a given enrichment criterion is satisfied; typically phages may be functionally screened in 

ELISA reactions [72] followed by sequence analysis. Promising binders are then selected and 

sub-cloned into a protein expression vector for recombinant protein production followed by 

further binding and functionality characterization. 

One of the most beneficial properties with phage display, apart from being a 

standardized and continuously developed format for more than two decades, is the highly 

efficient transformation of E.coli, enabling library sizes exceeding 1010 members [74]. Other 

more recent technologies, based on cells, ribosome display [75-78], microbead-based [79] or 

protein complementation based [80], are each one offering new benefits challenging the 

position of phage display as a system of first choice. Although differences between systems are 

often pointed out in individual papers, extensive comparisons of display technologies side by 

side are rare to find.  
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2.5  Cell display of affinity molecules 
The larger size of cells in general compared to phages adds benefits for usage as display 

system, e.g. enabling a higher density of surface expression and ability to be analyzed in a 

flowcytometer. Among the benefits over phage display, the ability to directly visualize the 

distribution of binders using fluorescent activated cell sorting (FACS), stands out as the most 

important. This yields direct feedback and adds superior control of the enrichment process. 

Other benefits include direct usage of binder as immobilized affinity regent, direct affinity 

ranking [81] and easy protein production without the need for further sub-cloning [82]. Several 

different cell types have been investigated for feasibility as display system, especially Gram-

negative bacteria (E.coli) [83] and eukaryotic bakers yeast (S.cerevisiae) [84]. The keys to 

success as a cell display technology lay within being able to generate large enough libraries to 

facilitate selection for binders of interest, having a high functional level of surface expression, 

being able to express complex proteins (e.g. antibody fragments), and having easy means for 

recovering cells for further rounds of enrichment. To date the most popular method best 

satisfying these criteria is yeast display, with human scFv antibody library sizes up to 109 [85]. 

Another reason for its popularity is the fact that the protein folding and secretory pathways of 

yeast more closely, however not completely, approximate those of mammalian cells. It has thus 

been hypothesized that yeast display could provide access to more or different antibodies than 

phage display [84]. Recently such a comparison between phage and yeast display was 

conducted showing additional antibodies enriched using yeast display [86]. For our studies a 

novel display system, using the Gram-positive bacterial strain S. carnosus [78, 87-90], has been 

further developed to be used for epitope mapping of specific antibody repertoires present in 

monospecific antibody preparations. In the next chapter applications of mono-specific and 

other antibodies are described as tools in proteome studies. 
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2.6  Antibody applications 
Clearly, antibodies have revolutionized the field of protein and cell studies, enabling specific 

targeting of proteins in complex environments. Monoclonal antibodies have been approved 

for a number of clinical applications (table 1). Such applications include imaging, where protein 

targeting is used to help to identify the presence or localization of a pathological condition, 

typically by radioactive isotope labeling of antibody, e.g. Caromab pendetide used in screening 

of prostate cancer metastasis or Imciromab pentetate used for detection of myocardial injury 

in patients with suspected myocardial infarction. Immunoassays, such as enzyme-linked 

immunosorbent assay  (ELISA), have shown to be valuable antibody-based diagnostic tools, e.g. 

in screening blood or urinary sample for biomarker molecules related to pregnancy [91], HIV 

[92] or hepatitis C [93]. When working with non-toxic drugs it is often desirable to have a long 

in-vivo half-life to decrease the number of injections and to minimize side effects related to 

high dosage [94]. The naturally occurring neonatal Fc receptor (FcRn), maintaining antibody 

serum homeostasis, provides superior in vivo half-life (up to three weeks) [95] for antibodies in 

general and provides clear benefits for antibodies in therapeutic use. This possibility has been 

employed not only by antibody pharmaceuticals, e.g. Herceptin (Roche) [96] and Avastin 

(Genentech) [97] for treatment of breast and colorectal cancer respectively, but also to 

improve in vivo half-life of other drugs, such as Enbrell (Immunex) [98], which is a dimeric 

fusion protein between the recombinant soluble TNF receptor and Fc, used for treatment of 

rheumatoid arthritis. Therapeutic antibodies may, just as normal antibodies previously 

described, either functionally disturb a specific protein by binding or by mediating effector 

functions through ADCC [99] or CDC [94, 100]. In addition, antibodies used may also be 

employed to target cargo (e.g., radioisotopes, drugs or toxins) to directly kill malfunctioning 

cells [101] or to locally activate prodrugs [102] (antibody-directed enzyme prodrug therapy, 

ADEPT).  

Antibodies have also been used outside the clinic. Depletion of specific cell types from 

a blood sample, affinity purification (via immunoprecipitation, or chromatography techniques) 

of a desired protein from a cell culture or classification of pathogen strains [103] are some 

examples. Antibodies have also been used to determine presence, either in a particular sample, 

Western blot[104, 105], or on the surface of a cell using FACS [106, 107].  

 



12 METHODS FOR GENERATION AND CHARACTERIZATION OF MONOSPECIFIC ANTIBODIES 

 

Drug Name Active ingredient Company Approval Target Use 

AVASTIN BEVACIZUMAB Genentech Feb 2004 VEGF Colorectal cancer 

BEXXAR IODINE I 131 
TOSITUMOMAB Smithkline Beecham Jun 2003 CD20 B-cell lymphoma 

CAMPATH LEMTUZUMAB Ilex Pharmaceuticals May 2001 CD52 Chronic lymphatic leukemia 

CEA-SCAN ARCITUMOMAB Immunomedics Jun 1996 CEA Gastrointestinal cancer 

CIMZIA CERTOLIZUMAB 
PEGOL UCB Inc Apr 2008 TNF-alpha Crohn's disease 

ERBITUX CETUXIMAB Imclone Feb 2004 EGFR Colorectal cancer 

HERCEPTIN TRASTUZUMAB Genentech Sep 1998 HER2/neu Breast cancer 

HUMIRA ADALIMUMAB Abbot Dec 2002 TNF-alpha 
Rheumatoid arthritis, 
Crohn's disease, psoriatic 
arthritis 

LUCENTIS RANIBIZUMAB Genentech Jun 2006 VEGF Wet age-related macular 
degeneration 

MYLOTARG GEMTUZUMAB 
OZOGAMICIN Wyeth Pharms Inc May 2000 CD33 Acute myeloid leukemia 

MYOSCINT IMCIROMAB 
PENTETATE Centocor Inc Jul 1996 Myosin Imaging myocardial 

infarction 

PROSTASCINT CAPROMAB 
PENDETIDE Cytogen Oct 1996 PSMA Prostate cancer 

RAPTIVA EFALIZUMAB Genentech Oct 2003 CD11a Psoriasis 

REMICADE INFLIXIMAB Centocor Inc Aug 1998 TNF-alpha Rheumatoid arthritis, 
Crohn's disease 

REOPRO ABCIXIMAB Centocor Inc Dec 2003 GpIIb/IIIa Prevent coagulation in 
coronary angioplasty 

RITUXAN RITUXIMAB Genentech Nov 1997 CD20 B-cell lymphoma 

SIMULECT BASILIXIMAB Novartis May 1998 IL-2 Acute rejection of kidney 
transplants 

SOLIRIS ECULIZUMAB Alexion Pharm Inc Mar 2007 C5 Paroxysmal nocturnal 
hemoglobinuria 

SYNAGIS PALIVIZUMAB Medimmune Jun 1998 RSV protein RSV infections in children 

TYSABRI NATALIZUMAB Biogen Idec Nov 2004 Alpha 4 integrin Multiple sclerosis, Crohn's 
disease 

VECTIBIX PANITUMUMAB Amgen Sep 2006 EGFR Colorectal cancer 

VERLUMA NOFETUMOMAB Boehringer Ingelheim Aug 1996 - Lung cancer 

XOLAIR OMALIZUMAB Genentech Jun 2003 IgE Allergic asthma  

ZENAPAX DACLIZUMAB Hoffman- La Roche Dec 1997 IL-2 Acute rejection of kidney 
transplants 

ZEVALIN IBRITUMOMAB 
TIUXETAN Idec Pharmaceuticals Corp Feb 2002 CD20 B-cell lymphoma 

Table 1. Antibodies approved by FDA. Summary from www.fda.gov and Leader 2008[1] 
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Although attractive for a range of applications, there are some areas in which antibodies might 

not be first choice, e.g. when targeting intra-cellular or nuclear proteins, in radioactive imaging 

applications when a faster serum clearance is needed or when simple and efficient E.coli 

production is preferred. Although attempts are being made to solve these issues, e.g. by using 

intrabodies [108], modifying the FcRn interacting part of Fc [109] or improving E.coli 

selection and production protocols, [110] other affinity scaffolds without the inherent antibody 

features, e.g. Affibody [111], anticalin [112], aptamer [113] or DARPIN [114] molecules, might 

serve these application equally well or better. 

No matter what affinity molecule or selection technique you prefer, the end result will 

always be limited to what level your target protein correlates with the disease or state of 

phenomenon you want to study or treat. As the broad knowledge of protein functionality in 

normal and disease states still is limited, many efforts are currently being made to speed up the 

characterization of proteins in large scale. Next chapter will introduce you to this large-scale 

study of proteins –proteomics. 
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3. Antibody based 
Proteomics  

Measuring life at a certain time point  
 

Proteomics is a technology driven field, encompassing multiple methods used alone or in 

conjunction with others, to study the dynamic protein equivalent of a transcriptome and 

genome –the proteome. 

Together with molecular characterization of proteins, understanding their individual 

biological functions is the final goal for most protein studies. Functional annotation of 

proteins is done both by functional assays and more wider “guilt by association“ studies where 

function is inferred as a consequence of presence together with other known entities. 

As mentioned in the introductory chapter one, proteins encompass a broad variation of 

cellular functionality, all of which are encoded in our genes and chromosomes. As the DNA 

sequence of our genome was determined [14, 15], our corresponding protein sequences could 

be derived thereof, thanks to the decryption of the genetic code [5]. It is tempting (and fairly 

reasonable) to assume that knowledge of the protein sequences, determining their final protein 

structure, can be used solely to predict protein function. This is however one of the great 

remaining mysteries of molecular biotechnology –how linear amino acid chains fold into 

functional three-dimensional proteins. 

As stated by Levinthal in 1968 [115] the large amount of degrees of freedom possessed 

by a protein, corresponds to an astronomical number of potential conformations (estimated to 

10143) [115]. Since the time required for a protein to explore all conformations exceeds the age 

of universe (Levinthal paradox) and practice shows soluble proteins to fold within fractions of 

a second, there must be folding pathways we cannot explain today. The best way of today to 

obtain functional information of protein structure is through the three dimensional structure 

of a protein, determined by e.g. X-ray crystallography or NMR. Many efforts [116] are 

currently undertaken to obtain this, including Riken Structural Genomics/Proteomics 

Initiative, which is one of the most successful deliverer of structures into the public protein 

database PDB (www.pdb.org) [117]. Although the protein data bank is steadily increasing, 

today holding roughly 10,780 redundant human protein structures (mainly X-ray determined), 

both NMR, being primarily suited for smaller proteins, and X-ray crystallography are time 

consuming and for certain proteins, e.g. membrane bound proteins, difficult non-optimal 

methods.  
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While extremely important for the understanding of a specific interaction mechanism, 

the molecular and structural properties may not always be needed to provide the researcher 

with means of identifying causative agents in a certain complex cellular situation or disease 

state. In the latter case, a snap shot of the molecular scenery is often more fruitful as a starting 

step in functionally characterizing proteins. By comparing such snap shots from different cells, 

tissues, time points, diseases, species or developmental stages, certain proteins will stand out as 

missing or present in different amounts –thus implying a functional relation to the state 

measured. This is the idea of proteomics – to quantitatively and qualitatively measure and 

compare protein levels in complex samples to answer complex questions. 

Depending on sample nature and question asked the preferred setup differ. As 

compared with studies related to measurement of transcribed genes, mentioned in the 

introductory chapters, proteomics has to deal with significantly more complex sample natures. 

The perhaps most difficult hurdle to overcome is the dynamic range of protein concentrations. 

The lack of satisfying means of direct detection for proteins in samples where concentrations 

might span over ten orders of magnitude [118], makes the devoted proteomics scientist 

enviously look at the transcriptomics colleagues –whose molecules never seem to be to few to 

be detected. Although present in extremely low amounts in complex samples, nucleic acids 

molecules can relatively easily be amplified and quantifiably compared using, e.g. real-time 

PCR [17], a technique not yet transferable to protein studies. 

 

3.1  Separation and detection 
Many proteins function as components of complexes in cells and tissue [119] varying in 

composition and stability over time. To measure these, proteomic studies typically involve 

methods for careful reduction of sample complexity to enable measurement of proteins at low 

levels in a less noisy environment. Such initial separation methods where a complex sample, 

e.g. cell-lysate, is to be analyzed typically include fractionation by ultra centrifugation [120] to 

isolate organelles and compartments or affinity capture using silica beads [121]. This step is 

typically followed by denaturing SDS- or native polyacrylamide gel electrophoresis (PAGE) to 

separate individual proteins based on mass in a gel subjected to a field of current [122]. The 

resulting bands of proteins may be stained using staining agents e.g. coomassie or silver 

staining to visualize proteins present in the sample. If necessary, greater separation may be 

undertaken by two-dimensional gel electrophoresis, using isoelectric focusing (IEF) followed 

by separation by mass [123, 124]. The resulting protein gel spots may then be excised and 

analyzed directly by mass spectrometry [125], or further fractionated by reverse-phase liquid 

chromatography (LC), before performing, e.g. tandem mass spectrometry (LC–MS/MS) for 
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peptide finger-printing analysis [126]. For a long time proteomics has been synonymous to this 

type of MS-detection of proteins separated by PAGE and LC [28], however with the rise of 

international affinity reagent based initiatives, such as the Proteome Binders [127] the Human 

Proteome Resource [29, 128], the Sanger “Atlas of protein expression” project [129], Monash 

Antibody Technologies Facility (Australia) and Clinical Proteomic Technologies Initiative 

(NIH) the field of proteomics is broadened. 

 

3.2  Affinity-based proteomics 
Instead of detecting protein presence by the means of mass-spectrometry data obtained from 

an ionized excised protein-containing gel, affinity-based proteomics makes use of the affinity 

reagents ability to specifically recognize their antigens directly in various contexts, such as 

tissues, tumors, cells or body fluids. The secret of successful proteomics lies within the reliable 

and reproducible recognition of proteins in a limited sample. Whereas limits in MS-based 

proteomics relate to sample purity and ability to ionize the protein, the Achilles' heel of 

affinity-based proteomics is determined by the functionality and specificity of the affinity 

reagent. Functionality relates to the assay of choice and correlates with the availability of 

epitopes on the antigen. In many assays epitopes may be hidden due to formation of molecular 

complexes (e.g. ribosomal and proteosomal complexes), ligand-binding (e.g. DNA-binding 

zinc-finger proteins or tyrosin kinase receptors), compartmentalization (e.g. hidden inside a 

membrane or organelle), protein modifications (e.g. glycosylation and phosphorylation) or 

denaturing assay conditions (e.g. Western blot and fixated cell or tissue samples). Although not 

applicable for all experimental setups (e.g. studies of native protein structures and complexes), 

different means of exposing epitopes to antibodies have been tested for various applications 

(including IHC and serum analysis), typically heat, enzymatic (to de-glycosylate) [130] or 

chemical (permeabilization) treatments have shown successful in antigen and epitope retrieval 

[131-133]. Depending on question asked it might be preferential to use a poly-epitopic affinity 

reagent, such as polyclonal antibodies, to minimize the risk of hidden epitopes.  However, 

since the affinity reagent constitutes the evidence for protein presence, it is of unquestionable 

importance to have a reagent not cross-reacting with unwanted proteins. Targeting multiple 

epitopes also generate an increased possible risk of unwanted cross-reactivity as well. Using a 

mono-epitopic reagent this cross-reactivity would be reduced at the expense of a limited 

number of functional epitopes. These two aspects (functionality and specificity) of affinity 

reagents in affinity-based proteomics have been of central importance for my work and will be 

touched upon in the Human Protein Atlas section below and discussed more deeply in the 

chapter of present investigation. 
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3.3  Human Protein Atlas 
Just as determining the 3.2 billion bases of the human genome was a task of significant 

dimensions, so are characterizations of proteomes. The human genome consists of around 

22,000 protein-coding genes [27]. These are through processing by splicing, involving 

extraction and combination of DNA coding parts (exons), combined into multiple splice 

variants, yielding around 36,000 translated proteins [27]. These proteins will in turn be polished 

by post-translational modifications [28], e.g. phosphorylation, glycosylation, acetylation or 

methylation, yielding even further diversity, well above 100,000 variants [29].  

In 2003 the Human Proteome Resource (HPR) was launched aiming to generate a 

human protein atlas with protein expression data based on localization of proteins in human 

healthy/cancer tissues and organs. The long-term goal of the human protein atlas is to 

generate one antibody for each human non-redundant protein, defined as one per gene locus 

(around 22,000) [27, 128], by 2014. Along with providing a broader understanding of the exact 

expression pattern of a certain protein or knowing what groups of proteins are cellular co-

localized, the protein atlas is also thought of as a starting point for cancer biomarker discovery. 

The production line of the HPA project (figure 3) includes a multitude of disciplines spanning 

from bioinformatics (see textbox) via cDNA synthesis and antibody generation to pathology. 

Antigens, known as Protein Epitope Signature Tags (PrEST), are designed for each 

human gene by identifying a unique part of the protein for recognition, typically around 100-

150 aa using a bioinformatics tool [134]. The corresponding cDNA is synthesized using 

designed primer-pairs and subsequently cloned into an expression vector, transformed into 

E.coli and sequence verified by Sanger sequencing [135]. PrESTs are expressed as fusion 

proteins with a N-terminal hexahistidyl tag, enabling IMAC purification, linked to an 

immunopotenting albumin binding domain derived from streptococcal protein G [136], and 

purified under denaturing conditions [137]. The PrEST is further used for immunization of 

rabbits using Freunds adjuvant, followed by three booster injections in four weeks interval. 

The rabbit serum obtained is purified in a two-step reaction to achieve, antigen purified, 

monospecific antibodies. A pre-purification step is performed to deplete tag-specific His6ABP 

antibodies, followed by affinity purification using the PrEST fusion as affinity capture agent to 

obtain monospecific antibodies (msAb) [135].  

As previously mentioned, specificity testing of affinity reagents used in proteomics is of 

absolute importance. In an initial evaluation step msAbs are screened for cross-reactivity 

towards 396 PrEST fragments, printed and covalently coupled to an epoxide coated glass slide.  
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Figure 3. An overview of the HPR production line. 1. The most unique part of a human gene is 
cloned and transformed into E.coli. 2. PrEST proteins are produced and purified by IMAC 
purification. 3. The pure PrEST is used as antigen in rabbits for generation of pAb. 4. msAb are 
generated by affinity purification using the PrEST as ligand. 5. Monospecifc antibodies are further 
specificity validated by protein array and Western blot, before being analyzed on human tissues by 
IHC or human cells by confocal microscopy. 
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The fluorescent antibody signal is normalized using hen antibodies specific to the his6-ABP 

part of the fusion protein [138]. Monospecific antibodies approved by PrEST array show 

ability to recognize their antigen with minor reactivity to a maximum of two other proteins 

printed [139]. To further validate the sensitivity and specificity of the antibodies, Western blots 

are performed on lysate of human liver and tonsil, two human cell lines (RT-4 and U-251MG) 

and human plasma [128]. As a final test of specificity, the antibody performance is investigated 

in a limited set of tissues stained by immunohistochemistry [128].  

Successful monospecific antibodies are then used for immunohistochemical (IHC) 

tissue microarray (TMA), cell-microarrays and immunofluorescent confocal analysis, to localize 

protein expression at a tissue, cell and sub-cellular level. In total 48 normal and 20 tumor 

tissues are screened routinely using automated IHC before being manually annotated by 

trained pathologists. In addition 47 human cell lines and twelve clinical cell samples are stained 

in the same manner before being subjected to automatic annotation [140]. Sub-cellular 

locations are determined based on immunofluorescence of three cell lines using confocal 

microscopy [141]. All information is eventually stored in the protein atlas database, 

www.proteinatlas.org. 

 

3.4  Biomarker discovery 
As described in the previous chapter antibodies have been used in diagnostic kits e.g. screening 

blood or urinary sample for biomarker molecules related to pregnancy [91], HIV [92] and 

hepatitis C [93]. The number of reliable cancer markers for screening in body fluids is however 

low. Nevertheless, one well-known cancer protein biomarker is the Prostate Specific Antigen 

(PSA), which rises in concentration up to 105-fold in blood as a consequence of prostate 

cancer [142]. Although being debated lately, PSA is one of few biomarkers presently being 

used for detection, risk stratification and monitoring of a common cancer. While 

characterization of human tissue expression profiles, as done by the HPR project, are great in 

terms of identifying possible lead protein indicators related to disease, identifying new clinical 

reporter proteins (biomarkers) should also include screening of accessible body fluids. This 

kind of identification needs screening of multiple patient samples using a large number of 

antibodies, to successfully identify markers with significant differential expression between 

healthy and disease groups. Platforms such as planar and suspension bead antibody arrays for 

high throughput screening of body fluids [143-146] will clearly benefit from the availability of 

the multitude of antibodies and clinical data generated by e.g. the protein atlas project and 

complement other efforts by 2D-gel [147] and MS-based approaches [28]. 
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Bioinformatics 
The amount of biological data available in public databases continues to increase at a steady 

speed. In 1982 a sequence depository hosted by NCBI known as GenBank was started and 

since that day the amount of information stored has doubled every 18th month and today 

encompasses approximately 85,759,586,764 bases of genetic information [148]. As novel 

technologies develop, the pace seems to speed up even further.  

A California based company, Pacific Biosciences Ltd, currently promises to have an 

instrument [149] ready in 2010 able to cut down the time for sequencing of a human genome 

from 11 years, as performed by the human genome project [14, 15], to 15 minutes. There is 

clearly a need for methods to analyze this vast and increasing amount of data. Such methods 

are often defined as bioinformatics, relying on development of algorithms, interfaces and 

statistical methods, or computational biology, referring to hypothesis-driven investigations of 

biological problems using computers.  

An often forgotten category of bioinformaticians is the one maintaining biological 

databases and creating meaningful search tools to sieve the vast amounts of data for 

information. The most popular tool for such sequence searches is the Basic Local Alignment 

Search Tool, BLAST [150], enabling efficient homology searches within a database using a 

protein or DNA as query sequence. The method is based upon heuristic methodology, 

generating alignments by scoring short words of sequence, instead of time-consuming full 

alignments as obtained by e.g. the Smith-Waterman algorithm [151]. There is a variety of 

scoring matrices, such as PAM and Blosum62 [151] based on conserved regions of protein 

families, with different penalty scores for amino acid matches and mismatches. Pattern 

recognition is the keyword for all prediction within bioinformatics and numerous of methods 

have been developed to obtain the best predictive power including: position-specific scoring 

matrices (PSSMs) [152], Gibbs sampling [153], artificial neural networks (ANNs) [154] and 

hidden Markov models (HMMs) [155]. There are a many different tools for prediction of 

protein characteristics and structures available, some of which will be touched upon in present 

investigation. 
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4. Antibodies in Cancer 

Although tempted to consider antibodies to be the 21st century treatment of cancer it actually 

is not. Already in 1972 Currie published an article presenting eighty years of immunological 

methods used for cancer treatment, dating back the first experiments to Germany 1885 [156]. 

The major questions and obstacles were fairly well understood already at that time. One 

example is the fact that the success of any form of cancer therapy or diagnosis depends on 

those features of a tumor making it distinguishable from normal tissue. Even back then it was 

known that efficient treatment of cancer will include complex combinations of 

immunotherapy, chemotherapy and surgery [156]. 

Cancer refers to a group of diseases related to uncontrolled cellular growth causing 

damage to neighboring tissue and sometimes metastasis. This unwanted behavior is most often 

a consequence of genetic abnormalities, either inherited or introduced due to exposure to 

carcinogens (e.g. chemicals, radiation, smoke). These abnormalities are typically resulting in 

activation of oncogenes and inactivation of suppressor genes. With oncogenes switched on 

cells enjoy hyperactive proliferation and division, protection against programmed cell death 

(apoptosis) and ability to become established in diverse tissues. Inactivation of tumor 

suppressor genes, results in difficulties for the control mechanisms, e.g. maintaining accurate 

DNA replication, cell cycle control, adhesion within tissues, and interactions with immune 

system. These characteristics of cancer are thoroughly reviewed by Hanahan and Weinberg 

[157].  

Cancer is one of the western worlds most common diseases, steadily increasing with 

over ten million new cases [158] and 7.6 million deaths [159] reported annually. The most 

common cancer forms in Europe 2006 (except non malignant melanoma) were breast, 

colorectal and lung cancer, each contributing to around 12-13% of the total number of cancer 

cases [160]. Lung cancer is the most common cause of death among cancers serving for one 

fifth followed by colorectal 12%, breast 8% and stomach 7% of the cancer related deaths 

[160]. In Sweden in 2006 lung cancer (top for woman), prostate cancer (top for men) and 

breast cancer were the top three cancer types as measured by mortality [160]. Cancer is a 

complex disease targeting a multitude of tissues and cell types and the means of treatment 

vary.  
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4.1  Current therapies 
Treatment of cancer today is complex and depends on many factors e.g. cancer type and level 

of metastasis. Surgery and external radiation therapy are common methods for treatment of 

primary and large metastasis. Widespread distant metastasis (disseminated), spread through 

bloodstreams and lymphatic system, e.g. seen in prostate, breast and colorectal cancer, are 

often treated using chemotherapy. Endocrine therapy is often used in combination with other 

means of treatment, for example in breast cancer where hormone treatment by the 

antiesterherogenic agent Tamoxifen is used in conjunction with e.g. signal transduction 

inhibitors [161, 162]. Targeting of tyrosine kinase receptors have shown an increase in 

attention and multiple drugs based on monoclonal antibodies [1] and low molecular weight 

inhibitors [162-164] have been approved for cancer therapy. Although the traditional methods 

of cancer treatment: surgery, external radiation and chemotherapy, have developed among the 

years in service with technical advances, they carry some inherent drawbacks that novel 

methods lack. When successful, surgery is an outstanding treatment of cancer, physically 

eliminating the tumor. Surgery is however not always sufficient to completely remove all 

cancerous tissue. External radiation and chemotherapy are important and very powerful ways 

of limiting cancer growth. Their effect on neighboring non-cancer cells is however limiting 

dosage and efficiency. The ability to specifically direct a therapeutic effect to the tumor make 

antibodies very competitive tools in combination with the classical treatments.  

As early cancer diagnosis correlates with a high 95% five year survival, [165] good 

means of tumor identification is of great importance. As of today, classical anatomical 

methods, including X-ray, MRI and ultrasound are able of detecting tumor sizes down to 

diameters above 1 cm, corresponding to around 109 cancer cells[165]. Using molecular imaging 

technologies, for example radio-labeled antibodies in conjunction with positron emission 

tomography (PET) a lot higher resolution and better way of both quantifying and localizing 

tumors before diagnosis and through out treatment is possible [166]. 
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4.2  Antibodies in the clinic 
As previously mentioned, utilization of the exquisite power and specificity of the immune 

system for the treatment of malignancy, was described long ago [156]. Successful treatments, in 

less medieval terminology, have however not been available until more recently, thanks to 

developments in cellular and molecular immunology [167], including improvement of animal 

models and recombinant antibody technologies [68] during the last two decades. As of now, 

eight mAbs have been shown to have clinical efficacy and have been approved for cancer 

treatment by the US Food and Drug Administration (FDA) (table 1). Most of these antibodies 

have been modified from original mouse hybridoma antibodies by replacement of the murine 

constant (C) regions with human C regions to obtain ‘‘chimeric’’ antibodies or by further 

replacement of the murine framework regions of the variable (V) domains to obtain 

‘‘humanized’’ antibodies. The approved humanized antibodies include: Campath, an anti-CD52 

antibody approved for treatment of chronic lymphocytic leukemia; Herceptin, an anti-

HER2/neu antibody approved for treatment of breast cancer; Avastin, an anti-vascular 

endothelial growth factor (VEGF) antibody approved for the treatment of metastatic 

colorectal cancer and Mylotarg, an anti-CD33 antibody linked to a cytotoxic antibiotic, 

approved for the treatment of acute myeloid leukemia. Chimeric antibodies used in therapy 

include, Rituxan, an anti-CD20 antibody for the treatment of non-Hodgkin’s lymphoma; 

Erbitux, an anti-endothelial growth factor receptor (EGFR) antibody approved for the 

treatment of metastatic colorectal cancer. Finally two murine anti-CD20 antibodies carrying a 

radioactive payload, Zevalin and Bexxar, have been approved for the treatment of non-

Hodgkin’s lymphoma. 

Antibodies have clearly taken a step into cancer therapy and diagnosis, e.g. Herceptin 

being the first-line treatment of breast cancer [168]. The cancer cells’ ability of rapid 

adaptation, often results in the development of drug resistance, making multiple means of 

cancer treatment needed. Different ways of tackling this problem includes combined 

treatments with antibodies and hormonal substances [169] and by combined treatments using 

multiple cancer targeting antibodies [170, 171]. 
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5. Epitope Mapping  

In many applications it is desired to have detailed knowledge of where an affinity molecule 

binds on its counter part (antigen). The best available information regarding antibody-antigen 

interaction would come from three dimensional structure data, e.g. X-ray crystallography, of 

the co-crystallized antibody-antigen complex. There are certainly examples of this type of 

epitope mapping [172, 173], although its limitation in throughput is clear. Existing alternative 

epitope mapping methods are evaluated in this chapter, but to understand the complex nature 

of antigen-antibody recognition, it is central to understand some basics regarding the reactive 

surfaces of the antibody (paratope) and antigen (epitope). 

5.1  Paratope 
The antigen-binding surface of an antibody (paratope) is constructed of three hypervariable 

loops (CDRs) from each variable chain, flanked by four framework regions (FR) maintaining 

the beta-barrel structure. The first and second CDRs are entirely encoded by the V gene 

segment, thus limiting the primary variability to the number of different V-genes. Highest 

variability, both in length (1-23 aa) [174] and sequence, is seen in the third CDR of the heavy 

chain, since it is built up by combinations of (V, D, J) genes compared to only (V,J) genes for 

the light chain CDR 3. Whereas germline variation primarily focuses on CDR3, the somatic 

hypermutation seems to complement the prior by spreading the variation throughout the rest 

of the paratope [175, 176]. Peripherial CDRs have been shown to be more tolerant to 

substitutions while alterations with residues in CDR3 more often resulted in loss of binding 

[175, 177]. Structural paratope studies have shown the CDRs1-2, although sequentially 

variable, to be relatively constant in structure, so called canonical structures [178]. The 

exception is heavy CDR3 which, due to its variability in length and sequence has a more 

flexible structure [178], bearing more of the responsibility for the interaction with the epitope. 

Together the canonical structures combine to generate the specificity determining topology of 

the antigen-binding site.  
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5.2  Epitopes 
In a scientific strive for classification in the mid 1970s, binding sites of antigens were classified 

into two general groups: continuous and discontinuous epitopes [179]. A continuous epitope 

(also known as sequential or linear epitope) is a short peptide fragment in a protein recognized 

by a specific antibody, often consisting of a stretch of 6 to 9 amino acid residues [180]. The 

discontinuous epitope is composed of residues not being adjacent in primary structure (amino 

acid sequence), but brought into proximity by the protein folding. As pointed out previously 

[179, 181] nearly all epitopes, perhaps over 90% [181], do possess structural characteristics. 

Short stretches of protein sequence may indeed possess some structural character required for 

recognition, resulting in decreased or no binding during denaturing conditions. On the 

contrary, a continuous epitope might be considered a series of linear epitopes, stabilized by 

structurally neighboring residues [182]. The classification is hence far from clear-cut and 

sometimes misused to explain unsuccessful experiments. The characteristics of interacting 

residues of the paratope are more easily identified, thanks to the uniformity of the antibody 

structure, whereas the antigen is to be considered more of a continuous landscape of potential 

epitopic regions interacting with the paratope [183]. Different types of antigens interacting 

with antibodies have been described, including haptens, lipids, nucleotides, peptides, proteins, 

sugar and viruses [174]. The required area of an antigen for interaction with an antibody hence 

vary significant and to some extent may be explained by factors related to its origin [174]. 

Three main topographies of paratope surfaces have been assigned based on the size of its 

interacting antigen epitope: cavity (small epitope, e.g. hapten), groove (medium epitope, e.g. 

peptide) and planar (large epitope, e.g. protein) [184].  

 

5.3  Antibody-antigen interaction 
Interaction between antigen and antibody, as for chemical reactions in general, is determined 

by the free energy associated with this process (eq. 3).  

 

 

 

 

The changes in enthalpy are due to gains of hydrogen and van der Waals bonds or salt 

bridges and changes in entropy are generally due to hydrophobic van der Waals interactions 

altering the structural flexibility of the residues involved in the antibody-antigen complex. As € 

ΔG = ΔH − TΔS 
ΔG = RT lnKD  

(3) 
(4) 
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the free energy is directly proportional to the equilibrium constant of dissociation (eq. 4), the 

increase in affinity through the somatic maturation will increase the free energy of the immune 

response. Germline unbound paratopes are fairly flexible, being stabilized by multiple 

conformations, whereas the high affinity maturated paratopes are more rigid, hence suffering 

from a decrease in entropy compensated by favorable enthalpy change [185-187]. When 

structurally analyzing antibody antigen complexes before and after maturation, a shift from 

mutual adaption (induced fit) to more “key and lock” fit [185-187] is seen. This implies a 

connection between increased specificity, due to higher rigidity, and affinity as a consequence 

of the maturation. 

Whereas both epitope and paratope sequences are variable, the binding parts of the 

paratope sequences have shown to vary considerable compared to antibody framework 

residues [188] and to share a prevalence for certain amino acids [174]. Especially tyrosine has 

been reported overrepresented accounting for as much as 25% of the antigen contacts [188-

190]. Other residues overrepresented in antigen binding include tryptophan, serine and 

isoleucine, while glutamate, aspartate, lysine, proline and cysteine have been reported 

underrepresented among interaction-contributing residues [174]. 

 

5.4  Epitope prediction 
In the early 1980s the first method for prediction of antigenic features from linear sequence 

was published by Hopp and Woods (1981), based on a modified hydrophobicity propensity 

scale[191]. A number of similar methods have been developed including determinants such as 

accessibility, secondary structure components, flexibility, hydropathy, turn propensities and 

combination of these [192-195]. Although benchmarked to predict poorly multiple times [181, 

196, 197], little improvement in methods have been seen [196, 198]. Novel methods including 

3D-structural data, along with propensity scales, have improved the prediction of structural 

epitopes [180, 199]. Facing the limited number of complex-determined structures used for 

training and the lack of actual negatives, the true use of this method in vaccine development 

still has to be shown. At a recent meeting, there was a broad consensus among experts stating 

that the main obstacle currently facing the immunological bioinformatics’ community is the 

lack of well-validated and uniform epitope data [183]. Although a large amount of data exists 

on linear epitopes [200, 201], experimental setup and quality of data vary significantly and 

show a lack of true negative stretches, clearly pointing out the need for good means of 

stringent large scale epitope mapping efforts. 
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5.5  Epitope mapping methods 
Except for methods directly determining the antibody-antigen complex in vitro, using e.g. X-ray 

crystallography [172] or in situ using electron microscopy (protein tomography) [202] most 

approaches include perturbation of the antigen sequence followed by binding measurements. 

This has been done by two major approaches: antigen partitioning and antigen mutation. Both 

methods have inherent problems, e.g. antigen partitioning may generate loss of structural 

epitopes, whereas mutation analysis requires prior knowledge of structure to make adequate 

rational mutations and needs extensive data analysis combining binding measurements for all 

mutations made. A third technique, in between the two others, is based on studying the 

interaction with mimitopes of arbitrary short peptides [203, 204] resembling stretches within 

the epitope sequence. Since this method per se not necessary possesses any sequence present 

in the antigen, the result may contain peptides of cross-reacting nature distant from antigen 

sequences, making it more difficult to interpret, especially in the context of less matured 

antibodies, as mentioned previously. Mimitope studies will however have the benefit of 

contributing with specificity information not provided by the other methods. 

Antigen partitioning has been done in numerous ways: enzymatic, e.g. using amino acid 

specific protease digestion of antigen [205] typically used in conjunction with mass 

spectrometry [206]; by peptide synthesis, where short peptides are chemically synthesized to cover 

the antigen with overlaps [207, 208]; and by using combinatorial libraries, where peptides are 

generated through recombinant production from sub-cloned domain-specific [209] or 

fragmented [210] antigen corresponding or random DNA [204, 211, 212]. Mutational analysis 

typically involves recombinant introduction of alanine mutations in the antigen sequence, 

either directed [213] or arbitrary (e.g. using error prone PCR [214]). With an increasing number 

of binders the need for binder-validation increases [127], making fast and adequate means of 

epitope mapping more important. While providing extraordinary detailed information, 

methods such as X-ray crystallography and protein tomography, are relatively time consuming, 

making these technologies suitable for more focused studies. Protein digestion and MS-based 

methods typically require large quantities of antigens for digestion and are limited in resolution 

by availability of enzymatic sites as well as in throughput by mass-spectrometry [206]. 

Although peptide synthesis has improved in speed and price over the years, major bottle necks 

are related to: the need for high resolution (hence increasing density of overlapping fragment); 

structural issues due to denaturing conditions on solid support (typically epoxy coated glass 

slides); analysis and readout which is typically of binary nature making it hard to analyze 

complex polyclonal samples.  

Several combinatorial libraries have been constructed for mutational studies using 

phage [215], ribosomal [216] and yeast display [214, 217, 218]. These methods provide valuable 
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binding-information regarding the effective contribution for each residue and recent 

improvements have increased their throughput [219]. In mutagenesis setups the library 

presented by your display system is subjected to both positive and negative antibody selections, 

enabling evaluation from both residues with retained and lost binding. In order to achieve a 

good statistical measure for the contribution of a specific amino acid a significant number of 

clones need to be screened. This extensive data analysis makes the technology less suited for 

analysis of polyclonal reagents. 

Combinatorial libraries displaying fragmented antigens present an unbeatable advantage 

in coverage over synthetic peptide scanning, both in generation and in screening, efficiently 

enhancing the resolution obtained [210, 220]. It should be noted, that even though a totally 

randomized peptide library is attractive, since it can be used for virtually any antigen, a 

considerably larger [221] library is required and when evaluated side-by-side, antigen-derived 

peptide libraries have proven more successful [222]. Common benefits shared among library-

based techniques include: large collections of peptides, easy screening and affordable 

renewable generation. 
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Present investigations  
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6. Objective 

The generation of antibodies specifically targeting human proteins is of great importance, both 

as a scientific tool for protein localization or biomarker discovery and as a clinical tool for use 

in diagnostic, prognostic and therapy purposes. My work, outlined in figure 4, has been 

focused on development of means of improving the generation (I-III) and characterization of 

antibodies (IV-V). Firstly, through the development of software to facilitate generation of the 

large number of antigens needed for antibody production (I and II). Secondly, to develop an 

amino acid propensity scale to correlate antigen sequence with antibody amount by evaluating 

experimental data from (I-II), to further improve the antibody generation (III). Thirdly, by 

creating a method for rapid epitope mapping of antibodies (IV), enabling studies of antibody 

binding at epitope level using the Gram-positive bacterium S.carnosus. Fourthly, by proposing a 

method for systematic molecular dissection of polyclonal antibodies to identify epitopes 

involved in growth inhibiting effects on cancer cells (V).  

€ 
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 Figure 4. Summary of the original papers of present investigations.  
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7. Software to facilitate 
antibody generation 

In order to generate monospecific antibodies towards all human proteins, specific enough to 

recognize only one target in a complex human tissue, the choice of antigen sequence is clearly 

of importance. With little knowledge of known epitopes for the majority of the human 

proteins and poor means of predicting where epitopes typically arise [196], rational criteria 

defining antigen composition to generate versatile specific antibodies had to be agreed upon. 

The need for high throughput generation and detection in various platforms favored the 

choice of polyclonal antibodies, although associated with an increased risk of unwanted cross-

reactivity. An initial study [135] validated the rationale of using Protein Epitope Signature Tags 

(PrEST) as antigens for generation of monospecific antibodies, based on selection of a protein 

region (100-150 aa) with minimal sequential similarity to other human proteins. 

7.1  Bishop 
In paper (I) the implementation (Bishop) of a semi-automatic design of PrEST antigens, based 

on a set of five rules to improve cDNA-synthesis, recombinant protein expressions, detection 

in tissue samples and to minimize antibody cross-reactivity, was undertaken. The first rule was 

to avoid transmembrane regions. It has been reported that these regions are difficult to express 

in E. coli with severe problems occurring in the refolding and purification process [223]. In 

addition, transmembrane regions are not easily accessible by antibodies in immunolocalization 

studies. To circumvent this problem, the transmembrane protein predictor, TMHMM [224], 

was incorporated into the Bishop software. The second rule was to avoid signal peptides, since 

they are cleaved off during translocation and therefore will be unsuitable as epitopes. This was 

avoided by inclusion of the SignalP prediction tool [225] into Bishop. The third rule defines 

the PrEST length. The PrESTs need to be small enough for easy handling during cloning, 

sequencing and expression, but also large enough to provide the potential of generating 

different and possibly conformational epitopes. An optimal size span was empirically 

determined to around 100–150 amino acids in our lab. The default PrEST length was hence set 

to 125 amino acids, with a possibility of manual adjustment. The fourth rule was to make the 

amino acid sequence of the fragments as unique as possible (as compared to other human 

proteins) to enable specific cDNA synthesis and reduce unwanted cross-reactivity towards 

other proteins among the antibodies generated. This was achieved through the inclusion of the 
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sequence alignment tool BLASTP [150] with a cut-off set to 60% amino acid identity. The fifth 

rule was avoidance of restriction sites used for cloning. All implementation was done in Java 

using BioJava [226] for sequence handling and visualization. 

The ability to identify PrEST regions using the devised strategy was evaluated using the 

human chromosome 22 as a test data set. The data set was used in an attempt to create PrEST 

antigens of three different lengths: 50, 125 and 250 amino acids. As expected, fewer PrEST 

antigens could be identified for the longer antigens 250 aa (75%) and 125 aa (82%) while less 

than ten percent of the shorter antigens failed 50 aa (91%). Since Bishop per se maximizes 

uniqueness, the number of conserved domains within the PrEST should be limited. This 

hypothesis was tested by evaluation of the PrESTs compared to arbitrary sequences, by the 

number of hits in the Conserved Domain Database (CDD; v.1.62) [227]. Fifth-percentile hits 

were compared for the three different antigen lengths, yielding significantly fewer hits for 

PrEST/Random as expected: 479/528 (50 aa), 1522/1634 (125 aa) and 1594/1723 (250 aa). 

To further evaluate the potential structural properties of the PrESTs, the eight available 3D-

structures in PDB [117] covering the PrESTs regions were investigated manually. No definite 

conclusions could be made regarding the PrESTs’ ability of adapting a native fold. Complete 

inclusion of secondary structure elements and the relative compactness of some of the PrEST 

structures, indicated a potential to generate structural epitopes. This however remains to be 

experimentally determined.  

7.2  Prestige 
As a consequence of an increased throughput in the Human Protein Atlas, a tighter link 

between the PrEST-design tool and the laboratory information management system (LIMS) 

was required. As the number of users of Bishop increased, the choice of running the software as 

a server application, with quite a lot of real-time processing, had to be reconsidered. This, 

along with a need for increased flexibility to include multiple display features, e.g. regarding 

PrEST design of splice variants, resulted in the development of a new web-based tool, 

PRESTIGE, described in paper (II). Although the most evident improvement was a quicker 

antigen design, thanks to the change of platform, some important improvements in antigen 

selection criteria was also undertaken. Technical improvements include preprocessing of all 

resource demanding operations including: BLAST alignment and extraction, prediction of 

transmembrane regions using TMHMM 2.0 [224] and prediction of signal peptides using 

SignalP [228]. Information regarding common and unique regions being shared among 

peptides within the same gene locus is also pre-loaded after processing through the in-house 

software ExonViewer.  
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The rules for PrEST design within PRESTIGE are relatively similar to previously 

mentioned Bishop: 1. Uniqueness; sequence similarity is determined using a 50 aa window with 

a top limit of 60% sequence identity. Short high-identity (>80%) stretches of ten amino acids 

are avoided. 2. Transmembrane regions should be avoided. 3. Signal peptides should be 

avoided. 4. Common regions among all splice variants should be chosen for genes with 

multiple transcripts. 5. Restriction enzyme sites should be avoided. Hence, no sharp rules apply 

for antigen length, although sizes around 75 aa have shown good overall performance 

empirically (unpublished data).  

Using the proteins in Ensembl version 48.36 (22 997 protein-coding genes), an attempt 

of designing PrESTs, of 50 aa length with sequence similarity below 60% identity, towards all 

human genes was undertaken. As shown in figure (appendix III) the result indicates that it is 

possible to target the majority (77%) of the human genes and that at least two non-overlapping 

PrESTs can be selected for 65% of the genes.  A brief analysis of genes failing this PrEST 

design attempt (23%), revealed high sequence identity of the target protein to another human 

protein as the most common reason of failure. Other features limiting the result where short 

protein sequence or to short loops between transmembrane regions. 

7.3  ExonViewer 
ExonViewer is a Java™ application implemented using BioJava [226] used for processing exon 

coordinates for visualization and feature extraction of proteins located within the same gene. 

Instead of using sequence comparisons similar to BLAST [150], ExonViewer utilizes exon 

coordinates to keep track of coding start and stop and changes of reading frames. This 

provides for significant better speed. Typically analysis for identification and extraction of 

common and unique regions among all splice variants within the human genome, is performed 

within twenty minutes, using a normal desktop computer. So far, PrEST design has been 

performed on 8922 genes with multiple splice variants. Since the goal of the HPR project is to 

target all human gene loci with one antibody, the focus for PrEST design of splice variants, has 

been selection of PrESTs spanning over regions being shared among all splice variants. As of 

today (Sept 22 2008), PrESTs spanning over regions being 100% shared among all splice 

variants have been favored (4124) over PrESTs targeting a region specific for one gene 

product only (796). The remaining fraction constitutes of regions partly shared among some of 

the splice variants. These genes have either, at the time of PrEST design, not been known to 

have multiple isoforms, been subject to exon changes in updated versions of Ensembl [27] or 

had to short (or none) common / unique regions available for a suiting PrEST.  
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7.4  Prediction of antibody response using 
recombinant human protein fragments 

 

Recalling the Levinthal paradox mentioned earlier, understanding the complex nature of one 

protein by itself can be challenging enough. It is thus hard to find accurate methods for 

prediction of specific protein interactions in a cellular context, where proteins confront an 

interactome of other molecules. Prediction of processes relevant for the adaptive immune 

system is still in its infancy [229]. Although prediction methods for cellular responses, such as 

MHC class I binding prediction, are fairly strong [229] the current standard of B-cell epitope 

prediction tools has not yet reached the same standard [180, 183, 196, 198, 230]. In a recent 

study [230] the linear epitope prediction tool BepiPred, consisting of a combination of a 

propensity scale and hidden Markov model [198], was evaluated using experimental epitope 

mapping. The result was a fairly low, but still significant, correlation (Pearson's r = 0.18). As all 

current methods are based upon machine-learning approaches, correlating features of antigen 

input sequence to epitope output sequence without explaining the chemistry, they heavily 

depend on good data sets [183] for training. The overall usability of a given method will also 

depend on the correlation between the experimental condition behind the training set and your 

application [183].  

Figure 5. Amino acid distribution among antigens and proteins in 
Ensembl 50.36 
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In order to investigate the possibility to improve PrEST selection, for generation of 

monospecific antibodies, using a novel amino acid propensity scale based on experimental 

results, a dataset consisting of antigen sequence, specificity data and antibody amounts for 

10,205 antibodies was extracted from the production line of HPR. Although all PrEST regions 

have been chosen to minimize sequence identity, no clear deviation could be identified for the 

amino acid distributions within the PrEST dataset as compared to all gene products in 

Ensembl [27] as seen in figure 5. To investigate correlation between antibody yield and 

specificity the antibodies were grouped by their amounts into five equally sized bins. The 

results of the protein array experiments interestingly show that antibodies with a lower amount 

achieved a considerably lower success rate (75%) than the average 90%. Similarly, the fraction 

of antibodies failing the protein array test decreased from 24% for antibodies with the lowest 

concentrations, to a failure rate of only 5% for antibodies with the highest concentrations. A 

tendency can be observed for better quality (specificity) of the antibodies with higher amounts.  
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The variation in antibody amounts from the different PrESTs prompted us to investigate if a 

correlation could be observed between the amino acid composition of the immunogen used 

for immunization and the resulting antibody amount. In appendix III (Figure 4.) the 

Figure 6. Antibody specificity (PrEST array) result as grouped by 
amount of antibody 
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differences of the amino acid composition relative the normal composition are shown for the 

two classes with the highest (white bars) and lowest (black bars) antibody amount. The results 

demonstrate a clear pattern with penalty for hydrophobic amino acids, such as tyrosine (Y), 

tryptophan (W) and phenylalanine (F) and benefit from hydrophilic residues, with glutamic 

acid (E) and glutamine (Q) as the most beneficial amino acids. Cysteine (C) was shown to be 

negative with a large fraction in the antibodies with low antibody amount and conversely a low 

fraction in the antibodies with high amount.  

 The predictability of antibody amount was further evaluated by testing all available 

(544) amino acid propensity scales[231] using our own implementation to compute the grand 

average amino acid propensity values for each one of the methods. A great span (figure 7) of 

predictive power was seen, with a few methods, including Hopp&Woods (method G) [191], 

approaching Pearsons’ r correlation of 0.20. A new propensity scale was derived, using least 
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Figure 7. Evaluation of 545 prediction methods and 10,205 antibodies. Pearsons’ r is 
close to zero for method A, whereas well-known methods by F: Kyte&Doolittle  and G: 
Hopp and Woods perform better. The strongest correlation was seen for methods B, C, 
D, E and our own scale method H. 
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square-fit to solve the over determined equation system with 10,205 data points for the twenty 

amino acids parameters, yielding a predictive performance with Pearsons’ r correlation of 0.25 

(method H). The eight methods displayed in were further investigated by comparing prediction 

score, as grouped in five bins, with antibody amount (appendix III figure 6). Method A, based 

on entropies and with a poor Pearson correlation, showed as expected a close to random 

frequency of 20% in each class. In contrast, all the other seven methods showed good 

correlations between the theoretical predicted value and the antibody amounts, and the 

positive correlations were 30% and 10% of the high and low group, respectively, as compare 

to a random 20% value. Using our method 32 % of the PrESTs predicted to be in the lowest 

antigenicity group, verified experimentally as poor immunogens with amounts of antibodies 

less than 0.12 mg. Similarly, 33% of the PrESTs calculated to be in the highest antigenicity 

group were actually indeed verified to give antibody yields exceeding 0.67 mg.  

7.5  Conclusion 
Surprisingly many of the older of the amino acid propensity scales tested showed a low but 

significant Pearsons’ r correlation close 0.2, indicating that these methods possess some 

predictive power, in contrary to previously reported [196]. A new propensity scale was 

determined based on the results of the 10,205 immunizations. This scale might be useful as a 

design tool when selecting recombinant protein fragments as immunogens as exemplified by 

the much higher (32%) fraction of antibodies with high amount for the highest propensity 

scale group and much lower (8%) fraction for the lowest propensity scale group.  

The new propensity scale (III, fig7 and supplementary table 1) displays several 

interesting differences from previous published propensity scales, such as the relatively low 

positive contribution of basic amino acids (arginine and lysine) as compared to the other 

propensity scales, which suggest an equal high contribution of basic and acidic (glutamic acid 

and aspartic acid) residues. In general, the values for many of the different amino acid residues 

are similar across the various methods, as exemplified by the negative contribution of 

hydrophobic residues and cysteines. The negative contribution of the cysteine is striking and 

one might speculate that this might be due to the fact that this residue is involved in formation 

of local disulfide-bridges that could interfere with the antibody-antigen interaction. As many of 

today’s prediction methods include propensity scales, this new scale and data set might be 

good complements in focused future developments of epitope or antigenicity prediction tools. 
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8. Epitope Mapping Using 
Cell Surface Display 

Paper (III) describes the development of a high throughput system for epitope mapping of 

polyclonal and monoclonal antibodies. The system is based on presentation of an antigen-

specific random peptide library on the surface of S. carnosus, followed by analysis using FACS 

and pyrosequencing.  

 

8.1  S.carnosus 

The Gram positive bacterium (S. carnosus) was first described in 1982 by Schleifer and Fischer 

[87]. Although being of the same genus as the well-known pathogen S.aureus, the two species 

have surprisingly little in common, both sequence-wise and functionally [87]. S.carnosus has 

had a long and faithful carrier within the food-industry, as a flavor used in industrial meat 

production and has been classified as GRAS (generally recognized as safe) by FDA. The swop 

of career into the field of recombinant and display technology took place quite some time ago, 

Figure 8. Schematic representation of epitope mapping vector pSCEM1 and 
the cell surface.   
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when Götz described its beneficial characteristics [87]. Being protected by a thick cell wall of 

peptidoglycan layer, the cells are fairly insensitive to extracellular proteolysis and physical 

stress, including pH and temperatures [232], thus suitable for a wide range of biotechnological 

applications [233-235]. The cell wall structure also makes the cells typically well suited for 

display purposes, making it possible to stably anchor large proteins [90]. S.carnosus typically 

grow in a single colony pattern, forming glistening grey-white round colonies. The 

development of a display system has been an ongoing process since the publication of a 

surface expression vector 1995 [89]. Although slightly modified, the same basic vector is still 

used thirteen years later [78]. The major bottleneck for protein display purposes has been 

(extremely) poor transformation frequencies (1-10 cpu). This was however significantly 

improved in 2007 when Ståhl and coworkers published a transformation protocol yielding 

transformation frequencies up to five logarithms better [236]. 

8.2  Epitope mapping 
 

The previously published display vector pSCXm, was improved for epitope mapping purposes, 

by the introduction of an additional blunt-end cloning site (PmeI) disrupting the reading frame 

of the vector (figure 8). Thanks to the c-terminal location of the cell anchoring fusion-protein, 

together with the destroyed reading frame, the system enables inbuilt selection for in-frame 

clones (figure 8). As overviewed in figure 9, the antigen DNA was amplified by PCR and 

fragmentized using sonication. A decrease in fragment size over reaction time was seen, 

enabling means for direction of fragment length into desired sizes (appendix IV supplementary 

fig1). Typically fragment lengths of around 100-150bp were used in the construction of our 

libraries. The albumin binding protein (ABP) fused c-terminally of the peptide library has 

multiple functions: Firstly, it acts as a spacer between the heavily sugared cell wall and the 

library. Secondly, it functions as a surface expression reporter, through interaction with 

fluorescently labeled human serum albumin (HSA) in the flow cytometric analysis. This extra 

dimension enables good visual presentation of different binding events during a flowcytometry 

run. The possibility to visualize binding events of different apparent affinity enables detection 

of weaker binders in the presence of a mix with stronger antibodies. This is an important 

feature for detailed epitope mapping of polyclonal reagents and not readily possible using for 

example phage display. 

To thoroughly validate the system (figure 9), three libraries were created:  

1-HER2. A full-length (753 aa) HER2-ecd with N-terminal FLAG sequence library was 

generated with DNA-fragment length around 100 bp. Four HPR antibodies raised against 

individual domains were mapped along with two commercial mAbs and one pAb, all three 
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raised against peptides. The main objective of this library was to investigate the sequence 

coverage for a large amplicon and to validate the epitope mapping method using antibodies 

with known domain and peptide epitopes. 

2-Ephrin-B3. A PrEST-Ephrin-B3 library was generated based on a 156 aa PrEST 

fragment. Three monospecific antibodies were raised against the same antigen in three 

individual rabbits. The objective of this library was to evaluate the feasibility of shorter 

amplicons and to investigate the renewability of polyclonal antibodies by re-immunzation in 

different rabbits. 

3 – SATB2. A PrEST-SATB2 library was generated based on the corresponding PrEST 

fragment. One monospecific rabbit antibody and four mouse monoclonal antibodies raised 

against the same antigen were epitope mapped. The objective in this study was to investigate 

the possibility to obtain similar epitopes in both rabbit and mouse. 

For library 1-HER2, epitope mapping was successfully accomplished for both mapping 

of antibodies raised against domains and peptides.  The peptide-raised antibodies were mapped 

with a resolution of 5-9 aa for the mAb and 20 aa for the pAb (appendix III figure 3). The 

domain-specific msAb where mapped to corresponding regions on the HER2-ecd (appendix 
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Figure 9. Schematic representation. 1. Target gene is fragmented, 2. Fragments are cloned 
into S.carnosus. 3. Library is expressed on cell surface. 4-5. Antibodies are incubated with 
library and analyzed by FACS. 6-7 Positive and negative populations are gated separately 
and sequenced by pyrosequencing and aligned back to the target gene. 
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IV figure 4). Eight hundred clones were screened revealing good sequence coverage, spanning 

over the entire amplication.  

For library 2-EphrinB3, all three monospecific antibodies were successfully mapped. 

Interestingly, the antibodies from all three rabbits shared a dominant common C-terminal 

epitope, and two of the rabbits also had a second epitope in common (appendix IV). In order 

to further validate the epitope mapping method, an affinity purification attempt using 

S.carnosus displaying the dominant epitope as capture agent was undertaken. The bound 

antibodies were eluted at low pH and subjected to a second round of epitope mapping. To 

further validate the affinity purification, the epitope determined was synthesized by f-moc 

chemistry [237] and the resulting peptide was used in a cell competition experiment 

successfully disrupting the antibody-cell binding (appendix IV figure 4). 

For library 3-SATB2, all four monoclonals and the monospecific antibody (5 epitopes) 

were successfully epitope mapped, (appendix IV figure 5). Interestingly, two of the mAbs 

mapped nearly perfectly with one of the epitopes of the msAb and the two remaining mAb 

also appeared to bind another one of the epitopes determined for the msAb. From 

immunohistochemistry stainings of colon tissue, mAb1 and mAb3 gave significantly weaker 

staining as compared to the msAb and the remaining mAbs. The three dimensional location of 

the epitope sequence for the weaker mAb1&3 (GLLSEILRK), colored in red, and the epitope 

sequence for the stronger mAb2&4 (QNFLQLPE), colored in yellow, was studied using the 

X-ray structure (2O4A.pdb)[2] [117]. While the weaker epitope consists of a helix, partly 

hidden by DNA, it is tempting to speculate that the stronger staining for the other two mAbs 

is due to better availability of the target epitope (Figure on front page).  

8.3  Conclusions 
The method of epitope mapping using bacterial display has shown useful for epitope 

determination of various antibody types, especially for monospecific rabbit antibodies. 

Optimization of individual steps of the epitope mapping process, including library cloning and 

sequence analysis using pyrosequencing [12] and automated sequence mapping, have enabled a 

total process time of around two weeks making it suitable for large scale efforts. While 

studying the epitope specificity of antibodies generated against the same PrEST antigen in 

several different animals, even across species borders, common dominating epitopes were 

seen. Using mouse monoclonal antibodies targeting the same epitope as present in a rabbit 

monospecific antibody, similar IHC staining patterns were obtained. The possibility to re-

generate antibody functionality, while switching from polyclonal rabbit to mouse monoclonal 

antibodies, holds a lot of potential for future applications. If these observations will remain in 

an expanded investigation are still to be seen.  
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9. Targeting HER2 with 
antibodies 

Paper (V) describes the molecular dissection of human epidermal growth factor receptor 2 

(HER2) targeting antibodies, in order to identify novel epitopes involved in growth inhibition 

of breast cancer cells. 

HER2 is an oncogenes membrane bound tyrosine kinase receptor within the EGF 

family of receptors. It is an interesting protein marker within breast cancer, being 

overexpressed in 20-25% of invasive cancer and associated with poor disease-free survival and 

correlating with disease development [62, 238]. Even more interestingly it is overexpressed by 

several orders of magnitude on cancer tissue as compared to normal tissue, making directed 

treatment targeting the receptor possible. The medical need for multiple ways of targeting of 

the receptor has shown to be increasingly important as the clinical problem of resistance to the 

mAb Herceptin [168] is becoming more frequent [239]. As of today, the majority of the 

initially responding patients with metastatic breast cancer demonstrate disease relapse within 

one year of treatment with trastuzumab [239].  

 

9.1  HER2 targeting antibodies 

In order to explore the effect of targeting HER2 using monospecific antibodies and to 

investigate possible novel epitopes, five PrEST immunogens were generated. Four PrEST 

immunogens were designed to match the structural domains (Immunogen 1-4) of the human 

epidermal growth factor receptor 2 extra cellular domain (HER2-ecd) (Figure 10). One 

additional PrEST immunogen spanning in between domain two and three of HER2-ecd was 

designed based on lowest sequence identity (Immunogen 5). Corresponding monospecific 

antibodies were tested for the ability of recognizing native HER2 present on BT474 cells using 

flowcytometry. The strongest interaction among the antibodies tested was seen for ab-5, 

HER2 ECD

Immunogen 5

100 200 300 400 500 600 aa

Immunogen 1 Immunogen 2 Immunogen 3 Immunogen 4

Figure 10. Fragments of HER2 used as immunogen to raise rabbit antibodies. 
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whereas hardly any binding to native HER2 was seen for the domain-specific antibodies 

(Appendix V, figure 2). The polyclonal antibody fraction Ab-5 was further analyzed by 

immunohistochemistry on normal and cancer tissues (Appendix V, figure 3A). As expected for 

HER2 targeting antibodies, a weak membranous/cytoplasmic staining was observed in normal 

breast glandular cells, in contrast to a distinct membranous staining for some of the breast 

cancer patients. The results show that the Ab-5 antibody can recognize the HER2 receptor in a 

specific manner in formalin-fixed, paraffin-embedded samples from cancer patients.  

In order to assess whether Ab-5 could have growth inhibiting effects on cell cultures, a 

dose titration was undertaken by treating BT474 in triplicates with dilutions of Ab-5 at day 1 

counting viable cells at day 5 (Appendix V, figure 3B). A dose dependent growth inhibiting 

effect was shown with a maximum effect of approximately 500ng/ml. To further characterize 

the msAb, an affinity fractionation procedure was undertaken, splitting the polyclonal rabbit 

serum into four fractions: Ab-N, Ab-M, Ab-C and Ab-S respectively targeting the N-terminal, 

middle, C-terminal or specific structural parts of the PrEST antigen (Appendix V, figure 4). 

Most (39%) of these antibodies were captured using the 37 aa C-terminal fragment (Appendix 

V, table 1). Similar amounts (35%, 17 aa) were observed for the middle fragment and amounts 

of about (18%, 73 aa) for the N-terminal fragment. Interestingly, only 8% of the antibodies 

were captured using the complete immunogen, suggesting very few conformational epitopes 

being present only on the complete immunogen.  

All fractions were tested for specificity using 100 targets including the proteins used for 

sub-purification, validating the fractionation. The respective apparent affinities (EC-50) for the 

antibody fractions were determined to be in the sub-nanomolar range for all fractions. The 

fractionated antibodies were tested for binding to native HER2 by another round of flow 

cytometric analysis using human breast tumor cell line BT474 cells. Interestingly, the middle 

and structural fraction (Ab-M and Ab-S) did not bind to the native HER2, while both the 

antibody fractions recognizing the C- and N-terminal parts did (Appendix V, figure 5A). 



JOHAN ROCKBERG 47 

 

 

Immunogen 5

100 200 300 400 500 600 [aa]

Pertuzumab Trastuzumab

300 400

Immunogen 5 C (37aa)

N (73 aa)
M (17aa)

250 350

YNTDTFESMPNPEGRYTFGASCVTACPYNYLSTDVGSCTLVCPLHNQEVTAEDGTQRCEKCSKPCARVCYGLG

FAGCKKIFGSLAFLPESFDGDPASNTAPLQPEQLQVF

Her2 -ecd

N1 [8aa] N2 [10aa] N3 [16aa]

C1 [8aa] C2 [4aa]

IV

III

II

I

N1

N2

N3

C1

C2 

Figure 11. Epitope mapping results. A) Schematic epitopes mapped B) Epitopes in 
structural context [173] on HER2 (blue) epitopes colored in yellow. 
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The growth inhibition of the various antibody fractions was tested using the human 

breast tumor cell line BT474 again (Appendix V, figure 5b). All fractions were tested in 

triplicates using the same concentration of antibody (500 ng/ml). A significant growth 

inhibiting effect was observed for both the N-terminal and the C-terminal antibodies, although 

a stronger effect was observed for the C-terminal fraction (30%). Inhibition with N-terminal 

antibodies was only slightly weaker than the positive control Ab-5 (36%). Mixing the three 

fractions using the original proportions of antibodies in Ab-5 (Appendix V, figure 5b) yielded a 

somewhat lower inhibitory effect (33%), while the mixture of only N-terminal and C-terminal 

antibodies yielded the highest growth inhibition (39%). This suggests could suggest a 

synergistic effect when mixing the N- and C-terminal antibodies and demonstrates the potency 

of the antibody fraction directed to the C-terminal part of immunogen 5.  
To determine the epitopes of the polyclonal antibody fractions an epitope mapping 

experiment, based on the method described in previous chapter, was undertaken. Five epitopes 

were identified in total for Ab-5, consisting of three N-terminal and two c-terminal epitopes 

(Figure 11A). All five epitopes are exposed on the surface of the native HER2 receptor (Figure 

11B). Interestingly, the epitope N3 on domain II overlaps with the conformational epitope 

recognized by the therapeutic antibody pertuzumab. The c-terminal epitopes, present on the 

domain III, are part of an alpha-helical structure (epitope C2) and a loop structure in proximity 

of a beta-pleated sheet structure (epitope C1) (Figure 11A). 

 

9.2  Conclusion 
In an attempt to target the native HER2 using antibodies raised against domain antigens, all 

four antigen failed to generate native recognizing antibodies. Interestingly a fifth non-domain 

antigen, spanning partly over domain 2-3, generated antibodies (Ab-5) performing significantly 

better in cell binding assay. Using a basic growth inhibition assay, Ab-5 showed growth 

inhibiting effects on BT474 cells. Affinity purification and sub-fractionation of Ab-5 serum 

identified two growth-inhibiting populations (Ab-N and Ab-C). Interestingly, by recombining 

the original antibody mixture nearly exactly the same effect as measured by Ab-5 was achieved. 

Epitope mapping of the two antibody fractions revealed five epitopes. An approach using 

PrEST antigen for generation of monoclonal antibodies towards these epitopes, analogous to 

the one presented in paper (IV), would be very attractive to pursue for future investigations. 
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10. Concluding remarks 
Antibodies have revolutionized the field of molecular biotechnology and will have a very 

important role for foreseeable future, both as a lab bench affinity tool, for therapeutic 

usage and in diagnostics. Along with increased usage of antibodies comes also deeper 

knowledge in how our immune system works, sometime as a bi-product after generating 

10,205 antibodies for other means. Knowledge gained, which in best hands can be 

applied for improved antibody design or prediction of immune response of 

pharmaceuticals or aid in vaccine design.  

The initial attempt of finding a rational for designing antigens using the Bishop 

software (I) turned out to be a lot more successful than first anticipated, (given the lack 

of epitope data accounted for). Today, the number of antibodies generated through 

antigen design by Bishop or PRESTIGE (III) count over six thousand annotated 

published antibodies (www.proteinatlas.org) and more than ten thousand antibodies have 

been raised and purified. Bearing in mind, as the number of succeeded protein targets 

increase, should be that the proteins remaining are the toughest ones, possessing higher 

sequence identity, longer stretches hidden of transmembrane regions, more splice 

variants and displaying difficulties of E.coli expression. Novel considerations and 

implementations, e.g. the ten amino acid residue searches in PRESTIGE, to deal with 

this will be needed on different levels. Such future improvements might include the usage 

of an amino acid propensity scale, tailor-made for the HPR-pipline (III), providing 

complementary information for PrEST design.  

Another future experiment would be to combine the amino acid propensity scale 

with hidden Markov models to investigate the possibility to improve identification of 

antigenic motives or even epitopes [198]. The number of reliable prediction methods for 

epitope prediction is as of today severely limited by the lack of adequate data sets 

[196]Improved datasets, including multiple immunizations in different animals using the 

same antigen, would greatly improve this situation. The usage of S.carnosus for large-

scale epitope mapping of HPR antibodies (IV) would be one attractive way of reaching 

this goal. Although alternative approaches, e.g. phage display[215] and yeast display[214], 

have presented means of mapping epitopes, the stringent protocol, streamlined work 
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flow, including automated sequence analysis, along with the detailed online binding 

information obtained from the flowcytometer, makes the S.carnosus based epitope 

mapping method a comparable and for polyclonal antibodies preferable choice. The 

mapping of structural epitopes is best done by direct methods characterizing the 

complex, such as NMR, X-ray crystallography [172] or proteintomography [202].  The 

ability to map structurally sensitive antibody epitopes remains to be evaluated for our 

method, however since structural epitopes often consist of linear stretches of active 

amino acids, if such interactions are strong enough they might be weakly detectable by 

them self using FACS. This however remains to be shown. Another interesting 

possibility using S.carnosus, would be affinity capturing of epitope specific antibodies 

from raw-sera using library members as direct ligands (IV), for generation of paired-

antibodies using a single immunization. This could be an efficient way of generating 

validation to a given assay using these sets of antibodies targeting different epitopes of a 

target protein. As the number of protein drugs increase, especially antibody-based drugs 

[1], the need for in-depth characterization of cross-reactivity and exact epitope mapping 

of these has become increasingly important also for commercial antibodies. The power 

of the combining epitope mapping with drug screening is exemplified in paper (V), 

showing the usability of flowcytometric analysis both for screening antibodies for ability 

to bind native target for and epitope mapping. When overlooking the antibody responses 

from the different antigens evaluated, it is striking that only one of five monospecific 

antibodies managed to recognize native HER2. Bearing in mind the high cysteine content 

of HER2-ecd, it is tempting to speculate that the incorrectly folded domain-PrESTs 

failed to present both true structural and accessible linear epitopes. On the other hand 

the more flexible overlapping low sequence identity PrEST, managed to generate 

multiple linear epitopes present in both recombinant and native condition. The five 

epitopes identified as related to growth inhibition needs to be further characterized, 

preferably by generation of monoclonal antibodies targeting this segments and thorough 

cell faith analysis including investigation of changes in subsequent signaling pathways. 

The possibility (IV) to reproducible target the same epitope using re-immunizaions of the 

same PrEST in both mouse and rabbit is fascinating and would, if valid in a broader 

study, significantly increase the usability of the HPR rabbit polyclonal effort, enabling 

easy ways of generating therapeutical mAbs.  
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