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Abstract

Antibodies play an important role in the natural immune response to invading
pathogens. The strong and specific binding to their antigens also make them
indispensable tools for research, diagnostics and therapy.

This thesis describes the development of methods for characterization of an-
tibody specificity and the use of these methods to investigate the polyclonal
antibody response after immunization. Paper I describes the development
of an epitope-specific serum fractionation technique based on epitope map-
ping using overlapping peptides followed by chromatographic separation of
polyclonal serum. This technique together with another epitope mapping
technique based on bacterial display of protein fragments were then used to
generate antibody sandwich pairs (Paper I), investigate epitope variations of
repeated immunizations (Paper II) and to determine the ratio of antibodies
targeting linear and conformational epitopes of polyclonal antibodies (Paper
III). Paper IV describes the optimization of in situ-synthesized high-density
peptide arrays for epitope mapping and how different peptide lengths influ-
ence epitope detection and resolution. In Paper V we show the development
of planar peptide arrays covering the entire human proteome and how these
arrays can be used for epitope mapping and off-target binding analysis. In
Paper VI we show how polyclonal antibodies targeting linear epitopes can
be used for peptide enrichment in a rapid, absolute protein quantification
protocol based on mass spectrometry.

Altogether these investigations demonstrate the usefulness of peptide arrays
for fast and straightforward characterization of antibody specificity. The
work also contributes to a deeper understanding of the polyclonal anti-
body response obtained after immunization with recombinant protein frag-
ments.

Keywords: Antibody, Epitope mapping, Peptide array, Suspension bead
array, Antigen, Specificity, Cross-reactivity, Immunization, Immunogenic-
ity
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Populärvetenskaplig sammanfattning

Antikroppar är molekyler i kroppens immunförsvar som skyddar oss genom att
neutralisera till exempel virus, bakterier och gifter. Vid en infektion eller immu-
nisering (vaccinering) bildas det antikroppar som specifikt binder till de antigen,
d.v.s. främmande molekyler och celler, som orsakat antikroppssvaret. Den mycket
specifika interaktionen mellan en antikropp och dess antigen är en egenskap som
gör antikroppar till utmärkta forskningsredskap för att detektera kroppens olika
proteiner, men också för att diagnostisera och behandla sjukdomar.

För att ta fram en antikropp som är specifik mot ett visst protein så kan man
immunisera ett djur med proteinet. Djuret producerar då antikroppar mot pro-
teinet och dessa kan sedan renas fram ur djurets serum. För att kunna lita på
resultat från antikroppsbaserade tester så måste man först validera antikroppens
specificitet mot antigenet så att man vet att den faktiskt binder det den ska och
att den inte binder andra proteiner. En viktig del av valideringen är att ta reda
på vilka delar av proteinet som antikroppen binder till. Dessa delar kallas epitoper
och det finns många olika tekniker för att kartlägga var dessa är lokaliserade på
proteinet, s.k epitopmappning.

Den här avhandlingen är baserad på fem publicerade artiklar och ett manuskript
som har epitopmappning som röd tråd. I Paper I, II och III används epitopmapp-
ning tillsammans med en epitopspecifik fraktionering för att få en ökad förståelse för
det antikroppssvar som uppstår efter immunisering med proteinfragment. Vi visar
att bara ett fåtal av alla antikroppar med olika epitopspecificiteter bidrar till den
önskade bindningen i flera vanliga antikroppsbaserade analyser och att antikrop-
parna till största del binder till linjära epitoper. Vi visar också att antikroppar som
kommer från upprepade immuniseringar med samma antigen har stora likheter i
epitopspecificitet, men att de är långt ifrån identiska. Paper IV och V beskriver
utvecklingen av peptidarrayer med hög densitet, d.v.s. ordnade ytor av miljontals
proteindelar och hur dessa kan användas för epitopmappning samt analys av an-
tikroppars bindning till delar av alla människans proteiner. I Paper VI beskriver
vi utvecklingen av en metod för att med hjälp av antikroppar anrika peptider från
biologiska prover och hur det tillsammans med masspektrometri möjliggör snabb
analys av flera proteiner på samma gång.
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BCR B cell receptor
C-terminus Carboxy-terminus
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CTL Cytotoxic T lymphocyte
DNA Deoxyribonucleic acid
Fab Fragment antigen binding
Fc Fragment crystallizable
Ig Immunoglobulin
KD Equilibrium dissociation constant
koff Association rate constant
kon Dissociation rate constant
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N-terminus Amino-terminus
PCR Polymerase chain reaction
PODXL Podocalyxin-like protein
PrEST Protein epitope signature tag
RBM3 RNA-binding protein 3
SATB2 Special AT-rich binding protein 2
scFv Single-chain variable fragment
siRNA Short interfering ribonucleic acid
TCR T cell receptor
TH cell Helper T cell
TYMP Thymidine phosphorylase
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Introduction

Antibodies

Secretion of antibodies is one of the tools used by the immune system of
higher organisms to ward off foreign pathogens such as bacteria, viruses and
parasites. When the immune system recognizes something as foreign, it will
try to neutralize this potential threat and clear it from the body. To achieve
this, dedicated cells of the immune system kill infected cells, e.g. to prevent
further spread of viruses to uninfected cells, and produce antibodies capable
of strong and specific binding to pathogens and toxins existing outside the
cells. This specific binding makes antibodies attractive as tools for scientists
in their effort to study the molecules that make up life, especially proteins.
Proteins carry out most of the functions in our bodies, but are too small to
be studied using conventional microscopes. Instead antibodies specific for
the protein of interest are used for detection and quantification in tissues,
cells, bodily fluids etc. [1, 2].

Antibody structure

Antibodies are Y-shaped proteins consisting of four polypeptide chains, two
identical heavy chains and two identical light chains linked by disulfide bridges
[3]. If an antibody is cleaved using the protease papain, three fragments will
be formed. The arms of the antibody form two identical antigen-binding frag-
ments, Fabs, and the stem forms the fragment crystallizable, Fc [4].
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Figure 1.1: Schematic drawing of an Immunoglobulin G antibody.
CDR, complementarity determining region. Fab, fragment antigen binding.
Fc, fragment crystallizable.

The antigen binding sites, or complementarity determining regions (CDRs)
are located at the tip of each arm of the antibody and consist of six hyper
variable loops, three each from the variable domains of the light and heavy
chains [5]. In humans and mice, the constant region of the heavy chains are
encoded by the non-variable genes of one of the five heavy chain isotypes
(δ, µ, α, γ, ε), which define the five major antibody classes, IgD, IgM, IgA,
IgG and IgE, respectively. The constant regions are responsible for effector
functions such as recruitment of complement proteins and ability to pass
membranes, which varies between the different classes [6]. In mammals there
are two types of antibody light chains, κ or λ [5]. However, certain species
such as camelids also have antibodies entirely lacking light chains and in these
antibodies the antigen binding is mediated only by the three CDR-loops on
the heavy chains [7].
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The immune system

The immune system of vertebrates is generally divided in two branches, in-
nate and adaptive immunity. These systems are however not completely
separate and influence each other via chemokines and other cytokines. The
innate immune system, which is also found in less complex animals like in-
sects, can for instance detect viral DNA and RNA or lipopolysaccharides of
bacterial cell walls, and in response produce unspecific antimicrobial sub-
stances [8].

The adaptive immune system on the other hand, mounts a targeted response
specific for the invading pathogen and, once trained to recognize molecules
from that pathogen, will form a memory of this infection and respond much
quicker when challenged a second time by the same pathogen. The adap-
tive immune system can in turn be divided into cell-mediated and humoral
immunity [5].

In cell-mediated immunity, cytotoxic T lymphocytes (CTLs) recognize anti-
gens on infected cells and force these cells to undergo controlled death, apop-
tosis. Other parts of cell-mediated immunity include activating helper T
cells (TH cells), non-specific natural killer cells, phagocytic macrophages and
neutrophils. The other branch, humoral immunity, encompasses the B lym-
phocytes (B cells) and the antibodies they secrete into the circulatory sys-
tem [5,7].

Antibody diversity

Under the right circumstances the immune system can produce antibodies
with affinity for almost any molecular surface, even including entirely new
synthetic molecules never before seen in nature. To achieve this, the amino
acid sequence of the CDR must be highly variable and capable of forming a
complimentary surface for any possible antigen.

3



Introduction

Antibodies are produced by B cells and during development each B cell ran-
domly rearranges antibody gene segments encoding the variable regions of
the heavy and light chains. Heavy chain germ-line DNA contain approxi-
mately 39 V (variable), 27 D (diversity) and J (joining) gene segments [6].
Rearrangement (see Figure 1.2) starts with joining of one D- and one J-
segment, which are then joined to a V-segment. The lymphocyte specific
enzymes RAG1 and RAG2 introduce breaks in the double stranded DNA
next to each of the two gene segments. The cut ends are then joined to-
gether in an imprecise manner by DNA-repair enzymes and in this process
additional nucleotides are incorporated. The added nucleotides can encode
extra amino acids, but can also cause frameshifts that alter the amino acids
sequence encoded by the following gene segment [5].

After rearrangement of heavy-chain genes, a primary RNA transcript is
formed that contains the combined VDJ-segment, unused J-segments and
the Cµ or Cδ constant region genes. Alternative splicing then joins a leading
sequence (L) and the VDJ-segment to either one of the two C-genes, creating
mRNA encoding the heavy-chains of membrane bound IgM or IgD.

Light chain rearrangement is similar to that of the heavy chain, but the
germ-line DNA does not contain any D-segments. Instead V- and J-segment
are joined directly, resulting in less diversity than the one found in heavy
chains. In all, the gene segment rearrangement, addition of extra nucleotides
and heavy/light chain pairing, enable a repertoire of 1016 possible unique
antibodies [6].

A developing B cell first expresses the heavy-chain and displays it on the
surface together with a surrogate light-chain. After that the light-chain rear-
rangement starts and the translated light-chain replaces the surrogate to form
a complete membrane bound antibody. Together with two other membrane
bound proteins, α and β, which are responsible for intracellular signaling, this
membrane bound antibody makes up the B cell receptor (BCR) [5].

New B cells with BCRs of random specificity are continuously produced in
the bone marrow. B cells with the ability to bind a foreign molecule present
at that time will get the signals necessary for further development, but non-
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Figure 1.2: VDJ-rearrangement of antibody heavy-chain gene seg-
ments. First one D- and one J-gene segment of the germ-line DNA are
joined together by excision of the separating sequence (1) and then a V-
segment is joined to the DJ-intermediate (2). Transcription of the rear-
ranged heavy-chain DNA then creates a primary RNA transcript containing
an L-exon, the VDJ- and non-deleted J-segments as well as genes for two
constant region genes, Cµ and Cδ (3). Differential RNA-splicing then re-
moves introns and extra exons creating two different mRNA molecules con-
taining either Cµ or Cδ (4), which are then translated and processed into
mature IgM or IgD heavy-chains.

binding B cells undergo apoptosis [9]. By creating an enormous number of
random antibody specificities and selecting only those that bind, the immune
system can mount highly targeted antibody responses.
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B cell activation, clonal expansion, affinity maturation
and class switching

When the membrane bound antibody on a B cell binds an antigen, signaling
of the BCR will cause the whole BCR-antigen complex to be to be inter-
nalized [10]. Increasing acidic environment and presence of proteases within
the endocytic compartments degrade the antigen to peptides. Some of the
peptides from the degraded proteins are bound by major histocompatibility
complex (MHC) class II-molecules and are presented on the surface of the B
cell where they are accessible for recognition by TH cells [11, 12].

TH cells carry a surface bound T cell receptor (TCR), which is formed in
a process similar to the genetic recombination of BCRs and naïve T cells
carry TCRs with random specificities [13]. During maturation in the thy-
mus, autoreactive T cells with TCRs that bind MHC molecules carrying
self-peptides are negatively selected and receive signals to undergo apopto-
sis. This negative selection is one of the mechanisms used by the immune
system to minimize the presence of self-targeting antibodies or cytotoxic T
cells that otherwise could cause autoimmune disease [14].

TH cells that carry a TCR with affinity to an MHC class II with bound
non-self peptide can be activated by antigen presenting cells (APCs), e.g.
dendritic cells, macrophages and B cells, displaying this MHC-peptide com-
plex on the surface. Upon activation, the TH cell starts to proliferate and
can in turn activate B cells that present this peptide [15]. When a B cell is
activated by a TH cell it will start a clonal expansion within the germinal
centers of secondary lymphoid organs [9]. During this phase the B cells are
dividing rapidly and a phenomenon called somatic hypermutation introduces
small alterations to the genes of the antigen binding parts of the antibody,
which in turn will introduce a slight change of the amino acid sequences of
the CDR-loops. The new clones with slightly varying BCRs then compete for
binding to the limited antigen present in the meshwork of follicular dendritic
cells within the germinal center and only the ones with highest affinity will
be selected for further expansion and rounds of mutation. This process of
repeated somatic hypermutation and selection is know as affinity maturation
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Figure 1.3: T cell-dependent B cell activation. Membrane bound
antibodies bind antigen (1) and the antibody-antigen complex is internalized.
The acidic environment and proteases within the endocytic pathway digests
the antigen to peptides, of which some are bound by MHC class II molecules
(2). The MHC-peptide complexes are displayed on the surface of the B cell
where they can be recognized by the T cell-receptor of an activated TH cell
(3). This causes the TH cell to express activating ligands on its surface and
to secrete cytokines that together stimulate B cell proliferation (4).

and it enables the immune system to improve the efficacy of the antibody
repertoire during the course of an ongoing infection [5].

The membrane bound antibodies on the developing B cell are mostly of the
IgD class, but also to some extent IgM, which is the first antibody class to be
secreted during an infection. While the somatic hypermutation introduces
changes to the variable domains during affinity maturation a second process
called class switching occurs in the genes of the constant region. Here the
µ heavy chain genes are substituted for genes of the α, γ or ε isotype. This
process preserves the antibody specificity, but alters the effector functions of
the antibody [16].
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Figure 1.4: Cellular events within a germinal center. Antigen-
activated B cells migrate into germinal centers (1) where rapid proliferation
and somatic hypermutation within the dark zone create B cells with slightly
varying affinity (2). In the light zone, competition for binding to a lim-
ited amount of antigen on follicular dendritic cells results in selection for
high affinity B cells, while lower affinity clones die by apoptosis (3). After
activation by TH cells, high affinity B cells undergo class switching and dif-
ferentiation into long-lived memory cells or antibody-producing plasma cells
(4).

When B cells have completed affinity maturation and class switching, mature
B cells differentiate to antibody-secreting plasma cells which lose their BCRs
and are short lived in the circulation or differentiate into memory B cells that
reside in the bone marrow where they divide slowly, sustaining a presence
of a few circulating cells. If these memory B cells encounter their antigen
again, e.g. as a result of re-infection with the same pathogen, the already
affinity matured and class switched BCR binds the antigen, causing rapid
proliferation and differentiation into plasma cells and a fast high affinity and
high titer antibody response. [17].
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Antibodies for research, diagnosis and therapy

The generally high specificity and affinity of antibodies to their target anti-
gens make them very well suited for detection of proteins. This in turn has
made them invaluable as in vitro research reagents as well as for diagnostics
and therapeutics. Antibodies and other affinity reagents have to be gener-
ated either by immunization, selected from a library in vitro, or rationally
designed and synthesized.

Antibodies also have to be validated to ensure that they do indeed selectively
bind to the intended target and that they do not show binding to other
proteins that could interfere with the analysis or therapeutic effect. The lack
of well-validated antibodies has limited affinity-based protein research [18],
but huge undertakings like the Human Protein Atlas-project [19] and the
ProteomeBinders consortium [20] have made affinity reagents to most human
proteins readily available.

Epitopes

B cell epitopes are structures on the antigen complimentary to the paratope
or antigen-binding surface of the antibody. Protein epitopes are can be di-
vided in two classes, linear (continuous) epitopes where a stretch of con-
secutive amino acid residues of the primary sequence are bound and con-
formational (discontinuous) epitopes, which are formed when distant amino
acid residues are brought in close proximity upon protein folding [21]. T cell
epitopes on the other hand are confined to linear peptides formed upon prote-
olytic cleavage and presented to T cells by MCH class I or II molecules.

Immunization and generation of polyclonal antibodies

The classical way of generating affinity reagents is by immunization of ani-
mals with the antigen, for which antibodies are desired. Some antigens, e.g.
haptens or peptides, are not always able to elicit an antibody response on

9
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a b

Figure 1.5: Schematic drawing of antibodies binding (a) linear epitopes
of consecutive amino acid residues and (b) conformational epitopes formed
by amino acids brought together by protein folding.

their own but rather have to be coupled to a carrier protein to make an
immunogenic complex, or immunogen. The immunogen is injected into the
animal together with an adjuvant, which helps to activate the immune sys-
tem and create a stronger response [22]. This procedure is repeated several
times over a few months to boost the response, which allow the B cells to
undergo affinity maturation and class switching as well as to ensure high
antibody titers in the blood.

After immunization, the blood from the animal is collected and since the
antibodies are present in the serum faction, blood cells and clotting factors
are removed. This crude antiserum now includes antibodies to the antigen
and can be used for detection or neutralization of the antigen in question.
However, the antiserum also contains antibodies naturally present in the
animal and a purification step using the antigen as bait can be used to obtain
an antibody reagent with defined specificity [23]. Since many different B cell
clones contribute to the secretion of antibodies into the circulation, the final
reagent is referred to as a polyclonal antibody.

10
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Immunogens

Antibodies intended for research are made to bind target proteins and the
most straightforward way is to use the protein itself as the immunogen. Im-
munizations done with full-length proteins of natively folded structure often
generate a polyclonal antibody response targeting predominantly conforma-
tional epitopes, but to some extent also to linear epitopes [24]. However,
this requires production of full-length proteins under native conditions in
sufficient amounts for immunization [25] and there is no way to direct the
antibody response to a certain part of the protein. Since many proteins share
common domains and have high sequence similarity the generated antibodies
can be cross-reactive to other proteins than the intended target.

One alternative way is to use protein domains or other protein fragments
as immunogens, which can be selected to cover parts that are unique to the
protein of interest as compared to all other proteins of the same species [23].
Choosing an entire protein domain improves the chances of obtaining a native
folding of the immunogen, while a smaller protein fragment of approximately
100 amino acid residues is more likely to adapt a non-native fold giving less
antibodies to conformational epitopes on the native protein. This may on
the other hand increase the amount of antibodies targeting linear epitopes,
which can be beneficial if the antibody is intended for use in assays where
the proteins have been subjected to partial or complete denaturation e.g.
Western blot [26]. Recombinant protein fragments can be expressed together
with a fusion tag to prolong the half-life during immunization and increase
the immunogenicity.

Short peptides of 15-40 amino acid residues can also be used for immuniza-
tion, even if they do not contain any T cell epitopes. Coupling the peptides to
carrier proteins provide them with amino acid sequences suitable for presen-
tation on MHC class II molecules that also are recognized as foreign by the
TH cells [27]. The rationale of this immunization strategy is that antibodies
raised to peptides should cross-react with the same amino acid sequence on
the full-length protein. However, most antibodies raised to short peptides
fail to bind their intended protein targets unless the peptides are chosen to

11



Introduction

cover inherently unstructured parts like the generally more flexible N- and C-
termini [28]. Peptides are also used to generate antibodies intended to bind
the very peptide used for immunization, e.g. for specific peptide enrichment
in trypsin digested protein samples [29].

a b c

Figure 1.6: Schematic figure of different immunogens. a) Full-
length protein (green). b) Protein fragment (blue) covering a unique part
of the amino acid sequence expressed with a fusion tag. c) Peptides (red)
conjugated to a carrier protein.

Since polyclonal antibodies are purified from the serum of an immunized ani-
mal, the resulting affinity reagent is a limited resource, which will eventually
be exhausted. New immunizations using the same immunogen can be made,
but differences in immune response will yield batch-to-batch variations that
influence the performance of the antibody [30–32]. This problem can be ad-
dressed to some degree by pooling serum from multiple immunizations to
create large batches that last longer. Another problem with polyclonal anti-
bodies is that it is hard to in detail define their binding, making the approval
of them for therapeutic purposes problematic.

Monoclonal antibodies

During the 1970’s a technology to produce monoclonal antibodies, i.e. anti-
bodies all originating from the same B cell clone, was invented [33]. In this
technique B cells from the spleen are fused with myeloma cells, cancerous
plasma cells, to form hybridoma cells. These contain the genes coding for
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the antibody of the B cell and the ability to divide indefinitely, which is char-
acteristic for myeloma cells. Cell cultivation using a selective medium allows
fused cells carrying both B cell and myeloma genes to survive while unfused
myeloma cells do not. The different hybridoma clones that are formed are
cultivated in separate compartments and secrete their antibodies to the cul-
ture medium [5]. The supernatant of each compartment can then be tested
for functionality in different assays and clones fulfilling the desired criteria
are chosen for larger cultivation and antibody purification. The genes of a
suitable hybridoma cell can also be sequenced and cloned into other cells bet-
ter suited for large-scale antibody production [30]. This makes monoclonal
antibodies renewable affinity reagents, a huge advantage over the exhaustible
nature of polyclonal antibodies.

Since all the antibody molecules of in a monoclonal culture originate from the
same B cell they are identical and they target one single epitope on the pro-
tein. This is in some cases a drawback, since an epitope might be intact and
accessible in one assay but not in another [34]. On the other hand a mono-
clonal antibody can be formulated as a well-defined and reproducible product,
which is reflected in their use as therapeutic agents. Currently there are 34
monoclonal antibodies for human therapy approved by the American Food
and Drug Administration, FDA, with many more in clinical trials [35].

In vitro selection of antibody fragments

Although immunization can yield functional monoclonal antibodies of high
affinity, not all immunizations are successful in producing a reagent with
the desired properties. In combination with high costs and the long time of
immunization schemes this has prompted researchers to look for alternative
ways to create monoclonal antibodies [36]. In vitro selection techniques can
be used to isolate high affinity antibody fragments from libraries constructed
by random combination of antibody variable gene segments. Single-chain
variable fragments (scFvs), which are fusion proteins of only the variable
domains of the heavy and light chains of antibodies, or Fab fragments are
commonly used in selection systems. Both retain the antigen binding capac-
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ity of antibodies, but lack the effector functions [37].

The small size of antibody fragments make them compatible with e.g. phage
display-based selection, which utilizes the ability of some bacteriophages to
take up genetic material and display the corresponding protein products on
the surface of the phage particle. This creates a link between the protein
on the surface and its corresponding DNA inside the phage particle. This
enables deduction of the amino acid sequence of the selected protein by DNA
sequencing [38]. A great advantage of phage display and some other display
systems is that huge libraries of more than 1010 unique members can been
created [39], which increases the chance of finding a suitable binder to the
protein target of interest.

During the selection, phages in the library are allowed to interact with the
antigen of interest and phages displaying binders with affinity for the antigen
are retained while non-binders are washed away. If needed, the retained
binders can then be used to infect bacteria and by using different mutation
strategies slight variations can be introduced to the selected binders. After
stringent washing, antibody fragments with improved affinity for the antigen
can be isolated, thus mimicking the affinity maturation of an in vivo immune
response [40].

Array technologies

Protein microarrays

Biological processes often involve interactions between proteins and other
molecules such as nucleic acids, peptides and other proteins. Many of these
interactions are still unknown and finding new interaction partners to a pro-
tein can aid in revealing its biological function or to discover new drugs.
However, testing each interaction one by one becomes impractical with a
growing number of proteins to be screened. To shorten the time needed,
molecules can be arranged in ordered arrays where multiple interactions can
be probed simultaneously [41].

14



Introduction

Protein microarrays are usually made by spotting small volumes of recom-
binant protein solutions onto an activated microscope slide surface and by
using this technique, arrays with many thousands of proteins can be pro-
duced [42]. Another way of making protein microarrays is to first synthesize
a DNA microarray and then use an in vitro translation system to produce
the proteins encoded by the DNA [43]. This strategy omits the need for sep-
arate recombinant protein expression and purification and each array can be
translated just before use, where the stability of the DNA molecules enables
longer storage time compared to traditional protein arrays.

Protein microarrays can be used to determine the specificity and potential off-
target binding of affinity reagents e.g. polyclonal and monoclonal antibodies
[44], as well as for discovery of autoantibodies targets in plasma samples from
patients with autoimmune disorders or cancer [45,46].

Peptide microarrays

Peptide microarrays share many of the features of protein arrays, but in-
stead of studying binding to full-length proteins or longer protein fragments
they generally contain peptides with lengths in the range of 6-25 amino acid
residues. Peptide microarrays with overlapping peptides together covering
the sequence of a protein antigen can be used to map linear B cell epi-
topes [47,48] or to find potential T cell epitope peptides that stimulate pro-
liferation of either TH cells or CTLs [49].

Traditionally peptide microarrays have been produced using SPOT synthesis
where droplets, each containing one of 20 amino acids, are deposited to spec-
ified positions on a solid support followed by washing of un-reacted amino
acids and removal of protecting groups to allow for incorporation of the next
amino acid to the growing peptide. In this way, repeated coupling cycles
generate an array of short peptides with known sequence in defined posi-
tions [47]. However, arrays produced directly using SPOT-synthesis have
low spot density, which limits the number of unique peptide sequences on
the arrays and has prompted development of improved techniques. Spotting
of peptide arrays using pre-synthesized peptides can achieve higher peptide
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density, but this technique is much more expensive per peptide and best
suited for production of many identical arrays [50].

Lately, different photolithographic techniques for in situ synthesis of high-
density peptide arrays have enabled millions of unique peptides to be syn-
thesized in parallel on a standard microscope slide surface. The vast amount
of unique peptides has made it possible to produce arrays of short overlap-
ping peptides covering all human proteins, enabling both detailed epitope
mapping and off-target binding analysis [51,52].

As with protein arrays, peptide arrays can be used for identification of pro-
tein targets of antibodies in patient plasma samples. These results however
pinpoint the specificity to a short amino acid sequences, which enables the
separation of signals generated by antibodies with different epitope specifici-
ties. This distinction would not be possible to make if a full-length protein
was used. At the same time a major drawback of the peptide arrays is that
antibodies towards conformational epitopes formed upon protein folding are
not detected using short peptides [53]. Many known autoantibodies target
conformational epitopes [54, 55] and peptide and protein arrays should not
be seen as competing techniques, but rather as complements.

An alternative to creating peptide arrays based on the amino acid sequences
of proteins is making arrays with random sequences. These arrays with thou-
sands of random peptides contain peptides with sequence motifs mimicking
epitopes on both pathogens like viruses and bacteria as well as human pro-
teins. If a simple sample is analyzed, e.g. a purified monoclonal antibody,
alignment of the bound peptide sequences can be used to deduce the actual
epitope. With more complex samples, like human plasma, these arrays can
be used to obtain individual binding signatures. By comparing samples form
different disease groups, peptides patterns able to distinguish between the
different groups can be identified, although the actual epitopes and target
proteins remain elusive. [56].
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Suspension bead arrays

One of the limitations of planar arrays is the fairly low sample throughput
and suspension bead arrays are good complements when many samples have
to be analyzed. The bead array assays are based on a system of coded
microspheres where each analyte is coupled to one unique bead-ID and then
combined into an array of analytes [57]. The bead array is then incubated
with the sample and a flow cytometer determines the bead-ID, often based on
the ratio of two or more fluorescent dyes. The signal intensity of a reporter
fluorophore then reveals the binding to the analytes in the sample.

Suspension bead arrays systems are highly compatible with an automated
workflow in microtiter plates and the analysis time on the flow cytometer is
approximately a minute per sample. However, compared to the thousands
of analytes present on planar arrays, the number of available unique bead-
IDs limits the size of the suspension bead arrays. Currently a system of 500
different bead-IDs is used routinely [58], but with addition of more fluorescent
dyes this number can be increased [59].

Reverse phase protein arrays

Another way to increase the sample throughput is to spot the samples on a
microscope slide and then look for expression of a certain protein in up to
several thousand samples at once using an antibody. These arrays are known
as reverse phase protein arrays [60].

Antibody arrays

The array format is also attractive for multiplex protein analysis using anti-
bodies. As an example, antibody arrays consisting of immobilized antibodies
specific for the proteins of interest can be incubated with biotin labeled com-
plex protein samples, e.g. tissue lysates or body fluids, and captured target
proteins are detected using a streptavidin-conjugated fluorophore [61, 62].
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To create an antibody array capable of reliable multiplex protein analysis
requires access to well validated and reliable antibodies to many protein tar-
gets, which can be difficult to obtain in particular for less studied proteins.
Large-scale projects like the Human Protein Atlas [19], which to date have
produced validated polyclonal antibodies to almost 17,000 human genes, pro-
vide a resource for antibody arrays. In another approach, scFvs selected from
phage display libraries are used as capturing reagents in multiplex antibody
arrays [63].

Characterization of antibody binding

Affinity determination

The binding strength, or affinity, between an antibody’s paratope and the
antigen epitope depends on the complementarity of the two surfaces. The
attracting forces are mainly weak non-covalent van der Waals, hydrophobic
and electrostatic interactions, but to some extent also hydrogen bonds [64].
Affinities are often reported as the dissociation constant at equilibrium, KD,
measured in molar units (M). KD is defined as the ratio between the concen-
tration of free antigen and free antibody and the concentration of antibody-
antigen complex.

KD =
[Ab][Ag]

[AbAg]
(1.1)

There are many ways to determine the affinity and kinetics, i.e. the rates at
which the antibody-antigen complex associate and dissociate. This can be
performed in solution, e.g. by determining the ratio of bound and free antigen
at equilibrium for varying antigen concentrations while keeping the antibody
concentration constant, but in some assays either the antibody or antigen has
to be immobilized [65,66]. This is the case when a surface plasmon resonance
(SPR) biosensor is used to monitor the binding in real time and measures have
to be taken to ensure that the immobilization itself doesn’t alter the structure
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of the tethered molecule, thus influencing the affinity of the interaction [67].
Still SPR is a powerful and widely used method for determination of affinity,
association rate, (kon) and dissociation rate (koff ).

KD =
[koff ]

[kon]
(1.2)

Antibodies carry multiple identical antigen binding regions, two in the case
of IgG, IgD and IgE, two or four for IgA and ten for IgM [6]. The combined
binding strength of the immunoglobulin molecule for antigens with multiple
epitopes is called the avidity or functional affinity. In some cases, this makes
it difficult to determine the actual affinity of a single paratope-epitope in-
teraction using the intact antibody. One way to circumvent this problem is
by cleaving the antibody with papain to create monovalent Fab-fragments,
which then can be used to determine the affinity, but mathematical models
can also be used to account for the effects of bivalent binding [68].

Cross-reactivity (off-target binding)

Many proteins share stretches of their primary sequences that are identical
or differing by only a few amino acid residues and some proteins with similar
functions have domains with surface patches of high similarity. Sometimes an
antibody targeting an epitope in one of these regions shows cross-reactivity
to other proteins than the intended target, making the results from an assay
with this antibody unreliable and hard to interpret [69]. Often the off-target
interaction is much weaker than the one seen for the cognate antigen making
these effects negligible when both proteins exist at equimolar concentrations,
but the results will be erroneous if the off target protein is much more abun-
dant in the sample. Sandwich immuno-assays [70] where two antibodies
targeting different epitopes of the same protein are preferably used in com-
parison to a direct immunoassay since the chance of both antibodies being
cross-reactive to the same protein is very low.
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Epitope mapping

Most antibodies used in research are targeting protein antigens and anti-
bodies to microbial proteins are common in a natural immune response.
In addition to knowledge concerning which protein the antibody binds, it
is also important determine the actual epitope and many epitope mapping
techniques have been developed for this purpose. Epitope mapping can have
many different meanings, varying from identification of which domain of an
antigen the antibody binds to precise mapping of amino acid residues that
are crucial for binding to occur [71]. In addition to being a tool for vali-
dation of antibodies, epitope mapping techniques have been used to study
the antibody response during infection, immunization and in autoimmune
disease [32, 72,73].

X-ray crystallography of antibody-antigen complexes

Solving the 3D-structure of an antibody’s Fab fragment in complex with the
antigen provides an almost complete picture of the epitope-paratope interac-
tion, making this method the gold standard of epitope mapping [74]. Both
the epitope and paratope surfaces are clearly defined and the contribution of
each atom to the surface buried upon binding can be calculated. This in turn
reveals which amino acid residues are contributing to the binding. However,
producing Fab-antigen complexes require large amounts of both highly pure
Fab and antigen to form the crystals needed [75]. This makes X-ray crystal-
lography a time consuming method for epitope mapping and has so far only
been used for a limited number of epitope mapping efforts [76,77].
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Peptide scanning

Solid-phase peptide synthesis enables short peptides of any amino acid se-
quence to be synthesized efficiently and this has been used extensively to map
linear epitopes of antibodies. The most common method is to use overlapping
peptides for scanning of the primary sequence to identify the epitope, but
also truncations are often used to find the smallest consecutive amino acid
stretch required for binding [78]. Employing a chemical synthesis procedure
also makes it possible to incorporate modified amino acids at any position,
which allows analysis of e.g. citrullinated epitopes targeted by autoantibodies
in Rheumatoid arthritis [79], or amino acid substitutions which can be used
to investigate each amino acid’s contribution to antibody binding [48].

Antigen display systems

Display of proteins, domains and peptides on phage particles or cell surfaces
has also been used extensively for epitope mapping. In a method developed
by Rockberg and Löfblom el al. [80] a library of short antigen fragments
is displayed on the surface of the Gram-positive bacterium Staphylococcus
carnosus and incubated with the antibody. Clones with antibody-binding
fragments on the surface are then isolated using fluorescence-activated cell
sorting (FACS) and the epitopes are determined by aligning the fragment
sequences. Analogously, yeast display can also be used to express protein
fragments, but yeast display is also well suited for random mutagenesis of
antigens using error prone PCR [81, 82]. In this way, detection of amino
acid substitutions in the antigen that have a negative effect on antibody
binding reveals which amino acids are located within the epitope. However,
substitution of structurally important amino acids can alter the conformation
of the antigen that in turn can lead to loss of binding although the amino
acid is not a part of the epitope surface.

Display systems, especially phage display, can also be used for creating huge
peptide libraries suitable for epitope mapping [83]. Random peptide libraries
can be used to identify both linear epitopes and peptide sequences mimicking
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conformational epitopes [53] and Larman et al. [84] presented a phage library
displaying 36-mer peptides that together cover the human proteome. This
library was in turn used to identify novel autoantibody targets present in
spinal fluid of individuals with paraneoplastic neurological syndrome.

Epitope mapping using mass spectrometry

Tandem mass spectrometry can very accurately determine the mass and
amino acid sequence of peptides in enzymatically digested protein samples
and has been used for read out in epitope mapping experiments. Epitope
extraction is a method for mapping linear epitopes and is based on enrich-
ment of epitope containing peptides generated by enzymatic digestion of the
target protein. The antibody binds the epitope containing peptides, which
after elution are identified in a mass spectrometer [85, 86]. By using mul-
tiple enzymes with different cleavage sites, e.g. trypsin and chymotrypsin,
peptides of varying lengths and with overlapping sequences can be generated
which increases the chance of having peptides where the epitope has not been
destroyed during the enzymatic protein digestion [87]. In epitope excision,
enzymatic digestion is carried out while the antigen is bound to the antibody
and thereby the epitope is shielded by the paratope. This decreases the rate
of enzymatic cleavage of the epitope region and the epitopes are identified
by detection of non-cleaved peptides [88].

A method similar to epitope excision is based on deuterium exchange where
the antigen and antibody are diluted in heavy water, D2O, upon which the
amide hydrogens in the peptide bonds of solvent exposed parts are replaced
by deuterium. The labeled antigen and antibody are then allowed to form a
complex before changing the back to H2O buffer where back-exchange to hy-
drogen occurs everywhere except where the antigen is shielded by the bound
antibody. Subsequent digestion of the antigen and mass analysis of the pep-
tides reveal which peptides and peptide fragments still contain deuterium
after back-exchange, i.e. were part of the shielded epitope [87].
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Competition epitope mapping and epitope masking

Competition assays where an antibody’s ability to compete with a natural
ligand or other antibodies of known epitope specificity can, by lack of binding,
indicate at least partly overlapping epitopes [71]. Epitope masking is similar
to competition mapping, but instead of using a competing molecule, different
surfaces of the antigen are blocked, e.g. by selectively tethering one surface
at a time to a solid support [89].

Epitope prediction algorithms

An epitope is not an intrinsic characteristic of an antigen and only exists in
relation to the paratope of an antibody, although some parts of a protein can
be more immunogenic than others [90]. Many in silico epitope prediction
methods have been developed which tries to identify these regions that are
most likely to be targeted in an antibody response.

The first attempts started with propensity scales of the amino acids’ phys-
iochemical properties, e.g. hydrophilicity and hydrophobicity, [91, 92], as
well as structural properties such as surface exposure [93] and flexibility [94].
Accurate prediction of immunogenic parts of an antigen would be of great
help in designing new vaccines and for choosing immunogens for generation
of affinity reagents, but B cell epitopes have proven difficult to predict [95].
This could partly be explained by the high complexity of conformational epi-
topes, but also that good prediction algorithms have to be trained using large
sets of well-defined epitopes, which have thus far been lacking. In contrast to
the aforementioned methods based on qualitative occurrence of amino acids
and structural properties in epitopes, Rockberg and Uhlén devised a propen-
sity scale based on the antibody titer of the polyclonal response of more than
12,000 standardized immunizations with recombinant protein fragments. [96].
Increasing availability of structural protein data stored in standardized and
accessible formats [97] has led to more sophisticated methods for prediction
of conformational epitopes of proteins with solved 3D-structure [98,99].
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Aims of the thesis

This thesis describes the development of peptide array assays for character-
ization of antibody specificity and the use of these techniques to study the
polyclonal antibody response after immunization.

Paper I - The aim of this study was to establish a method for separation
of antibodies with respect to the different epitope specificities present in
polyclonal antisera and determine their respective functionalities in common
antibody-based assays.

Paper II - The aim of this study was to analyze the epitope variation of
polyclonal antibodies from parallel rabbit immunizations using the same re-
combinant protein fragment as immunogen.

Paper III - The aim of this study was to determine the ratio between anti-
bodies targeting linear and conformational epitopes of polyclonal antibodies
obtained after immunizations with recombinant protein fragments.

Paper IV - The aim of this study was to develop a method for epitope
mapping using high-density planar peptide arrays.

Paper V - The aim of this study was to develop a method for characteriza-
tion of antibody binding using high-density planar peptide arrays covering
the entire human proteome.

Paper VI - The aim of this study was to investigate if polyclonal antibodies
raised against recombinant protein fragments can be used for specific peptide
enrichment and in combination with heavy isotope labeled standards allow for
rapid absolute protein quantification using tandem mass spectrometry.
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Generation of monospecific antibodies based on affinity
capture of polyclonafl antibodies. (Paper I)

The potential cross-reactivity of affinity reagents makes results based on a
single binder less sensitive and reliable than results from e.g. a sandwich
assay where two antibodies targeting different epitopes have to bind simulta-
neously to produce a signal [100]. However, finding suitable antibody pairs
can be difficult for many proteins and an alternative can be to separate
polyclonal antibodies into fractions based on their epitope specificities and
thereby make paired antibodies from a single starting reagent. In this study,
we developed such a method to generate epitope-specific, or monospecific,
antibody fractions and show how the individual fractions and different an-
tibody pairs perform in commonly used immunoassays. First, the linear
epitopes of the polyclonal antibody were mapped using a suspension bead
array with synthetic overlapping 15-mer peptides covering the amino acid
sequence of the antigen. The peptides corresponding to identified epitopes
were then immobilized on separate liquid chromatography columns and con-
nected serially and followed by an antigen column to bind antibodies that
were not captured by the peptide columns. Polyclonal antiserum was then
passed over the connected columns before antibodies in the columns were
eluted in parallel to produce epitope-specific fractions.
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Figure 3.1: Overview of generation of epitope-specific antibody
fractions. Polyclonal serum is epitope mapped using overlapping peptides
(1). Peptides corresponding to identified epitopes and the antigen are then
used as ligands in a serial antibody capture (2). Parallel elution into sepa-
rate epitope-specific fractions followed by epitope confirmation (3)

In total, epitope-specific fractions were isolated from polyclonal antisera tar-
geting four potential cancer biomarkers, RBM3, SATB2, ANLN and CNDP1.
All epitope-specific fractions, the antigen fractions and the polyclonal anti-
bodies were tested for functionality in Western blot and immunohistochem-
istry assays and for three, the subcellular localization was determined using
immunofluorescence microscopy. For each, RBM3 and SATB2, two fractions
with non-overlapping epitope specificities were identified as functional in the
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immunohistochemistry assay and these were used as paired antibodies to
verify the expression of endogenous protein [19] in both normal and cancer
tissues.

A subcellular localization study of the polyclonal antibody targeting ANLN
showed the predicted nuclear staining, but also a cytoplasmic staining not
supported by literature, indicating potential binding to other proteins. For
the four epitope-specific fractions, two were negative in the immunofluo-
rescence microscopy assay, one showed only nuclear and one only vesicular
staining. To determine which of these staining patterns actually correspond
to ANLN-binding, siRNA knock-down of ANLN expression in U-2 OS cells
was performed and this showed significant decrease of nuclear staining inten-
sity, but unchanged intensity for the vesicular staining. The cross-reactivity
could thus be attributed to one epitope-specific fraction and the increased
specificity of one other fraction compared to the polyclonal antibody.

The epitope-specific fractions targeting CNDP1 were screened to find a suit-
able pair for a sandwich assay. Recombinant CNDP1 was spiked into human
plasma and different combinations of capture and detection antibodies were
tested in a multiplex bead array assay. One combination of two epitope-
specific fractions showed low limit of detection and low coefficient of varia-
tion, which proved that good sandwich assay pairs can be produced from one
polyclonal serum.

In conclusion, we established a method to generate separate epitope-specific
fractions from polyclonal antisera, which could be used as paired antibod-
ies. The epitope mapping revealed 4-5 linear epitopes on each of the 100-130
amino acids long protein fragments used as immunogens. The epitope-specific
fractions from one polyclonal serum showed varying performance in common
immunoassays like Western blot, immunohistochemistry and immunofluores-
cence microscopy. However, some epitope-specific fractions were shown to
recognize the target protein in all tested assays.
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Parallel immunizations of rabbits using the same antigen
yield antibodies with similar, but not identical, epitopes.
(Paper II)

Polyclonal antibodies purified from sera of immunized animals are the most
common group of affinity reagents available to the research community, but
in contrast to monoclonal antibodies they are a non-renewable resource. New
immunizations using the same antigen can be made, but the properties of
resulting antibodies vary between the different immunizations [30, 31]. In
this study we used two different epitope mapping techniques to compare the
epitope profiles of the polyclonal antibody responses from rabbits immunized
with the same antigen. Then Western blot or immunohistochemistry were
used to compare the functionality of the antibodies in common immuno-
assays. In total, 30 polyclonal antibodies targeting ten different antigens
were epitope mapped using bacterial display of antigen fragments. Antibod-
ies towards six of the antigens were also mapped using overlapping synthetic
peptides and the three antibodies towards TYMP where fractionated accord-
ing to epitope specificity, as described in Paper I.

Western blot validation highlighted the batch-to-batch variation of polyclonal
antibodies, since cross-reactivity to non-target proteins could be seen for
some, but not all three antibodies from immunizations with the same anti-
gen. Both epitope mapping techniques showed that many epitope regions
were similar between the antibodies from all three immunizations, yet all ten
antigens included at least one epitope not observable for all three antibod-
ies. The epitope-specific fractions of the three polyclonal antibodies towards
TYMP also showed that the relative abundance of antibodies towards the
different epitopes varies greatly between the three immunizations and that
only some of these fractions are functional in Western blot.

In conclusion, this work shows that re-immunization with the same antigen
can create a similar, but not identical, epitope pattern. It also emphasizes the
need for thorough validation of each new polyclonal antibody batch.
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Dissecting antibodies with regards to linear and confor-
mational epitopes. (Paper III)

Immunization strategies using full-length proteins, protein fragments and
short peptides are extensively used to generate both polyclonal and mono-
clonal antibodies. Immunization with native full-length protein have been re-
ported to generate antibodies mainly targeting conformational epitopes [24],
while short peptides, due to the their lack of tertiary structure, in general
elicit antibodies targeting linear epitopes. In this study we used a slightly
modified variant of the epitope fractionation technique used in Paper I to
determine the ratio of linear and conformational epitopes obtained from im-
munizations using eight recombinant protein fragments with lengths ranging
from 95 to 144 amino acids. Antibodies captured on the peptide columns
were considered to target linear epitopes, while antibodies not binding to
any of the peptides, but captured by the subsequent antigen column, were
defined as targeting conformational epitopes. All epitope fractions and the
original polyclonal antibodies were then tested for ability to recognize their
target proteins in Western blot assays. For all eight proteins, at least three
fractions targeting linear epitopes and one fraction targeting conformational
epitopes were obtained. For six out of the eight fractionated sera, less than
30 % of the antibodies were targeting conformational epitopes. For only one
antigen, SYNJ2BP, the majority (83 %) of the antibodies targeted conforma-
tional epitopes. For each antigen, at least one of the fractions towards linear
epitopes was able to recognize a band of correct molecular weight in the
Western blot analysis while only two of the fractions towards conformational
epitopes were functional in this assay.

In conclusion, these results show that immunizations using recombinant pro-
tein fragments yield mostly antibodies targeting linear epitopes and that
these perform well in assays where the proteins have been denatured.
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High-resolution mapping of linear antibody epitopes us-
ing ultrahigh-density peptide microarrays. (Paper IV)

Advances in photolithographic in situ peptide synthesis have made it possible
to synthesize peptide arrays with hundreds of thousands of peptides. In this
paper, digital micromirrors were used for light-directed peptide synthesis,
which enable unique amino acid sequences to be synthesized in parallel and
arrays with overlapping peptides and single amino acid substitutions were
used for detailed epitope mapping of 22 polyclonal antibodies. First the an-
tibodies were epitope mapped by scanning through the amino acid sequence
of the corresponding antigens with peptides of lengths varying between 5 and
20 amino acids. At least one linear epitope was detected for 20 of the 22 an-
tibodies and 15 antibodies targeted multiple epitopes. Some of the epitopes
were short and could be detected using 6-mer peptides, but many epitopes
required at least 8-mer or longer peptides, however too long peptides showed
reduced resolution. In addition to peptide scanning, new arrays containing
single substitutions of the amino acid sequence of 79 epitopes were synthe-
sized and used for very detailed epitope mapping that showed which amino
acids were crucial for antibody binding.

In conclusion, this article shows how high-density planar peptide arrays can
be used for efficient mapping of antibodies targeting many different antigens.
It also showed that overlapping peptides with lengths between 12 and 15
amino acids were able to detect most linear epitopes with high resolution and
that the detected linear epitopes in general consisted of 7-9 amino acids.

Proteome-wide Epitope Mapping of Antibodies Using
Ultra-dense Peptide Arrays. (Paper V)

In this study we showed how planar in situ synthesized peptide arrays cover-
ing the entire human proteome can be used for epitope mapping and off-target
binding analysis for both monoclonal and polyclonal antibodies. For two of
these antibodies, cross-reactivity to peptides corresponding to proteins other
than the intended targets were tested for reactivity to longer recombinant
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Figure 3.2: Example of epitope mapping of a polyclonal antibody
using overlapping peptides. (a) Barplot showing the binding to each
peptide reveals three linear epitopes. (b) Sequence alignment of reactive
overlapping peptides where the consensus sequence show the minimal epitope
required for antibody binding.

protein fragments on a protein array and in Western blot using lysates from
cells overexpressing some of these proteins. Reactivity to non-target pep-
tides could be observed frequently for both antibodies and most of these
peptides shared sequence elements with high similarity to the bound target
peptides. However, little reactivity could be seen when these sequences were
part of longer protein fragments and only the monoclonal antibody towards
RBM3 bound to one of the overexpressed non-target proteins in Western
blot. These findings suggest that the high flexibility of short peptides, being
only C-terminally tethered to the microarray surface, make them adapt to
the paratopes of the antibodies, but when these amino acids are present in
a protein chain this flexibility is lost along with the ability to be bound by
the antibody.
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In conclusion, this work showed that high-density peptide arrays covering the
human proteome could be used to identify both on- and off-target epitope
peptides. However, in most cases we were not able to see any cross-reactivity
to proteins containing the amino acids sequences corresponding to the bound
peptides. This suggests that antibody binding of linear epitopes is dependent
on the context these amino acid sequences are presented in.

Immunoproteomics using polyclonal antibodies and sta-
ble isotope-labeled affinity-purified recombinant proteins.
(Paper VI)

Shotgun proteomics using tandem mass spectrometry can very accurately de-
tect and sequence peptides from enzymatically digested protein samples and
determine which proteins they originate from [101]. By using stable isotope-
labeled peptide or protein standards, absolute quantification can also be
achieved for the corresponding proteins. However, this approach has a bias
towards detecting more abundant proteins and targeted approaches are of-
ten needed to detect low abundant proteins in complex samples, e.g. plasma.
One such method is immunoproteomics where the strength of antibodies to
bind a target molecule is combined with the exact read-out of mass spec-
trometry based proteomics.

Previously, anti-peptide antibodies have been used to enrich peptides from
the proteins of interest to dramatically reduce the complexity of the sample
injected to the mass spectrometer [29], but this requires new anti-peptide an-
tibodies to be produced for each studied peptide. To circumvent this limita-
tion, other researchers have developed antibodies recognizing motifs common
for many peptides, which allow enrichment of groups of peptides [102,103]. In
this study we investigate the ability of polyclonal antibodies raised against
recombinant protein fragments to capture peptides from trypsin digested
samples and if these in combination with heavy isotope-labeled variants of
the same recombinant protein fragments can be used for efficient absolute
protein quantification.
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1 2 3 4

Other proteins

Target protein

Heavy isotope-labeled 
standard

Figure 3.3: Schematic workflow of immunoproteomics with heavy-
isotope labeled protein standards. Proteins from normal cell cultures
(red and green) are mixed with known amount of heavy isotope-labeled anti-
gen (blue) (1). Trypsin digestion specifically cleaves the proteins after argi-
nine and lysine, which creates a mix of both light and heavy peptides (2).
Antibodies on magnetic beads subsequently enrich target peptides, which
drastically reduces the sample complexity (3). Mass spectrometric analy-
sis detects the small mass shift between heavy-labeled and non-labeled pep-
tides (4) and the original protein concentration is calculated from the ratio
between the amount of heavy and light peptides.

Epitope mapping using high-density peptide arrays, as described in Paper
IV and V, of more than 900 polyclonal antibodies produced within the
Human Protein Atlas-project showed that these on average recognize ap-
proximately three linear epitopes. However, around 40 % of these epitopes
contain a trypsin cleavage site, which makes these non-functional for pep-
tide enrichment. Most antibodies however should still be able to enrich at
least one peptide. A semi-automated protocol for peptide enrichment on
antibodies coupled to protein A-coated magnetic beads was established and
combined with a rapid 15-minute detection procedure on an LC-MS/MS in-
strument. This experimental setup was then used for absolute quantification
of proteins in human HeLa cells and the results were similar to a 24-hour
quantification without peptide enrichment.

In conclusion, peptide enrichment using antibodies coupled to mass spec-
trometric readout is a well-established method, but it has so far generally
required generation of special anti-peptide antibodies to set up a new assay.

33



Present investigations

In this work however, we show that an already available antibody resource
together with heavy isotope-labeled antigens can be used for rapid multiplex
protein quantification, which greatly reduces the time and cost to set up new
peptide-enrichment assays.
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spectives

The immune system produces antibodies to neutralize foreign pathogens and
to achieve this, without harming the body’s own cells, this binding has to be
very strong and selective. These binding properties make antibodies excellent
tools for the study of proteins, since they can selectively detect even low
abundant proteins. The work presented in this thesis has been focused on
development of techniques for characterization of antibody specificity and
the use of these methods for epitope analysis of the polyclonal response after
immunization.

In Paper I II, III and to some extent Paper VI, answers were sought for
different questions regarding the typical polyclonal antibody response after
immunizations with recombinant proteins fragments as immunogens. In Pa-
per I epitope-specific fractionation of polyclonal antisera was used to create
antibody pairs, but characterization of the different fractions also showed
that only a couple of these were actually functional in assays like Western
blot, immunohistochemistry and immunofluorescence microscopy.

In Paper II, using two different epitope mapping techniques and the frac-
tionation strategy devised in Paper I, we showed that multiple immuniza-
tions using the same antigen resulted in antibody responses with similar
epitope patterns, but that there were still significant differences, which had
an impact on the performance of the antibodies in Western blot. These re-
sults are consistent with the findings of Geysen et al. [104] based on epitope
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mapping of polyclonal antisera from seven rabbits immunized with the same
full-length antigen. Their results showed that no common epitopes were rec-
ognized by all seven sera, but there were regions that were more likely to
evoke an antibody response.

Using a slightly modified fractionation strategy, Paper III showed how
choosing recombinant protein fragments as immunogens predominantly yield
antibodies towards linear epitopes. This might in fact be more desirable than
antibodies targeting conformational epitopes if they are intended for use in
assays where the proteins are wholly or partially denatured e.g. Western blot
and immunohistochemistry.

The poor performance of antibodies to conformational epitopes could be
explained by the denaturation of the target proteins during gel electrophoresis
in Western blot. An alternate explanation is that antibodies targeting the
conformational epitopes on the protein fragment probably have a very low
chance of being reactive also to the native protein, which most likely adapts
a different fold.

Defining an epitope as either linear or conformational is not as straightfor-
ward as it might seem and some researchers have questioned the concept of
linear epitopes entirely. In an article from 1986, Barley et al. [105] state
that a vast majority, if not all, antibodies are targeting conformational epi-
topes and that peptides bound by antibodies only mimic parts of the antigen
surface. In 1990 Laver [106] goes as far as to describe linear epitopes as a
misconception and argues that the word epitope should be used exclusively
for conformational epitopes on native protein. In this work we have decided
to use the word linear epitope if the antibodies bind short peptides, but we
cannot rule out that other amino acids that those present in the peptide are
also contributing to the binding.

In Paper VI we showed how polyclonal antibodies could be used for enrich-
ment of peptides form trypsin digested protein samples as a way of reducing
the complexity before mass spectrometric analysis. We also showed that this
enrichment strategy in combination with heavy isotope-labeled protein stan-
dards could be used for fast absolute protein quantification. This approach
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is very similar to the well-established capture of peptides by anti-peptide an-
tibodies with addition of heavy-isotope labeled peptides developed by Leigh
Anderson and his group [29]. The major differences being that by using an
already existing antibody resource we can bypass the time-consuming step of
generating new antibodies to set up each new assay. Another difference is the
use of heavy-isotope labeled protein fragments instead of labeled peptides,
which was shown by Zeiler et al. [107] to compensate for possible miscle-
avages during peptide digestion. However, heavy-labeled protein fragments
could of course be combined with any type of peptide enrichment system, e.g.
antibodies targeting common peptide motifs described by Poetz et al. [102],
or Selected Reaction Monitoring where only peptides of interest are selected
and analyzed in the mass spectrometer [108].

In the described protocol, we have used a 15-minute gradient for peptide
separation in the high performance liquid chromatography step coupled to
the mass spectrometer. The very low complexity of enriched peptide sam-
ples should make it possible to optimize the LC-MS/MS protocol further,
which could decrease the analysis time on the mass spectrometer even more.
This is of particular importance for use in clinical diagnostics, where large
numbers of samples have to be analyzed each day. Ideally, a multiplex assay
with absolute quantification of most of the clinically relevant protein markers
should require no more than a couple of minutes for analysis on the mass
spectrometer.

In Paper IV, V and VI we used high-density peptide arrays covering either
antigen sequences or the entire human proteome to study both on- and off-
target binding of polyclonal and monoclonal antibodies. Epitope mapping
of over 900 polyclonal antibodies showed that each antibody on average rec-
ognizes three linear epitopes on antigens of approximately 100 amino acids
and the amino acid substitution scanning revealed that most linear epitopes
were 7-9 amino acid residues long. Already in 1975 M. Z. Atassi [72] showed
that polyclonal antibodies to sperm-whale myoglobin were binding epitopes
of 6-7 amino acid residues. These results were based on minimal consensus
sequences of overlapping peptides, which also in our mapping efforts have
shown slightly shorter epitopes than the ones identified using amino acid
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substitutions. An illustrative example in Paper V is the PODXL mini-
mal epitope YPKTP, where a full amino acid substitution scan showed that
a third proline also contributes to the binding, thus extending the epitope
to YPKTPSP. One should therefore be careful when stating linear epitope
lengths and clarify how the epitope was defined.

Apart from studying the cross-reactivity of antibodies, the great screening
potential of the proteome-covering peptide arrays could also be used to dis-
cover the targets of autoantibodies present in plasma or serum from patients
suffering from autoimmune diseases. This strategy has been used in ongoing
projects where interesting peptides have been found to show increased anti-
body binding in samples from patients with narcolepsy and multiple sclerosis.
A landmark paper by Larman et al. [84] describes the construction of a phage
display library covering the entire proteome with 36-mer peptides and how
this was used to identify a novel autoantibody target. The phage display ap-
proach has the advantage that, once the library has been created, the cost per
analysis is relatively low and the longer peptides could also be an advantage
compared to planar peptide arrays. However, planar peptide array analysis
is very fast without any sequencing steps and information from non-bound
peptides also contribute to the binding signature of a serum sample.

Autoantibodies may also arise to proteins leaked to the circulation in various
types of cancers. Here peptide arrays could be used to detect the autoan-
tibodies in plasma at an early stage when the protein concentration itself
is too low to be detectable. Stafford et al. [56] demonstrated the feasibility
of this approach by using binding signatures of planar arrays with random
peptide sequences to accurately stratify patients with five different types of
cancer.

The vast number of peptides available on a high-density peptide array also
makes it possible to construct arrays that can be used for epitope map-
ping of antibody responses towards the entire proteomes of many common
pathogens. This would give researchers valuable information about com-
monly targeted epitopes, which in turn could be of great importance for
design of new drugs and vaccines.
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