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1. Introduction

Scientists are finally beginning to become equipped with highly sophisticated
techniques and methodologies that may enable fundamental understanding of
biological processes occurring in cells. Ever since the structure of the nucleic acid
was reported back in 1953, crucial methodological and technological advancements
have occurred and together evolved into the emerging “omics” technologies. The
first eukaryotic genome i.e. Saccharomyces cerevisiae was published in 1996
(Goffeau et al., 1996) and more impressively just 5 years later, the first draft of the
entire human genome was presented (Lander et al., 2001; Venter et al., 2001). This
sequence generated information is now acting as blueprints daily used by many
researchers. However, nucleotide sequence data alone will not be sufficient to
elucidate how various biological processes are regulated and function in a cell. This
has resulted in an effort to study expression levels of several active key components
in a cell, i.,e. mRNA (transcriptomics), proteins (proteomics) and metabolites
(metabolomics). Genome wide microarray expression analysis was developed in the
mid-1990s (Schena et al., 1995) and has since then successfully generated numerous
valuable insights into biological processes, classifications of tumors and disease
states (Sorlie et al., 2001; Golub et al., 1999; van 't Veer et al., 2002; EK et al.,
2006). These MRNA based methodologies have advanced further and even enabled
highly sensitive global transcriptome analysis of individual cells (Tang et al., 2009).

In parallel to transcript expression analysis, significant efforts have been made
trying to decipher various proteomes. However, this task has turned out to be
challenging, particularly for the human proteome(s). The term proteome was used
for the first time in 1994 by Marc Wilkins to describe the entire complement of
proteins expressed by a genome, cell, tissue or organism at a given time. Proteins are
more diverse compared to DNA or mRNA, and can exist in various isoforms, splice
variants, and have various post-translational modifications. While DNA is more or
less static, each protein can in the same way as mRNA vary significantly in
abundance. As a result, changes in the protein concentrations and their extent of
post-translational modifications, such as, phosphorylation and glycosylation, greatly
influence biological processes. Consequently, assessment of proteome changes



between healthy and diseased states is expected to be highly valuable for prognosis
and diagnosis (Hanash, 2003; Borrebaeck and Wingren, 2009). In addition,
identification of novel disease associated proteins may enable leads for new
therapeutics, since proteins are very important therapeutic targets. However, in order
to succeed and achieve complete proteome coverage, several highly sophisticated
proteomic technologies and strategies will be required, due to the enormous
complexity displayed by most proteomes.

So far, large proteome maps have successfully been generated for model organisms
and human cell lines (de Godoy et al., 2008; Nagaraj et al., 2011b; Beck et al., 2011)
thanks to the development of powerful mass spectrometry (MS)-based technology
platforms. However, in order to achieve such extensive proteome coverage,
laborious protein or peptide fractionation strategies together with extensive
instrument analyzing times have frequently been required, generating key
bottlenecks. Consequently these in-depth proteome discovery measurements have
been limited to few proteomes, few samples, and few laboratories. Furthermore,
these discovery efforts, to some extent, still suffer in terms of limited sensitivity and
dynamic range. Alternative methodologies offering increased throughput and
dynamic range have in parallel been developed by taking advantage of using
antibodies unique binding properties. Affinity proteomics and, in particular,
antibody microarrays (Wingren and Borrebaeck, 2004) have been established as a
methodology offering highly sensitive proteomic analysis of some of the most
challenging proteomes i.e. human serum (Wingren et al., 2007). However, the
proteome coverage in antibody microarray-based approaches is limited by the
availability of array optimized high-quality antibodies with desired specificities
(Knezevic et al., 2001) and this is currently a bottleneck in order to enable discovery
of biological responses on a global scale.

Nevertheless, cataloging of entire human proteome(s) might be within reach, giving
mass spectrometry and antibody-based efforts another 5 to 10 years of development.
But more importantly, how can we move forward and enable consistent, high-
quality analyses of potentially all human proteins simultaneously in large cohorts of
biologically clinically relevant samples? Large, statistically significant, sample sets
(i.e. hundreds or thousands of samples per study) will be required in order for the
proteomic generated biomarker discovery field to fully move forward. A biomarker
is generally a molecule that is consistently modified or present at abnormal
concentrations in specific illness or other health conditions.
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With the aim of improving proteomic analysis | have in my thesis, based on four
original papers denoted Paper I to 1V, developed a proteomic workflow enabling
fast, sensitive and reproducible protein profiling data, by combining affinity
proteomics and MS. We termed the methodology global proteome survey (GPS)
(Wingren et al., 2009) and it combines the use of recombinant antibodies and high
resolution MS. Large groups of peptides were enriched by using antibodies specific
for short terminal peptide motifs. The enriched peptides could then be quantified
using MS and identified using tandem mass spectrometry (MS/MS), and
subsequently be converted into proteomic maps revealing what proteins were
present and their concentration. Within this thesis, | demonstrated that the developed
GPS methodology fulfills several key criteria in order to become a powerful
proteomic discovery approach.

In Paper 1, a proof-of-concept study, the development of the GPS-methodology was
described and we demonstrated its sensitivity and quantitative capability. In Paper
I, we demonstrated the applicability of the GPS-methodology and focused on the
quantitative capabilities and characteristics by profiling yeast proteomes. The
sensitivity of the GPS-platform was demonstrated by successful quantification of
proteins present in a range of abundance values spanning over a million down to less
than 50 copies per cell. In addition, we demonstrated that quantitative data could be
generated for the same set of peptides between biological replicates and that the
GPS enabled complementary peptide coverage compared to classical methodologies.
In Paper Ill, we characterized additional antibodies for the GPS platform and
performed structural modeling of antibodies, detected peptides, and antibody-
peptide interactions. Structural insights were revealed both for the captured peptides
and used antibodies that could potentially explain the experimentally determined
antibody specificities. In addition, new potential target motifs were evaluated in
silico and the derived information will form the basis for the next round of
selections and generation of GPS antibodies. Paper 1V describes our first attempt to
use the GPS-methodology for in-depth proteome analysis of histologic graded breast
cancer tissues. By current proteomic standards, a relatively large cohort of samples
(n=52) was profiled and over 1300 proteins were identified and quantified. The data
showed that highly relevant differentially expressed cancer associated proteins could
be identified and we established a link between a molecular signature and tumor cell
progression. Several of the identified proteins may have a potential in future
diagnostics and even as potential therapeutic targets.

Taken together, the methodological advancements and applications described in this
thesis demonstrated that GPS has the potential to become a powerful technology in a
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wide range of protein discovery profiling efforts. Furthermore, the GPS
methodology also has a clear potential to be converted from a discovery platform
into more targeted assay formats. This would then make GPS suitable for dedicated
clinical test laboratories and thereby be a part of various future high throughput
molecular signature screening, diagnostic as well as prognostic applications.

12



2. Proteomics — mass spectrometry

Proteomics is the large scale study of the proteome (the PROTEin complement
expressed by a genOME (Wilkins et al., 1996)) and the proteins present in a given
proteome will vary with time, stimuli, and the specific process a cell or organism
undergoes. After some revisions in the original gene catalog from the Human-
Genome Project, predictions were made that the human genome comprised
approximately 20,500 protein coding genes (Clamp et al., 2007). At date, 20231
protein-encoding genes are listed (UniProtKB/SwissProt), although the precise
number remains to be experimentally determined. Since proteins are closer to
biological function than mRNA, it may be easier to prove hypotheses by monitoring
proteins. Furthermore, due to alternative splicing and post-translational
modifications, a single gene can be the parent of several protein products and this
can only be addressed and resolved using proteomic methodologies (Pandey and
Mann, 2000). Originally, it was believed that an increase or decrease in mRNA
would result in the same change at the protein level. However, the correlation
between mRNA and protein abundance levels remains an open question, since
several studies have reported conflicting results (Gygi et al., 1999; Lu et al., 2007,
Gry et al., 2009). In a recent study using yeast, cultivated under salt-stress
conditions, Lee et al. demonstrated that transcript induction correlated with protein
increase, while transcript reduction produced little to no change in some of the
corresponding proteins in their model system (Lee et al., 2011). Hence, protein
oriented studies are at least of equal or even higher importance compared to mRNA
based studies in order to achieve increased understanding of gene functionality,
biological processes and complex networks within a cell.

Within this chapter, | will briefly discuss some fundamental aspects within current
MS-based proteomics, such as protein and peptide based separation, mass analyzers,
and subsequent peptide identification and highlight current possibilities and
limitations.
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2.1 Protein and peptide based separation

Due to the inherent complexity displayed by a proteome, a wide array of
methodologies has been developed to separate, identify, and quantify individual
proteins, and study their associated characteristics. Some of the most commonly
used protein and peptide based separation methods will be discussed below.

2.1.1 Protein separation

In a way, the birth of proteomics came already back in 1975 when the first large-
scale protein technology, namely the two-dimensional (2DE) gel electrophoresis
was developed (O'Farrell, 1975). Impressively, over 1100 different components
from Escherichia coli were initially resolved by 2DE (O'Farrell, 1975). This
methodology has, together with the implementation of the differential in-gel
electrophoresis (DIGE) labeling system, enabled the separation and quantification of
many thousands of proteins and been applied to a wide range of proteomes (Petrak
et al., 2008; Bengtsson et al., 2007; Stella et al., 2011). 2DE-based separation of
proteins is based on two orthogonal parameters, isoelectric point (pl) in the first
dimension and molecular mass in the second dimension, by coupling isoelectric
focusing (IEF) and sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) (O'Farrell, 1975). After separation, the proteins are visualized on the
gels to evaluate the protein expression profiles that can be analyzed qualitatively and
quantitatively. With parallel advancements of mass spectrometry for peptide
identification, the 2D-gel electrophoresis combined with mass spectrometry quickly
became the most widely used method of protein resolution and identification for
several years (Hanash, 2000; Pandey and Mann, 2000). The methodology has over
the years generated many potential biomarker candidates (Bengtsson et al., 2007;
Petrak et al., 2008; Stella et al., 2011). One of the strengths with 2DE is its ability to
resolve related proteins, such as differentially modified (i.e. phosphorylated) forms.
However, the main inherent limitation of using 2DE-gels for protein profiling is that
the method is limited to mainly high abundant proteins (Wilkins et al., 1998;
Corthals et al., 2000). In addition, the methodology is relatively labor-intensive, has
problems of co-migrating proteins, and limitations in detecting proteins of more
hydrophobic character, like integral membrane proteins (Santoni et al., 2000) mainly
due to low solubility in the aqueous-based buffers used.
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2.1.2 Peptide based separation

In order to circumvent some of the shortcomings of protein based separation
methodologies, parallel efforts were made on exploring strategies of peptide based
separation using mainly non-gel based chromatography systems. In these so called
shotgun proteomics experiment, the sample is first denatured to enable digestion and
then digested using specific cleavage enzymes, i.e. trypsin, proven to cleave at
unique sites (Olsen et al., 2004), in order to generate a mix of peptides of suitable
length finally detected by mass spectrometry. The complexity of the sample is
drastically increased since on average a single protein digested by trypsin generates
30-50 different peptides (Patterson and Aebersold, 2003) and thereby results in tens
of thousands of different peptides, which often are too complex for a direct analysis.
Consequently, the peptide mixture is frequently separated on a liquid
chromatography (LC) column prior to identification by a tandem mass spectrometer
(Aebersold and Mann, 2003). A major advancement toward such a comprehensive
method came in 2001 when the multidimensional protein identification technology
(MudPIT) was introduced (Washburn et al., 2001; Wolters et al., 2001). Over 1400
yeast proteins from all subcellular portions of the yeast were identified (Washburn et
al., 2001). Noteworthy, even proteins with extremes in pl, MW, abundance, and
hydrophobicity were all successfully identified.

Two of the most commonly used peptide separation methods during the last decade
have been strong cation exchange (SCX) chromatography and reversed-phase (RP)
chromatography (Washburn et al., 2001). Due to the direct compatibility between
RP chromatography and mass spectrometry through electrospray ionization, the RP
is frequently performed online using sophisticated LC-systems. We took advantage
of using online RP-chromatography based peptide separation and sample cleanup
when analyzing the majority of the eluted peptides from our GPS platform (Paper I-
V). Peptide separation systems using IEF, performed either in gel or off-gel, have
also been developed (Hubner et al., 2008; Krijgsveld et al., 2006). In addition, the
combined fractional diagonal chromatography (COFRADIC) system has elegantly
demonstrated isolation of methionyl, cysteinyl and amino terminal peptides (Gevaert
et al., 2002; Gevaert et al., 2005). The COFRADIC system has a very high potential
to become very useful if combined with current powerful mass spectrometry
instrumentations.

Taken together, the main advantage of working with any type of peptide based
separation system is that peptides are more homogenous than proteins. The
downside is that information, like protein mass and pl, which is retained in the
protein based separation approaches, is completely lost in shotgun approaches.
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2.2 Mass spectrometry and associated mass analyzers

Mass spectrometry is an analytical technique capable of forming, separating and
detecting molecular ions based on their mass-to-charge ratio (m/z) and thereby the
composition of a biomolecule can potentially be elucidated. In order to be
successfully measured, the analyte of interest must first be ionized and transferred
into the high vacuum system of the instrument, and this has to be done without
destruction, which was initially proven to be difficult for proteins and peptides
(Patterson and Aebersold, 2003). However, thanks to the development of soft
ionization techniques called matrix-assisted laser desorption ionization (MALDI)
(Karas and Hillenkamp, 1988; Tanaka et al., 1988) and electrospray ionization (ESI)
(Fenn et al., 1989), proteins and peptides could be analyzed without completely
breaking the molecules. Both Koichi Tanaka and John B Fenn were awarded the
Noble prize in chemistry in 2002 as inventors of MALDI and ESI, respectively.
Since then, a plethora of commercial MS-instruments have been developed with
robust ESI or MALDI ionization sources and become widely available to the protein
chemistry community (Patterson and Aebersold, 2003). With implementation of
tandem mass spectrometry, in which further fragmentation is induced, structural
information could be obtained from polypeptides. These advancements essentially
replaced Edman degradation (Edman, 1949) for peptide sequencing, due to the
higher offered sensitivity, sample throughput, and capacity to handle more complex
samples. Currently, a wide variety of tandem mass spectrometers exist and their
performance in terms of sensitivity, resolving power and mass accuracy depends on
many parameters. Several of the instruments used for generating the data presented
in Paper I-IV were so called “hybrid” tandem mass spectrometers combining
different types of mass analyzers to enhance the capability or performance of the
instrument.

2.2.1 Time-of-flight (TOF)

MALDI is commonly coupled with a time-of-flight (TOF) analyzer or tandem
TOF/TOF analyzers (Medzihradszky et al.,, 2000) and offers high-throughput
capabilities, robustness, and sensitivity. The principle is based on that larger ions
take longer time to travel through the vacuum tube than the smaller ions (i.e. the
time of flight) and in the case of MS/MS, the generated fragments are analyzed in
the second TOF analyzer. In Paper I, we used MALDI-TOF for characterization of
various synthetic peptide mixtures. Due to effects of ion suppression MALDI-MS
has often been used to analyze simpler peptide mixtures, while integrated LC-ESI-
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MS systems often are preferred for highly complex peptide mixtures. Consequently,
for some of the more complex samples (i.e. colon) analyzed in Paper I, we in
addition used an LC-ESI-QTOF setup. The QTOF is a hybrid mass analyzer with a
quadrupole connected to a TOF analyzer offering high mass accuracy. However, we
found that even the QTOF setup was outperformed by the newer, faster and more
sensitive LTQ-Orbitrap setup when analyzing the GPS eluates.

2.2.2 Orbitrap

The proof of principle of the Orbitrap analyzer was first described by Makarov
(Makarov, 2000) and the LTQ-Orbitrap was commercially introduced in 2005. This
particular configuration has since then made significant contributions to the
proteomics field (de Godoy et al., 2008; Nagaraj et al., 2011b) and become the clear
choice for many proteomics applications (Scigelova and Makarov, 2006). The LTQ-
Orbitrap is a hybrid instrument enabling two mass analyzers to work in parallel, e.g.
a high resolution / mass accuracy spectrum of the precursor is acquired in the
Orbitrap, while the linear ion trap (LTQ) carries out fragmentation and detection of
MS/MS (or higher order MSn) spectra of selected peptides (Scigelova and Makarov,
2006). By using the Orbitrap as a detector for the precursor mass measurement,
accuracies of less than 2 ppm can easily be achieved for analyses of complex
peptide mixtures (Yates et al., 2006). Such a high precision of the fragmentation
spectra of peptides might not be necessarily required for database searches and
thereby fragmentation is recorded with the sensitive and faster LTQ-detector that
delivers 3-5 MS/MS spectra per second. Since the introduction of the LTQ-
Orbitrap, additional hybrid configurations have emerged with possibilities of
additional fragmentation techniques i.e. electron-transfer dissociation (ETD) and
higher energy collision dissociation (HCD). In Paper I-1V, we used a LC-ESI-LTQ-
Orbitrap setup for analyzes of yeast, colon, and breast tumor samples. When
compared to the QTOF-setup the LTQ-Orbitrap-setup delivered significantly more
identified peptides from several of the GPS eluates. The high precursor mass
accuracy from the Orbitrap clearly improved our results in terms of significantly
identified peptides. However, an equally important reason for the improved
performance was the gained sensitivity and scan speed offered by the LTQ. The
possibility to perform more MS/MS per second enabled far more reproducible
identifications compared to the QTOF setup when analyzing replicate captures.

17



2.3 Peptide identification

During 1993, five different groups independently presented the idea of using mass
spectral data combined with database searches of theoretical masses generated by in
silico cleavage of proteins in order to identify and map peptides to a protein (James
et al., 1993; Henzel et al., 1993; Mann et al., 1993; Pappin et al., 1993; Yates et al.,
1993). This methodology is now referred to as peptide mass fingerprinting (PMF).
However, mapping only intact peptide masses might not be enough. To this end,
sophisticated algorithms were in parallel developed that matched fragmented peptide
(MS/MS) spectra to its corresponding protein in sequence databases (Mann and
Wilm, 1994; Eng et al., 1994; Perkins et al., 1999). However, certain caution needs
to be taken in order to ensure data quality. First of all, peptides can often be mapped
to several proteins, in particular if only the parent mass is determined and no
MS/MS is performed. Furthermore, a single identified peptide sequence per protein,
compared to two or more peptides, has, at least in the past, by many been considered
as lower quality and publication strategies have even been implemented demanding
“two-peptide” rule unless individual annotated spectra are provided (Carr et al.,
2004; Wilkins et al., 2006). However, critics have recently been raised and
suggestions made that the “two-peptide” rule should be abandoned (Gupta and
Pevzner, 2009). Several approaches have been adopted in order to improve data
quality for peptide identifications and parallel searches are currently often
performed in shuffled or reversed databases to estimate False Discovery Rate (FDR)
(Elias and Gygi, 2007). In addition, using multiple search engines may increase
identifications and a combined FDR cut off can then be implemented (Hakkinen et
al., 2009).

The importance of data analysis became apparent in a recent large inter-laboratory
study (Bell et al., 2009), where a standardized mixture, made up of 20 highly
purified recombinant proteins, where each protein contained at least one tryptic
peptide of 1250 Da, was distributed among 27 laboratories for analysis. Initially,
only 7 labs reported all 20 proteins correctly, and only 1 lab reported all expected
tryptic peptides of 1250 Da. However, centralized data analysis later revealed that
all 20 proteins and most of the 1250 Da peptides had, in fact, been detected in all 27
labs. Clearly, data handling and analysis is far from optimized and alternative search
algorithms are frequently released (Cox, 2011). In order to handle generated data
(Paper I, 111 and 1V), we used the Proteios Software Environment (Hakkinen et al.,
2009) (http://www.proteios.org) and this is a very powerful platform for analysis
and management of proteomics data. Decoy searches and FDR cutoffs were
implemented for all peptide identification data generated in this thesis (Paper I-1V).
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In addition, combined database searches using both Mascot (Perkins et al., 1999)
and X!Tandem (Craig and Beavis, 2004) were used in paper I, 111 and partially for
paper 1V. The workflow of using combined database searches enabled more peptide
identifications and this was particularly seen in Paper IV.

2.4 Current status of mass spectrometry based proteomics

Shotgun-based proteomic approaches combined with high-resolution MS has
improved at a rapid pace during the last decade and represents a very powerful
hypothesis generating tool for in-depth characterization of biological systems
(Aebersold and Mann, 2003; Mallick and Kuster, 2010). The shotgun approach has
typically been used for comprehensive proteomic discovery surveys, limited to few
samples and comparison of two different biological states. In terms of proteome
coverage, the increase has closely followed technological improvements (hence,
similar trends as the Moore’s law, roughly meaning a doubling every 2 years).
Assuming improvements of the instrumentation continue to follow such a trend,
given the methodology another 5 to 10 years, might potentially enable close to
complete coverage of certain proteomes. Recently, two independent studies
succeeded in identifying over 10,000 human proteins in two human cell line
proteomes (Nagaraj et al., 2011b; Beck et al., 2011). However, these single
proteome studies required significant amount of work (i.e. sample fractionation) and
furthermore in the case of the Nagaraj et al., a massive 288 hours of instrument
measuring time. Hence, 12 days were needed to profile a single sample. Such
workloads and measuring times are not feasible when large and more complex
sample cohorts (e.g. hundreds of patient tissues or plasma samples) compared to a
cell line have to be analyzed.

Analyzes of tissues and in particular, plasma samples, have turned out to be much
more challenging and normally result in very incomplete proteome coverage and
limit the analysis to the most abundant proteins (Whiteaker et al., 2011a). The
dynamic range of protein concentrations in plasma exceeds at least 10 orders of
magnitude and this is substantially more challenging than the five orders of
magnitude in yeast (Ghaemmaghami et al., 2003) or the seven orders of magnitude
measured in the above discussed cell line proteome by Beck et al. Hence, the
methodology is not yet capable of characterizing challenging sample formats, such
as entire plasma proteomes and complex tissues, where it continues to be highly
dependent on laborious setups using fractionation/enrichment steps (Carr and
Anderson, 2008).
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The usage of combinatorial peptide ligand libraries (hexa-peptide libraries) have
recently been demonstrated to increase proteome coverage (Righetti et al., 2006) and
to some extent overcome some of the complexity in challenging proteomes, like
human erythrocytes (Roux-Dalvai et al., 2008). However, it remains to be seen
whether this approach has full quantitative capabilities.

Selected reaction monitoring mass spectrometry (SRM-MS), also called multiple
reaction monitoring (MRM-MS), performed on triple quadrupole mass
spectrometers has emerged as a highly sensitive, robust, and quantitatively precise
methodology when targeting prototypic peptides (Lange et al., 2008b; Lange et al.,
2008a). These types of targeted analyses are capable of delivering measurements of
a defined set of proteins in every sample and thereby circumvent the dilemma of
incomplete measurements experienced within classical shotgun proteomics.
Impressive system biological insights have been generated with the SRM approach
(Picotti et al., 2009; Malmstrom et al., 2009; Costenoble et al., 2011). In addition,
SRM assays have been developed for measuring some of the major plasma proteins
(Kuzyk et al., 2009) and furthermore demonstrated high reproducibility between
different laboratories (Addona et al., 2009). However, even the SRM-methodology
is not able to detect the majority of the lowest abundant analytes present in
challenging samples e.g. plasma samples without any sample fractionation or
enrichment steps (Whiteaker et al., 2011c).

Clearly, when it comes to analyses of highly complex protein samples using mass
spectrometry, certain areas are still in need of further improvements. The limitations
| particularly would like to see being addressed are summarized below:

o further improved throughput on current LC-ESI-MS/MS based systems is
needed, e.g. number of samples or proteomes possible to analyze within a
certain time

e move towards minimalistic sample preparation workflows, e.g. few or no
fractionation steps

e enable successful measurements of large sets of low abundant analytes in
highly complex samples

Mass spectrometry based proteomics is and will continue to be an extremely
powerful methodology. However in order to achieve its full power and capabilities
when analyzing highly complex proteome samples, above issues have to be
efficiently solved.
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3. Affinity proteomics

Antibodies, also known as immunoglobulins, have a central role in the immune
system where they specifically recognize and bind a variety of foreign substances.
Owing to the unique binding properties of antibodies, they have been utilized in a
vast array of research applications, clinical diagnostics and therapeutics
(Borrebaeck, 2000; Carter, 2001). The primary applications where antibodies are
used as affinity reagents for detection of proteins of interest in complex biological
samples are assays, such as enzyme-linked immunosorbent assay (ELISA), protein
microarrays, immunchistochemistry (IHC), western blot and flow cytometry. The
accepted ‘gold standard’ for sensitive single-protein measurements is clearly the
immunoassay with attributes such as flexibility, ease of use, low-cost and
throughput. These attributes have been difficult to match for other methodologies
such as MS-based protein assays. Consequently, there has been a massive interest in
developing highly multiplexed immunoassay measurements during the last decade
(Kingsmore, 2006; Borrebaeck and Wingren, 2011). These efforts have developed
into a strongly expanding research field termed affinity proteomics. In particular
antibody-based microarrays (Haab, 2005; Wingren and Borrebaeck, 2006; Hartmann
et al., 2009) have emerged as a fundamental affinity-based platform for multiplexed
protein profiling. The underlying principle of miniaturized, solid-phase,
immunoassays in an array format were developed in the mid-1980s (hence even
before the DNA microarrays) (Ekins and Chu, 1991) and have since then become a
well-established proteomic research tool, providing sensitive, rapid and multiplexed
analysis of protein abundance (Haab et al., 2001; Wingren and Borrebaeck, 2004;
Borrebaeck and Wingren, 2007; Yu et al., 2010). Antibody microarrays are
produced by depositing small drops (pL scale) of individual antibodies onto a solid
support in a defined pattern, an array. The immobilized antibodies can then capture
its specific target when exposed to a biological sample. Following antigen binding
and stringent washing steps, the detection (and quantification) of the captured
protein is then performed. By having labeled the biological sample chemically with
e.g. biotin, prior to the incubation step on the array, the final detection step can be
performed by adding fluorescently labeled streptavidin, which after binding to biotin
can be measured with a confocal scanner.
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Within this chapter, | will briefly discuss some fundamental aspects within affinity
based proteomic assays, such as probe format, specificity and assay-setups.

3.1 Affinity probes

Affinity-based proteomics approaches to proteome analysis need systematic
generation of binders and in principle, against all genome-encoded proteins and their
variant forms in order to enable analysis of global protein expression patterns.
However, despite multiple efforts in the academic and industrial sectors, the
availability of well-characterized, assay optimized, validated specific antibodies is a
limiting factor for affinity proteomic strategies often resulting in limited proteome
coverage (Colwill et al., 2011; Dubel et al., 2010; Ramachandran et al., 2008).
Significant large scale efforts, such as the Human Protein Atlas
(www.proteinatlas.org) (Uhlen et al.,, 2005) and the HUPO human antibody
initiative (www.hupo.org/research/hai/) have therefore been initiated toward
systematic generation and validation of a resource of antibodies to the entire human
proteome. Furthermore, initiatives such as the Affinomics (www.affinomics.org/)
focus on generating comprehensive binder sets for certain dedicated protein groups
and make a strong effort in implementing recombinant binder formats. In parallel to
these highly coordinated efforts many more focused efforts within single academic
labs have generated plenty of recombinant binder reagents during the last decade
(Soderlind et al., 2000; Persson et al., 2009; Gustavsson et al., 2011).

3.1.1 Polyclonal and monoclonal antibodies

From a structural point of view, an antibody consists of two identical heavy- and
light chains (approximately 50 kDa and 25 kDa) respectively, resulting in a Y-
shaped molecule with two identical antigen binding sites. The light chain consists of
one variable (V) and one constant (CL) domain, while the heavy chain, contains
one variable domain (V) and three or four constant domains (CH1, CH2, CH3,
CH4) depending on isotype. In general, the two most commonly used types of
antibodies as probes are (i) polyclonal antibodies (pAb) made by immunization of
animals and (ii) monoclonal antibodies (mAb) made by immunization and screening
of antibody producing mouse or rabbit cells (Kohler and Milstein, 1975; Milstein,
2000). The aim of the Swedish Human Protein Atlas project is to generate affinity
purified polyclonal rabbit antibodies (entitled mono-specific antibodies) to all
human non-redundant proteins (Uhlen and Ponten, 2005; Nilsson et al., 2005).
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These binders have so far been generated by using protein epitope signature tags
(PrESTSs), comprising 100-150 consecutive amino acid residues of a protein, as both
immunogens and affinity ligands (Agaton et al., 2003). The current release version
(9.0) includes more than 15,500 antibodies, targeting proteins from more than
12,200 human genes (~61% of the human protein-coding genes). Binder reagents
together with associated information regarding individual protein localization and
expression pattern continuously become available to the proteomic research
community (Ponten et al., 2008; Ponten et al., 2011). Such information and binder
resources are going to be highly valuable. However, since these antibodies are still
polyclonal and thereby non-renewable, this might be a critical issue, since each new
produced batch, generated by additional immunization, might result in batch-to-
batch variations (Stoevesandt and Taussig, 2007; Saerens et al., 2008). A
monoclonal antibody expressed by a hybridoma cell-line basically ensures an
essentially unlimited supply of a specific antibody and thereby circumvent the batch
to batch issue by pAbs. However, generating the large number of monoclonal (mAb)
or polyclonal (pAb) binders required for global proteome analysis is a costly process
and will continue to be labor intensive and logistically challenging (Phelan and
Nock, 2003). In addition, certain antigens might generate insufficient immune
response. Furthermore, it has been observed that only a fraction of commercially
available pAbs and mAbs may be possible to use in conventional antibody array
setups since large proteins like pAbs and mAbs unfortunately tend to denature when
deposited in small drops and allowed to dehydrate on hydrophobic surfaces, (Haab
et al., 2001; MacBeath, 2002). Finally, there are also the ethical aspects regarding
the massive use of animals dedicated to antibody generation to consider.

3.1.2 Recombinant antibodies

In order to overcome several of the above discussed issues associated with pAbs and
mAbs, a third major type of antibodies, i.e. recombinant antibodies, made through in
vitro selection approaches has been developed and increased in popularity. After
over 35 years of optimization, the hybridoma technology has approached its limits,
while the in vitro display systems currently provide tremendous potential for
miniaturization and acceleration of binder generation (Dubel et al., 2010).
Recombinant binders have inherent advantages over their animal-derived
counterparts and the use of in vitro technologies offers several properties not
available in regular animal-based antibody generation methods. First and foremost,
it has been shown that specific high-affinity renewable antibodies can be produced
quickly and efficiently and the technology allows for generation of antibodies

23



without sacrificing animals (Soderlind et al., 2000; Colwill et al., 2011). Hence,
recombinant antibodies can already be generated at a lower cost to monoclonal
hybridoma antibodies (Dubel et al., 2010) and the approach permits control over all
selection and screening conditions. Secondly, recombinant antibodies are a fully
renewable probe source, thereby eliminating the risk of potential batch-to-batch
variation which is crucial if binders are used in diagnostic and therapeutic
applications. In contrast to both pAbs and mAbs, subsequent genetic modifications
to improve properties (e.g. affinity and stability) or assay compatibility (e.g. fusion
to alternative tags) can also easily be made (Borrebaeck and Wingren, 2011). In
particular the ability to improve affinity and specificity has made the in vitro
antibody technologies powerful (Bradbury et al.,, 2011) and this was clearly
exemplified by successful isolation of an anti-fluorescein scFv with an impressive
affinity in the femtomolar range (Boder et al., 2000). One of the most common
recombinant binder formats is the single-chain fragment variable (scFv) that is
composed of the antigen binding domains, V| and Vy, fused together by a 15-25
amino acid long linker (Bird et al., 1988; Soderlind et al., 2000). Recombinant scFv
antibodies, based upon a single fixed framework, have proven to be an excellent,
stable and reproducible probe resource for antibody microarray set-ups (Steinhauer
et al.,, 2002; Wingren and Borrebaeck, 2006). In addition to scFvs, several
alternative recombinant binding reagents e.g. affibodies (Nord et al., 1997) and
aptamers (Ellington and Szostak, 1990) have been developed and used in array
formats (Renberg et al., 2007; Gold et al., 2010), although not as commonly used as
scFvs or regular antibodies.

3.2. Antibody specificity

Antibodies are clearly very powerful capture agents and the issue of specificity is
central when working with antibodies as probes. The functionality of each
individual antibody can vary depending on assay format and sample targeted. Cross
reactivity has been observed (Michaud et al., 2003; Kijanka et al., 2009) and
recently a high proportion of commercial antibodies demonstrated poor specificity
in western blots (Hamdani and van der Velden, 2009; Jensen et al., 2009). Proteins
might interact with other proteins with low affinity causing weak and unintended
binding (Zichi et al., 2008), and such unspecific binding could potentially impair the
use of certain antibodies in research and clinical diagnostics. Consequently, it is
important to always use optimal, functional reagents and highly stringent assays, and
considerable care must always be taken in protein marker validation by antibody
based methods (Ackermann and Berna, 2007). Screening and validation with spike-
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in / dilution experiments or if possible either proteome array screening or mass
spectrometry associated analyses of the captured antigens is recommended prior to
using a binder in any type of affinity based application. Recombinant antibodies, in
contrast to many commercial antibodies, generally go through extensive screening
and validation prior to their use in affinity-applications. In order to ensure as high
standard data quality as possible from current affinity based platforms, it is also
important that the MIAPAR, the minimum information about a protein affinity
reagent (Bourbeillon et al., 2010) guidelines become implemented. This would then,
in the same manner as MIAPE (minimal information about a proteomic experiment)
(Taylor et al., 2007), fulfill certain of the requirements frequently enforced on MS-
based proteomic profiling experiments.

3.3 Current status of affinity proteomic based assays

The array-technology has been applied in clinical applications, demonstrating its
potential for e.g. biomarker discovery and classification (Carlsson et al., 2008). The
methodological capacity was demonstrated in recent clinical profiling efforts
generating distinct disease associated or prognostic molecular portraits of the highly
complex serum proteome (Carlsson et al., 2011b; Carlsson et al., 2011a; Sanchez-
Carbayo et al., 2006). In addition, the platform has proven to be successful in
targeting the urine proteome (Kristensson et al., 2012) and several membrane
proteins (Dexlin et al., 2008; Dexlin-Mellby et al., 2011). Unfortunately, the
majority of successful antibody microarray analysis has so far generally been limited
to target only a couple of hundred analytes. One of the current bottlenecks is that the
availability of high performing, specific, array-optimized high affinity antibodies is
still limited. Consequently, this has so far limited the analysis to focused analysis
and excluding large proteome profiling approaches.

An alternative to the conventional protein microarray format is array in solution
coupled to flow cytometry sensing (Templin et al., 2004; Schwenk et al., 2007;
Hartmann et al., 2009). In such set-ups, using antibody functionalized color-coded
beads, large numbers of different bioassays can be performed and analyzed
simultaneously. Currently, a commercially available platform allows multiplexing of
up to 500 unique bioassays within a single sample (www.luminexcorp.com). In this
context, antibodies within the Human Protein Atlas project have successfully been
used together with the color-coded bead system for various proteomic profiling
studies (Schwenk et al., 2008).
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In addition to the above discussed assay setups, the usage of the nucleic acid
aptamer platform has been demonstrated to successfully being used in highly
parallelized assays with high specificity and sensitivity (Gold et al., 2010; Kraemer
et al., 2011). When it comes to using limited amounts of sample or performing
single cell in situ analysis, the elegant proximity ligation assay also offers an
impressive sensitivity (Fredriksson et al., 2002; Fredriksson et al., 2007). The
methodology might become an attractive alternative in biomarker research,
particular due to its recent progress in successfully profiling 74 putative biomarkers
with four 24-plex assays (Lundberg et al., 2011).

Clearly, any type of global affinity based approaches will need additional
development before coming close to generating validated binder reagents against all
human genome-encoded proteins and their variant forms and states. Issues such as:

e successful generation of all purified antigens needed for antibody
generation

e potential off-target binding

o failed immunizations (in the case of pAbs and mAbs)

all need to be addressed and resolved. In addition, once all binder reagents are
available potential further assay development /optimization will likely be needed in
order to minimize issues such as cross-reactivity in order to successfully perform
proteomic analysis. Furthermore, several of the current affinity based setups
frequently require labeling of the samples and this might introduce additional assay
variation or might even hamper certain epitopes.
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4. The marriage of affinity proteomics and MS

The impact of proteomic research will be highly dependent on the availability of
high quality methodologies that can successfully decipher any proteome of interest.
Obviously, it will take some time before defining when a proteome of a cell type,
body fluid or tissue is completely studied. Since, in the human body alone there
exists over 200 different cell types, each presumably expressing only a subset of the
over 20,000 predicted proteins at a given time (Nilsson et al., 2010). So far, as
described in chapter 2 and 3, MS-based and affinity-based methodologies have been
the two major workhorses individually used for proteomic studies. Both approaches
are moving forward analyzing proteomes with impressive coverage and results
(Beck et al., 2011; Ponten et al., 2011). However, a clear need for additional,
complementing, improved proteomic assays and workflows still exists. Particularly,
if measurements of the entire vast concentration range of proteins present in
complex proteomes and large patient cohorts are going to be handled successfully.
In order to bypass earlier discussed technological hurdles and advance further, some
of the most attractive features of affinity proteomics and MS could be combined.
The biological sample would then be digested and exposed to peptide-specific
antibodies, where after any specifically enriched peptides would be detected,
quantified and identified using MS and MS/MS. This would also enable the
possibility of adopting label-free proteomic workflows. Another clear advantage of
using such a combined approach is the usage of the mass spectrometer as the
detector, since it will function as a “second antibody” and in most setups result in an
actual identification of the targeted analyte. Hence, the approach would not only
validate a specific binding interaction, but could potentially also compensate for off-
target binding to certain antibodies.

4.1 Stable isotope standard capture with anti-peptide antibodies

Peptide immune affinity enrichment coupled with mass spectrometry based readout
was demonstrated already in 2004 in the stable isotope standard capture with anti-
peptide antibodies (SISCAPA) set-up (Anderson et al., 2004). The usage of such
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antibodies can increase the sensitivity of the assay by > 10, which will be necessary
for making successful measurements in clinical specimens (Anderson et al., 2009b).
Anderson and colleagues recently proposed the initiation of the human Proteome
Detection and Quantitation project (hPDQ) based on developing a complete suite of
MS-based assays, €.g. two peptides from the protein product of each of the over
20,000 human genes. In order to achieve such an impressive goal the importance of
using SISCAPA was emphasized (Anderson et al., 2009a). SISCAPA has now
emerged as a technology with great potential for robust quantitative proteomic
assays and has been further developed in terms of multiplexing and automation
capabilities (Whiteaker et al., 2010). Additional binder reagents have been generated
and validated (Whiteaker et al., 2011b) and the most recent significant
advancements demonstrate and outline the utility of this targeted peptide immune-
affinity SRM-assay for, in particular, large biomarker verification experiments
(Whiteaker et al., 2011c). Both mAbs and pAbs have been used with the SISCAPA.-
platform. Polyclonal antibodies was the selected probe source in the recent
SISCAPA large scale binder generation effort (Whiteaker et al., 2011b). This might
cause potential batch-to-batch binder variation and impair performance in diagnostic
applications. Notably, like conventional antibody array setups (Borrebaeck and
Wingren, 2011), the SISCAPA platform also relies on the usage of one binder per
unique peptide/protein, creating logistical issues when scaling up for global profiling
efforts. In fact, the actual number of ready available peptide specific antibodies is
still relatively scarce and it remains to be seen whether successful immunizations
and binders can be generated for all intended targets. Hence, the SISCAPA is
currently not viewed as a fully viable option for global discovery profiling efforts. In
addition, these peptide specific antibodies have so far mainly been generated against
human derived peptides resulting in that binders for additional model organisms will
have to be generated in parallel efforts creating additional logistical issues.

4.2 Terminal anti-peptide motif specific assays

In order to circumvent the need of having to generate numerous antibodies, we
(Wingren et al., 2009) and others (Poetz et al., 2009), recently presented concepts of
using antibodies directed against short terminal peptide-motifs (epitopes) shared
among up to hundreds of different peptides/proteins. When combined with mass
spectrometry based detection, this approach would provide an inherent capability of
probing any proteome in a discovery mode, even in a species independent manner,
while still using a relatively limited number of antibodies. Furthermore, the
enrichment generated from such capture step would result in less complex peptide
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samples. The poor reproducibility in terms of overlap of MS/MS identified peptides
between two technical LC-MS/MS runs of complex peptide mixtures is well known
due to the stochastic nature of data dependent sampling (Tabb et al., 2010). Hence,
peptide motif specific enrichments would result in less complex mixes and thereby
enable far more reproducible measurements of the same peptides in several
biological samples and in addition result in increased dynamic range compared to
classical shotgun based methodologies.

4.2.1 Triple X Proteomics

The group of Joos et al termed their peptide motif-immunoaffinity methodology
Triple X Proteomics (TXP) (Poetz et al., 2009) and focused on enriching groups of
peptides that share a common epitope of three to four amino acids at the N- or C-
terminal end. The first step in the development of a proteomics application based on
the use of such peptide class-specific antibodies was demonstrated by Hoeppe et al
and colleagues in 2011. They used polyclonal derived TXP antibodies as binder
reagent and by specifically targeting B-catenin-derived motifs, the expected -
catenin peptides and a set of 38 additional epitope-containing peptides were
successfully identified from trypsin-digested cell lysates. In addition, several of the
identified peptides were previously not reported in the PeptideAtlas database,
demonstrating the potential strength of the methodology (Hoeppe et al., 2011). In a
recent in silico study, they also demonstrated (theoretically) that almost 50% of the
non-redundant human proteome could be covered by only 100 different motifs
(binders) (Planatscher et al., 2010). In order to achieve complete coverage, the
number of required binder reagents was estimated to be about 2,000 solutions
(motifs), whereby multi-peptide coverage was in addition achieved for 13,800
proteins (Planatscher et al., 2010). However, the choice of using pAbs might cause
potential future batch-to-batch variation and to some extent impair performance in
diagnostic applications. Another potential limitation of selecting pAbs as the probe
source is that there is little chance of improving a generated binder using molecular
based design and affinity maturation steps.

4.2.2 Global proteome survey (GPS)

We decided to focus on targeting only C-terminal tryptic peptides using selection
motifs based on 4 or 6 amino acids. In contrast to the TXP-platform, we decided to
develop the GPS-platform around fully renewable human recombinant scFv
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antibodies, based upon a single fixed framework, generated through phage display
technology, as our probe source (Paper ). This format has proven to be an excellent
and stable probe resource for conventional antibody microarray set-ups (Steinhauer
et al., 2002; Wingren and Borrebaeck, 2006) and we therefore expected the same
stability and functionality in the intended GPS-setup. Furthermore, we expected this
type of peptide binders to work well in most types of proteomes and potentially even
in a specie independent manner and therefore termed them context independent
motif specific (CIMS) scFv antibodies. A schematic outline of the GPS-assay
workflow can be seen in Figure 1.

4.3 GPS characteristics

Below, I will discuss in more detail different aspects of our GPS-platform that have
been addressed during the development and evaluation of the GPS methodology.

4.3.1 First generation of target motifs

Initially, 27 selection peptide motifs were designed, consisting of either 4 or 6 amino
acids, and all motifs had a C-terminal lysine or arginine to mimic tryptic peptides, in
order to be suitable for the intended proteomic workflow (Paper I). In order to
evaluate terminal peptide motif frequencies, we took advantage of using the first
manually annotated representation of all known human protein-coding genes
(release 56.1 of UniProtKB/Swiss-Prot, composed of 20,325 nonredundant
proteins). By performing an in silico tryptic digest of the database a total of 1 193
062 tryptic peptides were generated, whereof 58.5 % were represented within a mass
fraction between 500-3500 Da. The frequency of different motifs was then
addressed particularly within this mass range that fit in the detection range of the
mass spectrometer.

4.3.2 CIMS-binder generation through phage display

The n-CoDeR® phage display library (Biolnvent International AB, Lund, Sweden)
has successfully been used for generating binders against proteins, haptens,
carbohydrates, and peptides (Soderlind et al., 2000; Borrebaeck and Ohlin, 2002).
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Figure 1. Concept of the
GPS-assay.
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Several hundred antibodies derived from the n-CoDeR® library have also been
successfully used as probes on conventional micro- and nanoarrays (Borrebaeck and
Wingren, 2011). Hence, the n-CoDeR® library was therefore a natural choice to
start with when generating peptide specific scFv reagents for the GPS platform. The
library has been estimated to consist of approximately 2 x 10*° antibody clones and
is referred to as a semi-synthetic library, combining a natural and synthetic approach
through PCR-shuffling (Soderlind et al., 2000; Borrebaeck and Ohlin, 2002). The
phage display technology was demonstrated already in 1985 by George Smith
performing display of short peptides on individual phages (Smith, 1985), and five
years later with display of antibody fragments (McCafferty et al., 1990) by
introducing antibody DNA into the phage genomes via vectors. Phages have since
been the most commonly used display system for antibody fragments (Bradbury and
Marks, 2004). Having a direct “link” (genotype to phenotype) between the
antibody, the gene encoding the antibody and the antigen recognized by the
antibody, makes phage display an ideal platform for deriving antibodies in a high
throughput manner (Hallborn and Carlsson, 2002; Bradbury et al., 2011). Unlike
immunization, in vitro display methodologies provide direct availability of the
sequence encoding the antibody and in addition well defined selection conditions
can be adjusted to reflect the final use of the affinity reagent. The screening is often
performed by incubating the phage display library with the immobilized antigen, in
our case peptides (Paper 1), on magnetic beads, followed by stringent wash steps to
remove unbound clones (phage particles) followed by elution of bound phage
particles. These eluted phages can then infect new fresh E.coli culture and the
selection process is then repeated a number of times on beads before individual
clones can be isolated. In Paper I, a total of 91 different recombinant binder
molecules (CIMS) were generated. From this cohort of scFvs, a smaller dedicated
set of clones that demonstrated promising characteristics in early screenings were
further tested in detail.

4.3.3 CIMS-binder characteristics

The generated CIMS-binders were found to display affinities in the uM range
against their corresponding selection peptide (Paper 1). Recombinant antibodies
against proteins often display affinities in the nM—pM range (Soderlind et al., 2000;
Colwill et al., 2011) and such high affinities might not be expected by anti-peptide
antibodies directly selected from scFv phage-display libraries unless subjected to
additional affinity maturation. One reason to this is simply due to the size of the
actual antigen and potential available epitopes on a protein compared to smaller
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peptides. Affinities for anti-peptide monoclonal rabbit derived antibodies have
recently been demonstrated to display affinities in the low nM range (Pope et al.,
2009; Razavi et al., 2011). Despite the pM-range affinity displayed by the CIMS-
binders, they still enabled very consistent and specific capture of tryptic peptides
containing a narrow set of motif-like sequences in a clone dependent manner when
exposed to crude tryptic digests (mouse, yeast, and human) (Paper I-1V).

In the majority of our immunoaffinity-peptide capture experiments, a clear trend
was observed among the captured peptides. Besides the C-terminal arginine or
lysine, it was apparent that relatively few key amino acid positions were essential.
Often, only two additional amino acid positions, denoted anchor residues, appeared
to be important for generating selectivity. For binders capturing 50 % arginine and
50 % lysine ending peptides, no permanent conclusion regarding selectivity in the
terminal position could be drawn since lysine or arginine is present as the last
terminal amino acid in any tryptic digest. Hence, a few binders displayed a binding
pattern of peptides associated with certainty for only one very dominant amino acid
position next to the C-terminal position and these characteristics were in particular
illustrated with some of the “sister clones” (Paper I-111). We defined sister clones as
binders selected against the same selection peptide, but displaying unique assay
characteristics. In order to further evaluate the experimental observed specificities,
we generated theoretical structural models for all selection peptides and for over 100
different captured peptides (Paper Il1). Based on the structural alignments some key
structural properties were observed. Frequently, two amino acid positions next to
each other were found to display their side chains in opposite directions (see Figure
2). Hence, this indicated a plausible explanation to the observed differences between
some of the “sister clones” generated against the same selection peptide motif.
Clearly, this might cause reduced selectivity in one of the two positions. Likely,
there will often be a chance for certain flexibility in one of the last four terminal
positions when compared to the original target motif unless other binder selection
strategies, e.g. strict counter selections, are implemented during the binder
generation.

Our findings were further confirmed when we generated WebLogo (Crooks et al.,
2004) sequences of peptides captured from polyclonal derived TXP-antibodies
(Hoeppe et al., 2011) where key positions also could be determined and the identity
of certain neighboring residues was less crucial.
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Figure 2. Binding patterns for two sister clones. C-terminal amino acid frequency analysis (Crooks et
al., 2004) of captured peptides for two sister clones (Paper I11). The same selection peptide was used for
generating both antibodies. According to the output from the WebLogo peptide frequency sequences, it
appeared as the arginine and aspartic acid were most important for clone 1, while the histidine appeared
to be the most important for clone 2. Furthermore, peptide structure analysis for five captured peptides
(red) and the selection peptide (black) is displayed. The peptide structure models were generated using
PEP-FOLD (Maupetit et al., 2009) and consequently displayed and aligned on the last four terminal
residues using PyMOL (The PyMOL Molecular Graphics System). The ribbon for the last four residues
are displayed and aligned against the selection peptide. The most important residues are illustrated as
sticks in red for the two cases. It appears as the histidine is displayed in a slightly different direction
compared to the aspartic acid and the arginine. Hence, this might explain the selectivity observed between
the two sister clones. Since clone 2 captured about 50 % arginine ending and 50 % lysine ending
peptides, it might be reasonable to speculate whether the histidine reduced the selectivity in the last
position.

Unless using binders with high affinity, stringent binding pattern, and a proteomic
assay workflow adapting highly stringent washes, a certain wobbling would likely
be observed. The wobbling should in general be seen as an attractive feature, since
relatively few binders can generate relatively large proteome coverage (Paper Il and
Paper 1V). This would thereby reduce the number of binders needed in order to
achieve complete proteome coverage. However, for cases when targeting extremely
low abundant analytes in highly challenging proteomes, i.e. plasma, the wobbling
might hinder fully efficient captures and detection due to potential interference from
high abundant analytes. Taken together, the results indicated that 3 amino acid
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motifs spread over 4 positions could easily be achieved (Paper I, (Hoeppe et al.,
2011), while a fixed motif of 4 consecutive amino acids might be harder to achieve.
Furthermore, it is important to emphasize that the CIMS-binders generated in Paper
I were not selected in terms of generating maximum affinities. As demonstrated in
Paper I-1V, such 2-3 amino acid motif terminal binders still enabled highly
successful and reproducible capture of many low abundant proteins within both the
yeast and human proteome.

4.3.4 GPS setup optimization

Certain key methodological parameters have been addressed during the development
of our GPS assay set-up. Initially, an offline affinity-packed micro-column for
capturing the peptides was used (Paper I) followed by elution and manual transfer to
the MS. Affinity-packed columns directly interfaced (in-line) with a mass
spectrometry instrument might be highly valuable due to the possibility for direct
sample injections and minimal sample loss. However, due to the amount of manual
labor needed for manufacturing a column for each binder and issues (e.g. back
pressure and reproducibility) associated with running the capture assay offline, we
chose to adopt the platform into a much more flexible magnetic bead-based setup.
This significantly reduced the manual lab work and furthermore opened up the
possibility for improved throughputs, automation capabilities, and significantly
improved reproducibility.

Anti-peptide antibodies with high affinity and low off-rates is of critical importance
in order to retain peptides through the washing steps prior peptide elution and MS
analysis, particularly if plasma and low abundant analytes are targeted. In order to
minimize sample losses and compensate for the UM range affinities displayed by the
CIMS, we chose to limit the number of washing cycles and downstream sample
cleanup. When combined with a powerful LC-step, offering additional peptide
separation and cleanup, prior to the powerful ESI-MS/MS analysis there was
generally no need for performing extensive washings when analyzing tissue
proteomes. The problems associated with ion-suppression commonly seen on
reasonable complex peptide mixtures if using MALDI as detector was thereby to
some extent also reduced with the online-LC-step. Hence, our developed setup and
minimalistic workflow enabled highly successful and reproducible detection. The
use of a MALDI based system would likely need an additional two cycles of
washing or at minimum a cl18-cleanup step in order to reduce potential ion
suppression effects.
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Furthermore, the multiplexing capability was initially demonstrated by mixing two
different CIMS-antibodies resulting in identifications of over 90 human proteins
(Paper 1). However, in paper 1V, a different approach was taken regarding the actual
combination of binders used. When possible “sister-clones” were mixed and used
together to potentially generate a synergistic effect. With this approach one of the
mixes could quantify over 600 proteins using only two binders (Paper IV). Since
peptides are expected to consistently bind and dissociate from the antibodies, the
improved multiplexing results might potentially be explained by the fact that the
binders together enabled to retain more low affinity peptides. In addition, the
increased coverage could partly also be attributed to a further improved
chromatography of the used LC-system. Even three different CIMS-binders
(generated by different selection peptides) were successfully multiplexed (paper 1V)
and we have so far successfully mixed up to 4 CIMS-binders (data not shown).
Potentially even more binders (depending on binder characteristics, desired assay
performance and target abundances) might be combined. But in order to maintain
the same total identification coverage as for individual captures, features like
inclusion lists may then have to be implemented.

4.3.5 Label versus label-free

During the last decade, a wide variety of quantitative mass spectrometry based
proteomics methods have been developed, adopting either label-free workflows or
labeling workflows, such as metabolic labeling and isobaric chemical labeling using
iTRAQ™ (isobaric tags for relative and absolute quantification (Ross et al., 2004)).
Label-free quantification is widely used because it is applicable to samples from any
source and there is no need for laborious and costly processes associated with
labeling the sample. In contrast to label-free approaches, multiplexed isotopically
labeled samples can be simultaneously analyzed resulting in an increased
throughput. One of the most popular and widely adopted metabolic labeling
approaches is the stable isotope labeling by amino acids in cell culture (SILAC)
methodology (Ong et al., 2002) which has successfully been implemented in model
organisms such as yeast, drosophila, and mouse (Gruhler et al., 2005; Sury et al.,
2010; Kruger et al., 2008). The main advantage of SILAC is the possibility to
combine several samples already prior to protein extraction and thereby reduce
downstream experimental variation. The accuracy of SILAC-based experiments
might in some cases become impaired by the metabolic conversion of arginine to
proline, resulting in additional heavy labeled proline peptide satellites. This may
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however be circumvented by either using lower amount of arginine or addition of
label free proline (Lossner et al., 2011).

Within this thesis, | have tested both a label free strategy (Paper I, IV) and a labeling
approach (Paper Il). The common feature between these two methodologies is that
both are based on quantifying the MS1 intensity. In Paper | and IV, we
demonstrated that the label-free GPS-methodology delivered highly reproducible
quantitative data. For label-free experiments, a sophisticated feature alignment
software is needed and we took advantage of using the Progenesis LC-MS software
which was demonstrated to perform well in a recent evaluation (Sandin et al., 2011).
In Paper Il, we took advantage of using the SILAC methodology and associated
MaxQuant software (Cox and Mann, 2008). The SILAC approach also generated
highly accurate quantitative data. Taken together, both quantification strategies
proved to be successful when combined with our GPS platform and this leaves the
door open for implementing any of the strategies in future GPS-based discovery
applications.

4.3.6 Assay reproducibility

Substantial efforts have been undertaken within this thesis to address key issues,
such as reproducibility and dynamic range of the GPS-platform (Paper I, 11, and V).
The reproducibility in terms of quantification was identified to be highly satisfactory
(Paper I, 1l and IV). This was in particular demonstrated in Paper Il, were two
proteomes were mixed at different ratios by taking advantage of the SILAC
approach. The GPS enabled highly accurate measurements of the two mixed
proteomes over a wide range of protein abundances. High correlation between
replicate captures were achieved and thereby clearly indicated that the capture step
did not introduce any drastic increase in variance when simultaneously capturing
different analytes spanning 3-4 orders of magnitude (Paper II).

The reproducibility of the assay was also demonstrated for the multiplexed label-
free setup (Paper IV) where a median CV of 10.8 % was achieved for three
independent captures and quantification of over 600 proteins. When data from all
mixes (in total 9 binders split on 4 mixes) were combined, this resulted in a median
CV of 10.8% when 1264 proteins were included (Paper 1V). This is comparable to
other existing methods, such as the gold-standard SRM, where CV values around
10-15% have routinely been achieved (Addona et al., 2009). However, the above
discussed CV-value range for SRM based assays has frequently been for optimized
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assays, high performing peptides, and at most a couple of hundred proteins while
our data was based on 1264 proteins and no optimization. Clearly, it might be
possible to improve the CVs even further by excluding some of the poor performing
peptides and combining the GPS with SRM-based readout. When we distributed
triplicate capture runs over a week (one antibody mix on the pooled tumor sample,
Paper IV) or a month of instrument time (all combined data for four antibody mixes
on pool sample, Paper V) the total median CV for the same 1264 proteins increased
to 22.8 %. The slight dip in performance could be attributed to the actual LC-system
with drifts in retention times and buildup of contaminants. In addition, the LC-
column was replaced twice during these runs. Taken together, this clearly
demonstrated the reproducibility of the entire GPS assay and in particular the
capture step, since there will always be some variation associated with the actual
LC-MS/MS analysis step.

4.3.7 Dynamic range and evaluation against SCX

The dynamic range of the GPS methodology and individual CIMS-capture
experiments was addressed both in paper | and Il by comparing identified proteins
from our yeast capture experiments to absolute protein abundances generated by
orthogonal methods (Ghaemmaghami et al., 2003). The results demonstrated that
proteins could be detected in a wide range of abundance values spanning from over
a million copies / cell down to less than 50 copies / cell. Hence, we demonstrated
that the entire known concentration range within a yeast cell could be targeted and
that several of the binders were not limited to only the most abundant analytes. This
is promising, since a need for developing SRM-targeted assays in order to enable
successful measurements of low abundant analytes has often been expressed (Picotti
etal., 2009).

In addition, we evaluated the GPS generated data against the conventional SCX
methodology (Paper II). Not surprisingly, the SCX-based fractionation setup
generated a significantly larger total coverage, since the GPS only used a small set
of binders and less instrument time. However, the aim was not to benchmark in
terms of total coverage, but rather to compare the overlapping quantified peptides
and proteins. Good agreement was generally displayed both at peptide and protein
level between the two methodologies and we could conclude that the capture step
did not introduce any biased or increased quantitative assay variation compared to
conventional methodologies. Even more importantly, the entire GPS assay was
capable of generating reproducible quantitative data based on the same set of
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peptides between biological replicates. This is a crucial methodological feature
required for generating quantitatively reliable information over many biological
samples.

Noteworthy, the number of peptides previously not reported was found to be
substantial when comparing against the PeptideAtlas database (Deutsch et al., 2008).
Furthermore, the median length of a majority of all GPS detected peptides was
found to be substantially shorter (Paper I-1V) when compared to the peptides
identified with either the SCX methodology (Paper 1l) or classical shotgun
methodologies reported in the PeptideAtlas database. The possibility for detecting
shorter peptides was particularly seen in Paper Il and IV. This characteristic
indicated that GPS enabled analysis of an entirely new set of peptides. The reason
behind that the peptides had not previously been observed might be that shorter
peptides are masked by longer peptides in more complex mixtures using
conventional proteomic MS-analysis. Furthermore, due to potentially higher
affinities these shorter peptides may also be favorably enriched by antibodies
compared to longer peptides. Consequently, when analyzed by the mass analyzer,
the shorter peptides naturally will have a higher chance of being detected due to
their increased abundance.

4.3.8 First application of GPS - yeast

Yeast has been used extensively for evaluating methodologies within proteomics
(Washburn et al., 2001; Ghaemmaghami et al., 2003; de Godoy et al., 2008; Picotti
et al.,, 2009; Nagaraj et al., 2011a) particularly due to the facts that the yeast
proteome is less complex and the ease with which yeast can be experimentally
manipulated. Since the analysis of mammalian cell proteomes is much more
complex and technically challenging, yeast can be viewed as a window into the
future of proteomics-based biological research. The applicability of the GPS-
platform was demonstrated by applying it to a fundamental biological question
within yeast biology, i.e. what proteins and pathways are differentially expressed
when yeast uses glucose or ethanol as its main carbon source (Paper II). We
demonstrated that a rather large qualitative and quantitative reproducible map of the
yeast proteome could be generated in a rapid manner with just six CIMS-binders.
The GPS technology successfully detected several differentially expressed proteins
and as expected many were related to the tricarboxylic acid cycle and glyoxylate
cycle, displaying a marked induction upon growth in the presence of ethanol as its
carbon source. Similar expression trends have been observed using either 2D-gels
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(Kolkman et al., 2005) or sophisticated SRM-assays (Costenoble et al., 2011). In
addition, a set of uncharacterized proteins were identified to be significantly up-or
down-regulated and several of these proteins and their functions may be of
significant interest to further explore for development of potential ethanol tolerant
yeast strains.

4.3.9 Next generation of motifs and binders

Based on experimental data (Paper I-111), we continued to theoretically generate and
evaluate new terminal amino acid motifs in Paper Ill. Since mainly peptides of
shorter length were observed in the initial studies (Paper I-111), we limited the new
targeted tryptic cohort of peptides to be between 800-2000 Da. In addition, a
software script was developed in order to evaluate large cohorts of motifs and
whether a specific motif was present in some of the most high abundant plasma
proteins or not (Paper I11). Plasma and serum are the overwhelmingly predominant
clinical specimens available for routine molecular analysis and all molecules present
in plasma (or serum) have clearly the widest diagnostic potential (Anderson, 2010).
However, the abundance of proteins in plasma proteomes exceeds 10 orders of
magnitude and this has, so far, prevented detection of many low-abundant proteins
in proteome analyses (Anderson and Anderson, 2002). One reason behind this is that
the top 10-15 highest abundant proteins such as albumin (or human serum albumin,
HSA), immunoglobulins (1g), transferrin, etc. represent only < 0.1% of the diversity
of proteins, yet constitute more than 95% of the mass of total plasma proteins
(Anderson and Anderson, 2002). These high abundant proteins, and in particular
albumin, thereby mask or interfere with the detection of other low abundant
proteins. Immunoaffinity depletion methodologies have been used during the last
decade in order to remove some of the most abundant analytes (Liu et al., 2006; Tu
et al., 2010), however untargeted proteomic analysis using LC-MS/MS platforms
even with immunodepletion cannot efficiently discover low-abundant disease-
specific biomarkers in plasma (Tu et al., 2010). Hence, if CIMS-binders against
motifs present in medium and low-abundant plasma analytes could successfully be
generated our GPS platform could potentially also be highly suitable for future
plasma proteome analysis. Efforts in generating CIMS-binder reagents against the
newly designed motifs will be continuously ongoing.
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5. Molecular profiling of breast cancer using GPS

Recently, it was estimated that one third of all people in Sweden will be diagnosed
with cancer during their lifetime (Bergman et al., 2009). The outcome for a specific
cancer patient is primarily related to how early and correct the diagnosis can be set
(Etzioni et al., 2003). However, in reality the diagnosis might be ambiguous and the
prognosis of the cancer disease and treatment response may in many cases be
difficult to determine. The existing traditional clinic pathological parameters are far
from perfect and the identification of highly specific disease associated markers
together with prognostic markers (at genomic or proteomic level) will be crucial in
order to advance. A biomarker is generally a molecule that is consistently modified
or present at abnormal concentrations in specific illness or other health conditions.
Such information could directly influence treatment selections, minimize patient
suffering, maximize the effect of each treatment and fully enable the concept of
personalized medicine/individualized therapy to be implemented. The quest to
decipher protein alterations in cancer has spanned well over half a century and
massive amounts of complex and heterogeneous proteomic data are currently being
generated (Hanash and Taguchi, 2010). Clearly, future cancer treatment will be
based on personalized approaches that begin with identifying critical molecules
necessary for tumor growth and survival that then consequently decide optimal
molecularly directed therapies. One step towards such personalized cancer treatment
was recently demonstrated in a study using whole tumor genome sequencing on
patients followed by treatment determined by convening a sequencing tumor board
of experts (Roychowdhury et al., 2011). The scientists were able to find key
mutations within 24 days of biopsy to a cost of ~$3600 per patient and potentially
matched to clinical trials, hence a short enough time and reasonable amount of
money spent to be clinically useful. Given the rapid advances of next-generation
sequencing and the drastically reduced prices, the day may soon come when full
genome and tumor genome sequencing could become routinely adopted in clinics.
In parallel, the entire field of cancer proteomics also clearly has a chance to offer
cutting-edge capabilities to accelerate the translation of basic discoveries into daily
clinical practice (Cho, 2007).
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Within this chapter, | will briefly cover some of the current breast cancer associated
markers, past breast cancer proteomic efforts and then continue to discuss some of
the results generated from our proteomic profiling efforts on breast cancer tissue
(Paper 1V) using the developed GPS platform.

5.1 Current status of breast cancer associated markers

Breast cancer is by far the most commonly diagnosed cancer (roughly 30 %)
worldwide among women (Jemal et al., 2011). Treatment usually involves surgery
to remove the tumor frequently followed by radiation therapy, endocrine therapy
and/or chemotherapy. Traditional clinic pathological parameters, such as
histological grading, tumor size, age, and lymph node involvement are used to
decide treatment and prognosis. Furthermore, a panel of molecular markers has
become available that may aid in tumor classification, treatment choices, and predict
prognosis.

5.1.1 BRCA1 and BRCA2

The first evidence for a gene associated with hereditary breast cancer came with the
identification of truncating mutations in the coding sequence of BRCAL (Miki et al.,
1994), and shortly thereafter BRCA2 (Wooster et al., 1994), in families with
multiple cases of breast cancer. Both these tumor suppressor genes are involved in
the maintenance of genomic integrity and DNA repair (Narod and Foulkes, 2004)
and the discovery has increased the understanding of both hereditary and sporadic
forms of breast cancer. BRCA mutations occur at a frequency of 1 in 250 women
(Narod and Foulkes, 2004) and genetic testing for breast cancer susceptibility has to
some extent become implemented into the practice of clinical oncology and enabled
mapping of certain populations and risk groups (Marroni et al., 2004). After
positively testing for BRCA1 or BRCA2, certain preventive and risk reducing
measures like increased frequency of mammography, chemoprevention or
prophylactic surgery can be taken (Tuttle et al., 2010).

5.1.2 Transcriptomics derived classifiers

Breast cancer is a heterogeneous disease and key evidence, at the transcriptomic
level, established that estrogen-positive and estrogen-negative tumors are
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fundamentally different (Perou et al., 2000). Shortly thereafter, a classification based
on five different molecular subtypes was reported: luminal A, luminal B, normal-
breast-like, human epidermal growth factor receptor 2 (HER2), and basal-like
(Sorlie et al., 2001). In addition, the first successful prognostic gene signature was
identified by van’t Veer and colleagues separating a group of patients with good
prognosis and minimal risk of development of distant metastasis (van 't Veer et al.,
2002). Currently, two major breast cancer gene expression assays are available: 1)
the MammaPrint® (Agendia, Amsterdam, The Netherlands) using the 70-gene
expression profile developed by van't Veer (van 't Veer et al., 2002) and 2) the
Oncotype DX™ (Genomic Health, Redwood City, CA, USA) quantifying 21 genes
using RT-PCR. The Oncotype DX™ test generates a score that correlates with the
likelihood of a woman’s chances of a recurrence, and the likelihood that she will
benefit from adding chemotherapy to her hormonal therapy. MammaPrint® was the
first assay based on microarrays that succeeded in going all the way from the
research lab to FDA approval for clinical application. The full potential and results
from clinical usage of these assays are currently evaluated in the MINDACT trial
(enrollment of over 6000 patients for evaluating MammaPrint®) and in the
TAILORXx study (enrollment of over 10000 patients for evaluating Oncotype DX™)
(Colombo et al., 2011).

5.1.3 Protein based markers

The main biological markers recommended for use in breast cancer decision making
of treatment choices, are estrogen receptor (ER), progesterone receptor (PR) and
HER2 (Hondermarck et al., 2008). Estrogen positive patients generally respond to
treatment with anti-estrogen, such as tamoxifen (Ciocca and Elledge, 2000). In
addition, about 20 % of breast tumors overexpress the surface marker ErbB2
(commonly referred to as HER2 or HER2/neu) (Hondermarck et al., 2008) and these
tumors have proven to be rather successfully treated with Herceptin, a blocking-
antibody, directed against ErbB2 (Slamon et al., 2001). Most clinical laboratories
are using IHC for determining the HER2-status, however, a recent study by Philips
et al 2009 revealed that one in five HER2 tests might generate incorrect results. In
addition, the scandal in Newfoundland, Canada, where nearly 400 of 1000 patients
received incorrect test results of the ER-status of their tumors (Hede, 2008), attests
to the problems associated with consistency and reproducibility in the area of
quantitative IHC (Leong and Zhuang, 2011). Additional tests for HER2 using
fluorescence in situ hybridization (FISH) detection systems (Allison, 2010) or a
proximity-based assay (HERmark) measuring the total amount of HER2 (Huang et
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al., 2010) have been developed, but researchers have yet to come to an agreement
regarding if there is a single optimal HER2 test.

5.1.4 Proteomics derived markers and current status

The output, in terms of FDA approved biomarkers derived from proteomics, has so
far been very disappointing (Whiteaker et al., 2011a). This can partly be assigned to
some of the short-comings (see chapter 2) that classical mass spectrometry based
proteomics have suffered from. The poor quality seen in early proteomic studies
have highlighted the need for relevant study designs, precise sample handling,
stringent data analysis, and robust technology platforms offering high sensitivity and
specificity (Mischak et al., 2007; Borrebaeck and Wingren, 2009). Further fueling
the debate concerning proteomic limitations, came when simple meta-analysis was
performed on 186 published 2-DE experiments on human, mouse and rat tissues
(Petrak et al., 2008). The results from the meta-analysis demonstrated that certain
proteins and protein families were strikingly overrepresented as differentially
expressed in most of the studies regardless of the experiment, tissue or species. The
most recurrent protein, enolase 1, was found to be identified in every third
experiment on both human and rodent tissues (Petrak et al., 2008). Other common
proteins observed were heat-shock proteins and keratins. Valid concerns were raised
that some findings might be attributed to technical artifact and limitation of the
2DE-method or alternatively the top candidate proteins represent universal cellular
sensors (Petrak et al., 2008). Since few putative biomarkers undergo rigorous
validation it also results in that the literature is flooded with lengthy lists of
candidate markers without follow up (Polanski and Anderson, 2006). Hence, caution
and extensive validations should always be taken prior to defining a protein as a
marker or uniquely disease associated and this is going to be crucial if any
proteomic derived markers are going to be successfully implemented into the
clinics.

The challenges of handling breast cancer tissues in comprehensive proteomics
approaches have been well described (Hondermarck, 2003). The tumor biopsies
generally consists of epithelial cells, nerve fibers, myoepithelial cells, circulating
cells, adipocytes, fibroblasts, and endothelial cells and thereby form very
heterogeneous proteomic samples. Protein extracts from such biopsies have
frequently been analyzed with 2DE and facilitated analysis of hundreds of proteins
(Deng et al., 2006; Kim et al., 2009). However, the analysis has often been limited
to high abundant proteins, due to problems with dynamic range and sensitivity.
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Many candidate markers has been reported, however, none has yet been fully
validated and approved. In order to minimize the heterogeneity between individual
patients and between different cell types, laser capture microdissection (LCM) has
been tested, but with generally lower proteome coverage (Hill et al., 2011).
Furthermore, profiling experiments were recently performed on needle-biopsied
breast cancer tissues and this resulted in identification of 2,331 proteins (Yang et al.,
2012). However, the study needed massive instrument time and still just reported
profiles for 11 samples and the quantitative data was determined by spectral counts.
Labeling approaches, like iTRAQ, combined with LC-MS/MS adopted workflows,
have also been tested (Bouchal et al., 2009) resulting in identification of 605
proteins when comparing low-grade breast primary tumor tissues with and without
metastases. Analyzes of breast cancer cell line proteomes together with SDS-PAGE
and a LTQ-Orbitrap setup have enabled larger coverage with identification of 3,481
proteins (Strande et al., 2009). Recently, a different approach was taken by mixing
SILAC-labeled cell lines with breast tumor samples (Geiger et al., 2010). This
enabled quantification of 4,336 protein groups by implementing peptide
fractionation, long elution gradients (190 min) and the usage of state of art mass
spectrometry instrumentation. The impressive results from the super-SILAC
approach indicated that the methodology could enable accurate quantification of
proteome differences between tumor types, but in order to identify true biomarker
candidates, more than single tumor tissues need to be analyzed and thereby require
massive instrument time. Finally, when it comes to serum profiling of breast cancer
patients, one study by Carlsson and colleagues is worth mentioning since they
elegantly demonstrated a serum biomarker signature able to classify patients with
primary breast cancer according to their risk of developing distant recurrence
(Carlsson et al., 2011a).

5.2 GPS and breast cancer

Histological grading is currently one of the most frequent classical clinical
parameters used to evaluate a breast tumor. It is a combined score, based on
microscopic evaluation of morphologic and cytologic features of tumor cells,
illustrating the aggressive behavior of a tumor (Elston and Ellis, 1991). The sum of
these scores stratifies breast tumors into: grade 1 (slow growing and well
differentiated), grade 2 (moderately differentiated), and grade 3 (highly proliferative
and poorly differentiated). However, the scores are hard to determine and could
thereby potentially become operator dependent (Robbins et al., 1995; Frierson et al.,
1995). In paper IV we used our developed GPS platform in order to see whether we
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could generate molecular protein profiles that could be used to distinguish the
different tumors based on histological grade, ER-status and HER2-status. In total, 52
samples were profiled. Over 2,000 protein groups were identified using only 9
CIMS-antibodies and the label-free workflow enabled quantitative data for over
1,300 proteins. A protein signature consisting of 49 analytes, displaying differential
expression among the three histological graded groups of samples, was defined. The
majority of these 49 analytes displayed either a continuously increasing or
decreasing trend over the three histologic graded tumor types. Hence, we could
potentially establish a link between a molecular signature and tumor cell
progression. The biological processes for some of the proteins in the generated
signature together with some of the findings regarding the ER-status and HER2
delineated signatures are briefly discussed below.

5.2.1 GPS identified cancer hallmarks

Tumors were originally viewed as masses of proliferating cancer cells that had
acquired a set of capabilities and essential alterations in their physiology that
collectively dictate malignant growth (Hanahan and Weinberg, 2000). However, it
has become apparent that the biology of tumors can no longer be understood simply
by focusing on the traits of the cancer cells and should instead encompass the entire
tumor microenvironment (Hanahan and Weinberg, 2011). Tumors are clearly highly
complex tissues composed of multiple distinct cell types involved in heterotypic
interactions with one another (Hanahan and Weinberg, 2011). The six classical
suggested cancer hallmarks (Hanahan and Weinberg, 2000) complemented with two
emerging hallmarks and two enabling ones (Hanahan and Weinberg, 2011) can all
be seen in Figure 3. Noteworthy, 10 of the 49 proteins identified as differentially
expressed between the three histological grades (paper 1V) were mapped to the
hallmark groups in Figure 3.

Interestingly, a majority of the genes in the MammaPrint® signature could also be
mapped to most of the cancer hallmarks. Genes in a gene signature are often
interchangeable, demonstrated in a reanalysis of the van't Veer et al. (2002) data set
(Ein-Dor et al., 2005), and it is often instead the functional processes captured by a
gene signature and not the individual genes that are more of importance for
successful signatures (Wirapati et al., 2008). We found that cell proliferation
associated proteins, like cyclin dependent kinase 1 (CDK1) and minichromosome
maintenance complex component 3 (MCM3) displayed increased expression trends
in tumors of higher histological grade. Proliferation has been recognized as one of
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the key prognostic factors in breast cancer, and has been found to be one of the
major components of several prognostic gene expression signatures (Desmedt et al.,
2008; Wirapati et al., 2008).

Sustaining proliferative Evading growth
signaling suppressors
COK1
Avaiding
immune detection

Enabling replicative
immortality
MCM3, MCM7

Deregulating cellular
energetics
|__PFKP, ACLY

Hallmarks
of
cancer

Resisting cell
death
sTIPL

Genome instability
and mutation”
Inducing Activating invasion and
angiogenesis metastasis
SPON1, ASPN, OLFML3

Figure 3. Hallmarks of cancer. Depicted are 10 of the 49 significantly differentiated proteins identified
between low and high graded tumors (Paper IVV), mapped and associated to a certain cancer hallmark. The
original six cancer hallmarks (capabilities acquired during the multistep development of human tumors
(Hanahan and Weinberg, 2000)) were indicated with grey boxes. Recent research have suggested that two
additional emerging hallmarks of cancer (i.e. deregulating cellular energetics, and avoiding immune
detection) are involved in the pathogenesis of cancers and were therefore also illustrated (Hanahan and
Weinberg, 2011). Additionally, two consequential characteristics* are also illustrated (i.e. tumor-
promoting-inflammation, and genome instability and mutation) of neoplasia facilitate acquisition of both
core and emerging hallmarks (Hanahan and Weinberg, 2011).

Tumor-promoting
ion”

Another key observation made within our study was that several extracellular matrix
related proteins, such as asporin (ASPN), spondin (SPON1) and olfactomedin-like
protein 3 (OLFML3) displayed a decreasing expression trend with drastically
decreased expression levels in tumors of highest histological grade. Stroma cells
clearly contribute to the development and expression of certain hallmark
capabilities, and we demonstrated further support for this at the protein level since
the extracellular matrix appeared to go through drastic changes between the lowest
and highest graded tumors (paper 1V). Furthermore, proteins important for adopting
metabolic changes like ATP-citrate synthase (ACLY) were observed to display
increased expression in higher graded tumors. Cancer cells have a higher need for
energy than normal differentiated adult cells and in order to maintain their rapid
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growth and proliferation the increased demand is, in part, met by an altered
metabolic program.

5.2.2 GPS as classifier of estrogen-status and HER2

In addition to the above discussed findings, we also identified 39 proteins as
differentially expressed between the ER-positive and ER-negative samples. One
particularly interesting differentially expressed protein was GREBI1, since it
displayed a similar profile as reported in the literature with highest measured
expression in the ER-positive tumors. GREBL is an estrogen-regulated gene that
mediates estrogen-stimulated cell proliferation and has been suggested as a
surrogate marker for ER, a marker for response to endocrine therapy as well as a
potential therapeutic target (Hnatyszyn et al., 2010; Rae et al., 2005). Furthermore,
the difference between HER2-positive and HER2-negative samples was evaluated
and resulted in 5 significantly differentially expressed proteins. Noteworthy, one of
the proteins in this signature was HER? itself and the GPS indicated high HER2-
expression level for three of five positive samples.

Taken together, this indicated that all three generated signatures, i.e. for the
histologic grade, ER-status, and HER2, have not only generated new insights at the
protein level into breast cancer biology, but could also have a potential to
complement or even replace some of the current pathological IHC-based evaluation
systems. Having an approach capable of generating fully quantitative protein values
is anticipated to enable far more precise classifications of each individual tumor
compared to classical IHC-based methodologies.

5.2.3 Validation of GPS generated breast cancer signatures

Proteomics generated data should always be validated. Often, western blots are
used, however such analysis may be less quantitative, less specific, and therefore
less informative (Mann, 2008). Performing GPS with SRM quantification on a new
set of independent samples offers a far more attractive alternative, but was beyond
the scope of this first GPS clinical application study. As an initial validation of our
findings, we took advantage of using large publicly available gene expression data
sets (Ringner et al., 2011). When analyzing all three signatures, i.e. for the histologic
grade, ER-status, and HER2, high agreement between mRNA and protein was seen
for a majority of the analytes. The large cohorts of independent breast tumor
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samples present in the transcript profiling database (total 1881 samples, whereby
1411 samples defined with histologic grade) very clearly supported the data and
trends observed in Paper IV. It is worth mentioning that some analytes did not
correlate, like serum amyloid P-component with observed down-regulation at the
protein level in the most advanced tumor grade but no differential mRNA
expression in the database. Nevertheless, the general agreement between protein
data (for all three signatures) and the mRNA for most of the analytes was striking.

In conclusion, we have successfully used our GPS platform for generating valuable
information associated to breast cancer biology and a molecular signature reflecting
tumor cell progression was established. Clearly, the entire tumor micro-environment
provides highly valuable information. Several of the reported proteins have a
potential for improving prognosis and even therapeutic planning. Some of the
proteins, like CDKL1, could also be highly relevant as novel potential therapeutic
targets for breast cancer patients (Johnson et al., 2011). The greatest challenge in
developing clinically valid signatures to be used for breast cancer diagnosis,
prognosis, and prediction of treatment responses will be related to the heterogeneity
of breast cancer. Since, what is actually a fully true tumor signature and what cells /
genomes / proteomes should it be based on? In a recent proteomics study by Kang et
al focused on the interface zone, the region between an invading tumor front and
normal tissue, reported a unique molecular profile potentially related to progression
and metastasis (Kang et al., 2010). The optimal future diagnostic sample format
would clearly be plasma, but when it comes to discovery profiling efforts tissues
will continue to provide many novel insights into tumor progression.
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6. Concluding remarks

During the last decade, the possibilities of performing global analyses of entire
genomes and associated mRNA transcripts have become a reality and many of these
tools are today fully mature and offer highly consistent and sensitive analysis of
large cohorts of samples. Unfortunately, the same statement cannot be made for the
field of proteomics, where there still exists a need for further methodological,
technological, bioinformatics, and standardization advancements. Hundreds of
millions of dollars have already been spent on proteomics research in hope of
generating potential new biomarkers and drug targets, but so far the outcome, i.e.
fully validated disease specific markers, has been very limited (Anderson, 2010;
Whiteaker et al., 2011a). This large gap between candidate biomarker proteomics
and clinical biomarker output has partly been attributed to technical barriers. Hence,
what has been explored so far is to some extent just the tip of the iceberg and the
human proteome(s) are clearly much more complex.

The aim of this thesis was to develop a novel and sensitive proteomic methodology.
By combining some of the most attractive features of affinity proteomics and mass
spectrometry, | have in this thesis demonstrated proof-of-concept, developments,
and biological applications of our proteomic discovery methodology entitled GPS.
The data presented herein demonstrate a semi-high-throughput bead-based
immunoaffinity assay offering high reproducibility, sensitivity and gquantitative
capability transforming affinity proteomics into a global discovery engine. The
sensitivity was demonstrated when peptides, originating from proteins present in a
range of abundance values spanning over a million down to less than 50 copies per
cell, could be identified and quantified in the yeast proteome. In addition, valuable
information regarding binder characteristics and peptide properties was discovered.
This information will be valuable in future design of selection peptides and binder
generation efforts.

The applicability of our peptide immunoaffinity-based MS workflow was
demonstrated in two proteome profiling studies and we report a number of highly
interesting proteins particularly in the breast cancer study. To the best of our
knowledge, our breast cancer study is one of few large scale crude tissue proteome
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profiling efforts succeeding in measuring a number of expected low abundant
proteins without using laborious sample preparation, fractionation strategies, and
long instrument times. Even more importantly, several highly relevant cancer
associated proteins were identified discriminating between the histologic grades. We
could thereby potentially establish a link between a molecular signature and tumor
cell progression. These findings are going to be of great importance not only for a
deeper understanding of tumor biology, but also in directing the development of
therapeutic targets and future diagnostics. Although it is too early to know if any of
the identified proteins will be of clinical value, or as in the case of the yeast,
industrial value, we believe these initial findings are promising and the data will be
validated in independent samples.

Taken together, the GPS-platform displays several attractive features, for both
focused and global discovery proteome analyses, and can be used in a specie
independent manner enabling rapid and sensitive analyses of a relatively large set of
proteins and samples. This was particularly demonstrated in Paper 11 and IV, where
a very limited set of binders and minimal instrumentation time successfully enabled
relatively deep proteomic insights in many samples. The methodology can either be
used alone or work in concert with other existing methodologies in the current
proteomic research and diagnostic field (see Figure 4). In addition, the platform will
in the near future be expanded with a number of additional binder reagents, thus
raising the potential and profiling capabilities of the GPS assay even further.
Furthermore, it can be envisioned that GPS has the potential for being introduced
and fine-tuned in clinical settings by using a SRM-based readout for targeted sets of
proteins.

The complex battle against cancer and, in particular, breast cancer will continue for
many years to come, but hopefully some of our identified differentially expressed
proteins may shed some new light. Future research will be needed in order to fully
determine the functional roles, potential diagnostic value and potential therapeutic
targeted value several of these cancer associated molecules may have. | generally
believe there still is a chance for many proteomic generated biomarker success
stories but it remains to be seen if any of the reported candidates will fulfill
requirements and make it into the clinical arena.
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Discovery profiling
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Cells Discovery panel of antibodies Diagnosis
Tissues Prognasis
Plasma Therapeutic targets
Targeted panel of
antibodies “-

GPS-SRM assay
Targeted profiling

Conventional assay
Targeted profiling
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Figure 4. Possible GPS workflows and clinical applications. The GPS methodology is suitable both for
discovery efforts and more targeted analysis. One attractive workflow would be to first perform a
discovery study and when a set of key targets has been identified, transfer profiling efforts into a GPS-
SRM assay for validation and as a clinical assay. The outcome from a discovery effort might naturally
also be implemented into the clinic using conventional assay setups. However, one of the advantages of
the GPS-SRM setup would be the minimal need for extensive new assay development, since the same
CIMS-binding reagents and sample format could be used. It could also be envisioned that biomarker
signatures adopted for conventional assays or GPS-SRM assays will complement or in the long term run
outcompete current IHC analysis.

In order to fully understand a certain phenotype a genomic, proteomic or
metabolomic view alone is often not sufficient. However, now when more and more
high-performing omics-approaches become available, these methods might finally
together enable increased understanding of complex biological systems, like breast
cancer. Let’s hope that current and future proteomic molecular profiling efforts can
finally pave the way for unique disease associated classification signatures,
therapeutic targets and personalized treatment of patients. This would then fulfill the
hopes and goals that the proteomics community, to some extent so far, have failed to
deliver back to the patients.
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Populérvetenskaplig sammanfattning

En av de stora vetenskapliga bedrifterna hittills under 2000-talet &r onekligen att
man efter manga ars arbete for forsta gangen lyckades kartlagga (sekvensera)
samtliga manskliga gener. Det ménskliga DNA:t &r lokaliserat till cellk&rnan och i
princip s& kan man likna en cellkdrna med ett kontrollrum fyllt av manualer (DNA)
som talar om cellens sammansattning och hur dess maskineri ska byggas ihop. Trots
att det gatt mer an 10 ar sen det forsta humana genomet kartlades ar majoriteten av
genernas funktioner fortfarande okanda. For att fa en ckad forstaelse maste
parallella studier pa genprodukterna dvs. proteinerna goras. Beroende pa typen av
inkommande signaler till cellkdrnan kommer namligen olika manualer (gener) bérja
lasas av vilket leder till att s.k. budbdrarmolekyler (MRNA) tillverkas och dessa
molekyler transporteras i sin tur ut fran cellkarnan till specifika stallen i cellen dar
de kan uttrycka sitt budskap, dvs. budskapet kodas av, och ett specifikt protein kan
bildas. Proteiner & de molekyler som aktivt utfor cellens dénskade order/funktioner
och uppskattningsvis sa finns det ver 20 000 olika humana proteiner. | en mansklig
cell antar proteinerna en méangd olika former och denna enorma komplexitet stéller
darmed mycket stora krav pa de analysverktyg som behdver anvandas for att studera
ett helt proteom dvs. alla protein som finns i en viss celltyp vid en viss tidpunkt.
Eftersom de flesta lakemedel ar riktade mot proteiner samt det faktum att manga av
nuvarande diagnostiska tester for en manniskas olika sjukdomstillstand &r baserade
pa protein-analyser gér sammantaget att behovet av nya metoder for heltackande
proteomanalyser ar mycket stort. Nyttan av att snabbt och pélitligt kunna studera sa
manga olika proteiner som majligt i t.ex. ett tumdrvavnadsprov eller blodprov
kommer bli mycket central inom den framtida medicinska diagnostiken. Sadana
proteinanalyser kommer kunna ge en betydligt mer komplett bild av den specifike
individens tillstand vilket kommer magjligéra en mer individanpassad skraddarsydd
behandling dvs. val av korrekt behandling for att uppnd maximal effekt och
minimalt lidande.

I min avhandling som bygger pad fyra vetenskapliga arbeten beskrivs grunden,
utvecklandet och de forsta stegen for anvandandet av en ny metodik for
proteomanalyser. Malet var att utveckla ett analysverktyg dar stora delar av
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proteomet skulle kunna analyseras med hjdlp av s.k. affinitets-proteomik och
masspektrometri. Detta i hopp om att mojliggdra enklare, snabbare, ké&nsligare och
forhoppningsvis i slutdndan heltdckande analyser for att t.ex. kunna identifiera nya
sjukdomsassocierade proteiner. Den utvecklade metodiken kallar vi Global
Proteome Survey (GPS) och i de presenterade manuskripten visas hur metoden
fungerar i sin helhet for analys av biologiska prover. Manga av de tidigare
discovery-analysverktygen har ofta varit begransade till att studera proteiner som
aterfinns i hogre koncentrationer i en cell vilket medfor att man missar méjligheten
att mata betydligt ovanligare men minst lika viktiga proteiner (ndlen i hostack
fenomenet). For att kunna méta laguttryckta proteiner har man ofta fatt anvéanda sig
av antikroppar (bindar-molekyler) som kan fanga de aktuella proteinerna. Men detta
har i sin tur gjort att man varit tvungen att bestdamma sig (val av antikroppar) redan
innan experimenten gjorts exakt for vilka protein man ska analysera vilket givetvis
begransat mdjligheterna for att upptdcka helt nya oka&nda sjukdomsassocierade
proteiner. GPS metodiken l6ser detta och dppnar upp for globala analyser genom att
anvanda sig av en unik variant av antikroppar som kan fanga korta terminala
aminosyrasekvenser (motif) hos olika peptider. Dessa unika bindarmolekyler har vi
dopt till CIMS-bindare (eng. Context Independent Motif Specific). Proteiner kan
ndmligen klippas upp i mindre fragment s.k. peptider genom att exponeras for
specifika enzymer (t.ex. trypsin) som klipper alla protein i mindre bestandsdelar
(peptider) vid specifika positioner. Dessa peptider kan vi sedan fanga med véra
CIMS-bindare och dérefter detektera och kvantifiera med hjélp av en
masspektrometer dvs. ett instrument som kan méta molekylers massa med extremt
h6ég noggrannhet. Man bérjar mata massan for hela peptiden (intakt) och darefter
aven olika fragment som uppkommer fran peptiden i instrumentet. Genom att tolka
alla de uppkomna fragmentens massor kan man bestdmma hela peptidens
aminosyrasammanséttning (sekvensordning) och med lite tur och i kombination med
avancerade databassckningar spara fran vilket protein som peptiden ursprungligen
kom ifrdn. Databaserna man anvander sig av for att soka i har kunnat byggas upp
tack vare att det méanskliga genomet blev kant vilket visar pd den stora betydelse
sekvenseringen av genomet har och kommer fortsatta ha manga ar framover.

For att pdvisa GPS styrka i form av enkelhet, robusthet och kanslighet studerades
initialt protein extrakt fran flera olika organismer (muslever, tarmvavnad fran
manniska, samt jastceller) och vi kan nu med sékerhet sdga att metodiken kommer
att kunna fungera pa i princip vilken typ av organism som helst (levande pa var
planet). | borjan lades fokus pa att studera ett enkelt system dvs. jast som odlades i
narvaro av glukos eller etanol. Tydliga skillnader fér manga nyckel-proteiner
detekterades. Dessutom pavisades metodens analyskanslighet genom framgangsrik
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detektion av proteiner uppskattade till att finnas i mindre an 50 kopior per jastcell. |
hopp om att kunna forfina och forbéttra bindarmolekylerna och utveckla GPS
metodiken vytterligare gjordes sedan studier pa flera bindarmolekyler samt
strukturella datamodellerings-studier av bade bindarmolekyler och de fangade
peptiderna. Resultatet av dessa modelleringsstudier gjorde att vi till viss del kan
forklara varfor vissa peptider fangades av vissa CIMS-molekyler och denna
information kommer nu kunna anvéndas for att generera nésta generation av nya
CIMS-bindarmolekyler.

Slutligen s& applicerades den utvecklade GPS metodiken for analys pé& brostcancer
tumorer. Brostcancer dr den absolut vanligaste cancertypen hos kvinnor och det &r
idag erkant att det &r en mycket heterogen och komplicerad cancer form. Desto
tidigare diagnos stélls och val av korrekt terapi gors okar drastiskt pa chanserna for
overlevnad. Tyvarr sa ar en del av de nuvarande traditionella metoderna otillrackliga
och lakarna behéver fa tillgang till nya kraftigare analysverktyg som kan vagleda
dem battre i val av diagnos och behandling. Genom att anvanda GPS teknologin pa
Over 50 olika patient-tumor prover (fordelade i tre olika grupper (grader) av
tumorer) kunde vi jamfora mer &n 1300 olika proteiner mellan samtliga prover.
Unika protein signaturer (differentiellt uttryckta proteiner) mellan den lindrigaste
(grad 1) samt svaraste (grad I11) av tumor-typerna kunde tydligt pavisas. Proteiner
med bade kinda och delvis okanda funktioner identifierades och mycket intressanta
monster observerades och sammantaget gav detta en tydlig indikation pa ett antal
proteiner viktiga for tumdrernas progression. Det finns en stor potential for att flera
av dessa proteiner kan ev. kunna komma anvandas som biomarkorer och med
fordjupade studier kan vissa t.0.m. kanske fungera som attraktiva malmolekyler for
framtida lakemedel.

Sammanfattningsvis kan man sdga att grunden och de initiala stegen for GPS
metodiken och dess breda anvandningsomraden och styrka har pévisats i denna
avhandling. Utvecklandet av tekniken kommer fortsatta genom genererande av fler
bindarmolekyler samt forfinade masspektrometri instrument och data analyser.
Forhoppningsvis kommer denna metodik utgora en av flera hornstenar for bade
breda och fokuserade proteinanalyser under manga ar framat.
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