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ABSTRACT

To improve cancer treatment, biomarkers for diagnostics and therapeutic guidance are
desperately needed. Mass spectrometry (MS) based proteomics is one of the most
promising methods for biomarker discovery. Clinical materials such as blood and
tumor tissue provide an excellent starting material for biomarker discovery studies.
However, at present, there are several analytical challenges related to biomarker
discovery from clinical materials using mass spectrometry.

In this thesis several methodological aspects in mass spectrometry based biomarker
discovery workflows are optimized, including sample preparation, sample
prefractionation and data management.

In paper | an analytical workflow for SELDI-TOF MS of acute myeloid leukemia
(AML) cells is presented including sample selection, experimental optimization,
repeatability estimation, data preprocessing, data fusion, and feature selection. The
study illustrates the benefit of combining the information from several data analysis
methods when dealing with complex data from global proteomics analysis.

Papers 11, 111 and 1V, deals with analytical challenges when performing biomarker
discovery studies using plasma as a starting material. The studies highlight the benefit
of prefractionation on the analytical depth and in addition show the importance of
identifying a large number of proteins to reach low abundant tissue leakage proteins.
Paper IV shows the added value of combining high abundant protein depletion and
narrow range peptide isoelectric focusing for plasma biomarker discovery studies.

In paper 1V, pleural effusion, a proximal fluid in lung cancer, is collected and prepared
according to the same protocol as plasma; an approach that previously has not been
described. The potential of using pleural effusion as discovery material is also shown.
Paper V describes a protocol for removal of blood contamination and enrichment of
tumor cells from lung cancer tumor tissue. By removal of blood and stromal
contaminants, twice as many proteins could be identified from lung cancer tissue, as
compared with direct lysis of fresh frozen tissue.

In general this thesis highlights the importance of experimental design and optimization
prior to performing biomarker discovery experiments from clinical materials, especially
as clinical materials usually are limited both in amounts and numbers and the sample
sets contains a high inherent variability.
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LIST OF ABBREVIATIONS

2DE Two dimensional gel electrophoresis

AML Acute myeloid leukemia

CR Complete remission

CSF Cerebrospinal fluid

Ccv Coefficient of variation

DNA Deoxyribonucleic acid

EDTA Ethylenediaminetetraacetic acid

ELISA Enzyme-linked immunosorbent assay

ESI Electrospray ionization

ETS Enriched tumorcell suspension

FDA Food and drug administration

FF Fresh frozen

FFE Free flow electrophoresis

FFPE Formalin fixed paraffin embedded

FTICR Fourier transform ion cyclotron resonance

GO Gene ontology

HPPP Human plasma proteome project

HUPO Human proteome organization

ICAT Isotope-coded affinity tags

IEF Isoelectric focusing

IHC Immunohisto chemistry

IPG Immobilized pH gradient

ITRAQ Isobaric tag for relative and absolute quantification
LC Liquid chromatography

m/z Mass to charge ratio

MALDI Matrix assisted laser desorption ionization

MARS Multiple affinity removal system

MS Mass spectrometry

MudPIT Multidimensional protein identification technology
PSA Prostate specific antigen

Q Quadropole

RNA Ribonucleic acid

RP Reversed phase

SCX Strong cation exchange

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis
SELDI Surface enhanced lased desorption ionization
SILAC Stable isotope labeling with amino acids in cell culture
SOP Standard operating procedure

SRM Selected reaction monitoring

TOF Time-of-flight



1 BACKGROUND

1.1 PROTEOMICS

The sequence of the human genome was published in 2001 [1, 2] and is now believed
to contain about 20 000 genes [3, 4]. Somewhat simplified, the genes are similar to
the ingredients in a recipe. The combination of different genes makes up an
individual’s genotype, or the recipe itself. A phenotype on the other hand describes
the observable features of an individual, such as morphology, size, physiology and
behavior. Much like the genes make up the genotype, the proteins make up a large
portion of the phenotype. The word protein comes from the Greek word ‘prota’,
meaning ‘of primary importance’.

In analogy to the human genome there is also a corresponding human proteome. The
term ‘proteome’ was first introduced by Marc Wilkins in 1994 and was subsequently
published in 1995 [5]. Wilkins used it to describe the entire protein complement of a
genome, a cell, a tissue or an organism. As of today the entire human proteome has
not been mapped, but it has been estimated that a single human cell contains on
average 100 000 proteins [6].

In the so called post-genome era several different —omics techniques have emerged,
aiming at studying entire —omes, rather than one molecule at the time. Depending on
what types of molecules are studied, different —omics fields have been defined;
proteomics  (proteome/proteins), genomics  (genome/genes),  metabolomics
(metabolome/metabolites), lipidomics (lipidome/lipids) etc.

There are several conceptual differences when studying the human proteome as
compared with the human genome and they all comprise analytical challenges in
proteomics.

First, there is not a one to one relationship between the number of genes and the
number of proteins, as proteins come in different splice variants and in addition
undergo post-translational modification, where sugars, phosphates and other
molecules are added to the protein structure [7].

Second, not all proteins are present in all cells, and further, there is also a large
difference in protein abundance, spanning over up to ten orders of magnitude in
human plasma [8]. This is of particular importance for the analysis of proteins contra
genes as there is no amplification technique available for proteins, as polymerase
chain reaction (PCR) is available for amplification of gene materials.

Third, proteins are chemically more heterogeneous and diverse as a group than DNA
and RNA. Proteins differ largely in solubility, stability, size and pl.

Taken together, these challenges often cause a biased discovery of high abundant and
easily observed proteins in proteomics experiments. At present only one organism’s
proteome has been almost completely sequenced; yeast [9]. A human proteome
detection and quantitation project is currently being discussed [10].

In proteomics, two-dimensional gel electrophoresis (2DE) together with mass
spectrometry has traditionally been the most common combination of analytical
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techniques. Using 2DE proteins are separated in two dimensions based on pl and size.
The gel is subsequently stained and protein spots of interest are identified using mass
spectrometry. There are several good reviews that cover the 2DE technology and its
use in proteomics [11-13].

Affinity based proteomics methods are also widely used, either by antibody arrays,
where hundreds of antibodies can be immobilized on a slide and used as a
multiplexed enzyme linked immunosorbent assays (ELISA), or reversed phase arrays
were the samples (fluid, cells or cell lysates) are immobilized and the antibody is
subsequently applied, or by tissue microarray, which enables parallel analysis of
hundreds of formalin fixed paraffin embedded (FFPE) samples [14-19]. Affinity
based methods also include the study of protein-protein-interactions, or interactomes
[6, 20].

Recently, mass spectrometry based workflows have become increasingly common,
much due to advances in mass spectrometry technologies, and the possibility to a
higher level of automation. Mass spectrometry based proteomics technologies are at
present used to study protein identification, modification, quantification and
localization (imaging).

1.2 MASS SPECTROMETRY

Mass spectrometry has become the number one analytical tool in many proteomics
studies. In brief, a mass spectrometer separates ions in the gas phase based on their
mass to charge ratio (m/z). Any mass spectrometer is essentially build up by three
major parts; an ion source, a mass analyzer and a detector (fig 1).

lon source
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Figure 1) Schematic overview of a mass spectrometer

In the ion source the analytes are ionized and brought into the gas phase. In proteomics
the most frequently used ion sources are either electrospray ionization (ESI) [21, 22] or
matrix assisted laser desorption ionization (MALDI) [23, 24]. ESI ionizes the analytes
from a solution and is therefore easily coupled on line to liquid chromatography (LC).
In MALDI the sample co-crystallizes with a matrix and is subsequently pulsed with a
laser, which ionizes and vaporizes the analytes.



Once in the gas phase the analytes are separated based on their m/z in the mass
analyzer. Quadropole (Q), Quadropole lon trap (IT), Time of Flight (TOF), Fourier
Transform lon Cyclotron Resonance (FTICR) and Orbitrap mass analyzers can all be
used together with both MALDI and ESI ion sources and will be briefly described
below.

The quadropole analyzer works much like a mass filter, where only a single
mass/charge ratio is passed through the system at any time. The mass selectivity is
created by the use of oscillating electrical fields, which stabilize or destabilize the paths
of ions. To scan a wide mass range the oscillating electrical fields can be changed
rapidly [25-27].

In the quadropole ion trap analyzers the ions are introduced to the mass analyzer in a
pulsing mode, as opposed to normal quadrupoles in which ions continually enter the
mass analyzer [25]. In the ion trap ions that enter the mass analyzer are detained or
trapped. In essence, an ion will be stably trapped depending on the mass/charge ratio. A
linear quadrupole ion trap (LTQ) is similar to a quadrupole ion trap, but it has an
extended volume in the ion trap to increase the sensitivity.

The time of flight mass analyzers measures the time it takes for the ions to travel
through a flight tube. The velocity of the ions is proportional to the mass, where small
molecules travel faster [26, 28]. An electric field is used to accelerate the ions into the
free flight zone in the flight tube.

The fourier transform ion cyclotron resonance analyzer measures mass by detecting the
image current produced by ions cyclotroning in a magnetic field[29]. The ions which
are affected by a magnetic field move at a given cyclotron frequency depending on
their m/z and this is subsequently measured. By using Fourier transformation the
frequency is converted to a mass to charge value.

The Orbitrap mass analyzer is very similar to a FTICR analyzer, but is non-magnetic
and utilizes an electrostatic field instead of a magnetic field to separate the masses [30-
33]. The Orbitraps that are commercially available are LTQ-Orbitraps, thereby
combining the benefits of an LTQ instrument (speed, large trapping capacity, MS"
capability and versatility) with the benefits of an FTICR instrument (high mass
accuracy, high resolving power, high sensitivity and high dynamic range). In addition it
is more compact, less costly and easier to maintain than a LTQ-FTICR instrument [34].
The Orbitrap therefore gained much attention in the proteomics field when it was
introduced in 2005 [35].

Once separated by m/z, the ions hit the detector and it registers the number of ions at
any given m/z value. Most commonly microchannel plate detectors are used. In FTICR
and Orbitrap mass spectrometers, the detector consists of a pair of metal surfaces,
which the ions pass near when oscillating in the mass analyzer. Common for all
detectors, the signal is converted to a mass spectrum with m/z on the x-axis and ion
count/intensity on the y-axis.
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There are basically two conceptually different workflows in mass spectrometry based
proteomics, top-down proteomics and bottom-up proteomics. The concept of top-down
and bottom-up approaches is traditionally used in software design and are basically two
strategies for information processing. Simplified, in a top-down approach one starts
from an overview and then go into details, and in a bottom-up approach one starts with
the details and from then build up the overview.

Top-down Bottom-up

Proteins

Peptides

Figure 2. Conceptual overview of top-down and bottom-up strategies in proteomics.



1.3 TOP-DOWN PROTEOMICS
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Figure 3. Schematic overview of mass spectrometry based top-down proteomics

In top-down proteomics approaches intact protein samples are analyzed directly either
through classical two-dimensional electrophoresis, by antibody based methods such as
antibody arrays, or by mass spectrometry. In mass spectrometry based top-down
proteomics MALDI-TOF MS or SELDI-TOF MS (surface enhanced laser desorption
ionization) are the most widely used technical platforms.

In top-down SELDI-TOF or MALDI-TOF analyses, the mass spectrum gives no
information about the identity of the proteins, but only the relative abundance of
different masses. The protein abundance pattern or protein profile is then analyzed and
selected masses of interest can be purified and identified. There are also mass
spectrometry based top-down approaches were intact proteins are subjected
fragmentation and the identities of the individual proteins are obtained [36, 37],
however as these techniques are rarely applied to large-scale proteome wide analysis,
they will not be discussed here.

In MALDI-TOF profiling the sample can be directly applied to a MALDI target and the
protein or peptide pattern can be used to distinguish between different biological states
[38]. Another MALDI based top-down approach is MALDI imaging, where tissue
slides are covered with matrix and analyzed directly in the mass spectrometer. This
approach gives a unique spatial information about masses, which can be either protein
or peptides or drug molecules [39-42].

SELDI-TOF MS is a chip based MALDI technique where the sample is analyzed
directly on a selective solid-phase affinity surface [43]. Chromatographic surfaces like
hydrophobic/reversed phase, anionic exchange, cationic exchange, hydrophilic/normal
phase, or metal ion affinity are most commonly used, but more specific biological
molecules can also be coupled to the surface. Paper I in this thesis is an example of a
SELDI-TOF top-down proteomics study, where protein lysates from cells from patients
diagnosed with acute myeloid leukemia are analyzed with SELDI-TOF-MS to detect
prognostic markers.



1.4 BOTTOM-UP PROTEOMICS
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Figure 4. Schematic overview of bottom-up proteomics

The bottom-up approach has become the far most common workflow in mass
spectrometry based proteomics during the last few years. Also known as shotgun
proteomics (in analogy to shotgun sequencing in genomics), this approach is based on
enzymatic cleavage of proteins into peptides, most usually by trypsin. The enzymatic
cleavage is performed to facilitate ionization and fragmentation and subsequent
identification of the proteins.

To reduce the complexity of the peptide mixture the peptides are subjected to
chromatographic separation prior to mass spectrometry analysis. Reversed phase
separations dominate the setups, as the reversed phase mobile phase is compatible with
ESI and MALDI ionization, thereby enabling direct coupling up front to the mass
spectrometer. The peptides are then analyzed by tandem mass spectrometry, where the
peptide sequences are determined. In brief the peptides are separated according to mass,
partially fragmented into amino acids and the fragment spectra together with the
precursor mass is then used to determine the amino acid sequence of each peptide. The
identified peptides are then searched against protein sequence data bases to match the
peptide sequences with known protein sequences. A selection of commonly used
tandem mass spectrometry set-ups in proteomics are reviewed in [44].

The bottom-up proteomics approach is commonly used together with a wide range of
samples, up front separation techniques, and downstream data analysis tools. In this
thesis, several different bottom-up approaches are used (paper 11, 1V and V) where the
common denominator is that proteins are digested with trypsin and then separated off-
line, using reversed phase chromatography, before identification of the peptides using
MALDI-TOF/TOF mass spectrometry.



1.5 PREFRACTIONATION

Technical differences between individual mass spectrometers related to sensitivity and
mass accuracy greatly influence the performance of proteomics analyses.

In addition, the level of sample complexity influences the performance of the mass
spectrometry analysis. High sample complexity in proteomics samples is characterized
by large number of chemically diverse analytes and a high dynamic range of
concentrations. These sample characteristics are of analytical importance as they are
influenced by technical limitations in mass spectrometry.

For example, dependent on chemical characteristics, all analytes do not have the same
ionization properties and therefore, in a complex sample, it is difficult to obtain optimal
ionization for all analytes. In addition, the ionization process is competitive, which is
important especially when analyzing a large number of analytes with high dynamic
range of concentrations. In tandem mass spectrometry, the fragmentation efficiency is
also different between various analytes. Last, mass spectrometers have limited dynamic
range of detection (usually between three to four orders of magnitude), thereby limiting
the sensitivity and the quantification of the analysis of complex samples.

To overcome these analytical challenges the most common approach is to reduce the
sample complexity by prefractionation. As most mass spectrometers are coupled to a
liqguid chromatography system, either online (directly coupled) in ESI mass
spectrometry (LC-MS) or offline in MALDI (LC-MALDI) there is already one inherent
chromatographic fractionation step of the sample, hence the term prefractionation;
prior to LC-MS. Prefractionation can be performed either on a protein level or on a
peptide level or using a combination of the two, and a selection of common methods
will be briefly presented below.

1.5.1 Protein level

Protein pre-fraction can be performed both prior to top-down and bottom-up
proteomics analyses.

Classical liquid chromatography methods such as reversed phase, ion-exchange as well
as size exclusion have all been used to separate proteins based on their physio-chemical
properties prior to mass spectrometry [45-47].

Affinity based prefractionation aims at enriching specific sub-groups of proteins of
interest such as glycosylated proteins [48, 49] or specific interaction partners [50, 51] or
to remove less interesting proteins, using for example antibody based high abundant
protein depletion to remove high abundant proteins from plasma [52, 53].

Separating proteins by their pl, as conducted in the first dimension in 2DE, can also be
performed prior to mass spectrometry analysis, but then preferably in solution using for
example the OFFGEL system [54], free-flow electrophoresis (FFE) [55] or the rotofor
[56].

Similarly, the second dimension in 2DE, SDS-PAGE, has also been use as a
prefractionation strategy, separating proteins based on their size [57].



1.5.2 Peptide level

In bottom-up approaches the sample complexity is increased by enzymatic cleavage,
therefore prefractionation on the peptide level is particularly valuable.

One of the most frequently used set-ups in shot-gun proteomics is a two-dimensional
orthogonal peptide separation combining strong anion exchange (SCX) and reversed
phase (RP). Denoted MudPIT (multidimensional protein identification technology) this
method was first described by Yates et al. [58, 59].

As in prefractionation on the protein level, affinity enrichment can also be applied on
the peptide level to enrich for sub-groups of interest. This can be performed to enrich
for peptides containing post-translational modifications, for example using metal ion
affinity [60-63] and antibodies [64-66] to enrich for phosphorylated peptides, or using
lectin affinity [67] and hydrazide chemistry [49] to enrich for glycosylated peptides.
Recently a novel peptide affinity method was described using group-specific anti-
peptide antibodies. The Triple-X proteomics antibodies can be designed to enrich for
various classes of peptides with identical terminus [68, 69].

Isoelectric focusing on the peptide level has been applied to proteomics using both gel-
based sytems [70-75] and in-solution systems such as FFE[55] and OFFGEL[76].
Narrow range peptide isoelectric focusing is one of the core techniques used in this
thesis and is discussed in more detail under the materials and methods section.



1.6 QUANTIFICATION AND DATA ANALYSIS

To be able to measure quantitative differences in protein abundance by mass
spectrometry several quantification methods have been developed. In global protein
analysis these quantification methods are, in general, relative - comparing the
individual proteins or peptides between the experiments, rather than giving an exact
concentration of the protein. There are, however, targeted mass spectrometry methods
for absolute quantification of proteins, such as selected reaction monitoring (SRM),
which is discussed in more detail in section 1.7.1.

In global protein analysis there are two principally different approaches for
quantification; label free quantification and quantification using isotopic labels.
Quantitative global mass spectrometry analyses generate extremely large datasets,
making manual interpretation of the data nearly impossible. Instead, most data analysis
steps, from peak detection in individual mass spectrum, to identification, quantification,
and statistical and biological interpretation of the data involve computational data
analysis tools. Computational proteomics is an area within proteomics which blends
mathematical, computational and statistical algorithms to address key issues related to
protein identification and quantification from raw mass spectrometry data. This is a
large field within proteomics which is not in the scope of this thesis, however, some
basic data analysis concepts of importance for this thesis will be introduced below. For
recent reviews on bioinformatics, computational proteomics and data analysis in mass
spectrometry based proteomics please see [77-79].

1.6.1 Quantification

In top-down proteomics approaches such as MALDI-TOF MS and SELDI-TOF MS
the quantification is usually label-free and based on direct comparison of peak
intensities (peak height) across spectra.

In bottom-up approaches label free quantification is slightly different as several
peptides per protein are identified and subsequently quantified. In addition, the LC step
usually involves individual peptides eluting over several mass scans/spectra. To be able
to capture as much of each m/z intensity signal as possible, the individual mass
spectrometric peak areas are usually integrated over the chromatographic time scale
and compared between samples, often by creating three dimensional maps with the
chromatographic time scale on the x-axis, the ion intensity on the y-axis and the m/z
values on the z-axis.

Another label-free quantification method for LC-MS/MS data is spectral counting,
where the number of times that peptides from a certain proteins are fragmented is used
as a proxy for the proteins abundance [80, 81].

Quantification using isotopic labeling can be divided into the following subgroups;
metabolic labeling, enzymatic labeling and chemical modification labeling. One
advantage with stable isotope labeling is that it enables pooling of samples, so that the
quantitative analysis is performed within one spectrum and not across spectra. In
addition, technical variability between samples is avoided by pooling and the number
of samples to be analyzed with mass spectrometry is reduced.



The most common metabolic labeling strategy is SILAC; stable isotope labeling by
amino acids in cell culture [82, 83]. In the SILAC workflow the cell medium contains
either non-labeled or isotopically labeled ‘heavy’ amino acids. Basically all amino
acids could be labeled, but the use of an essential amino acid, which does not
metabolize to a different amino acid, is most desirable in order to avoid a mixture of
labeled amino acid products. Cell medium containing normal amino acid is used as
control, and then the samples can be grown in medium containing for example °N,-
lysine (+2 Da), **N,-arginine (+4 Da), **Cg-">Ny-lysine (+8 Da) and **Cs-""N;-arginine
(+10 Da). Arginine and Lysine are isotopically labeled to make sure that all tryptic
peptides contain at least one labeled amino acid. The relative quantification is then
performed by comparing the intensity of the labeled and non-labeled peptides in the
MS spectrum.

The first chemical labeling technique for mass spectrometry based proteomics was
described in 1999 and denoted ICAT; isotope-coded affinity tag [84]. The ICAT tag is
covalently coupled to the cystein residues in the peptides. The ICAT tag contains either
zero, or eight, deuterium atoms as well as a biotin tag for the purification of the labeled
peptides. Cysteins are relatively rare in proteins, and therefore enriching for the labeled
peptides also comprise a reduction of the complexity in the samples. As in SILAC,
ICAT quantification is performed on the peptide level.

ITRAQ labeling (isobaric tags for relative and absolute quantification) is conceptually
different from SILAC and ICAT, as fragmented reporter ions from the tag are used for
quantification in MS/MS mode [85, 86]. As stated in the name, iITRAQ labels are
isobaric i.e. have the same mass, and in addition the same chromatographic properties.
The iITRAQ label is covalently bound to free amines in the peptides, which means that
every tryptic peptide will contain at least one label on the N-terminus of the peptide and
usually more as trypsin cleaves after lysine and arginine, which both contains free
amines. What distinguishes the individual tags are their fragmentation patterns in
MS/MS, giving rise to reporter ions of different masses that can be quantified in the
MS/MS spectrum. At present up to eight samples can be labeled and quantified in
parallel using the iTRAQ labels. For a more detailed description on iTRAQ labeling
see figure 6.

In addition to the labeling technologies described here there are also less frequently
used isotopic labeling methods available such as isotope coded proteomics labels
(ICPL) [87] and the 2-nitrobenzenesulfenyl (NBS) reagent [88].

In enzymatic labeling Glu-C or trypsin is used to incorporate **O during protein

digestion [89, 90]. However, as it is rare that all peptides are incorporated with *20, this
technique is usually not applied on large scale experiments.
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1.6.2 Biological interpretation

In mass spectrometry based proteomics the result of the analysis is often a long list of
identified and quantified proteins, by itself providing little insight into the biological
state investigated. To assist functional analysis and contextualization of the protein
catalogue several bioinformatics tools are available.

Gene ontology [91] is an annotation database, where standardized terms are grouped
under three main ontologies; cellular component, biological process and molecular
function. The ontology terms are assigned to individual proteins by collaboration with
numerous databases such as the FlyBase (Drosophila), the Saccharomyces Genome
Database (SGD) and the Mouse Genome Database (MGD). A complete list of the
databases is available on www.geneontology.org. The gene ontology annotation
database can easily be used to identify over and underrepresentation of terms. This is
used to obtain initial insights in the sample characteristics, for example regarding
sampling biases (such as underrepresentation of membrane proteins). Subgroups of
proteins that are differently expressed between samples are also commonly analyzed to
reveal functional clues about the system studied. Similarly, the KEGG pathway
database[92] can be used to look for over and underrepresentation of specific pathways.
As most proteins carry out their functions within a network of interactions, much effort
has been put in to describing and characterizing protein interaction networks [93-95].
Taking advantage of this knowledge on protein interaction networks and signaling
pathways, proteomics data can be used to pinpoint activation or de-activation of
specific signaling cascades.

There are numerous software tools available for functional analysis of proteomics data,
both commercial and academic. DAVID[96], PANTHER[97], ProteinCenter
(Proxeon), Biobase (Biobase International), Ingenuity pathway analysis (Ingenuity
systems), Pathway search engine (PSE) [98] and FunCoup [99] are all examples of
search tools that can be used to organize proteins into groups of molecular functions,
protein families, biological processes, and pathways to discover common threads
underlying the proteins of interest.
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1.7 BIOLOGICAL VALIDATION

Global protein analysis is labor intense and expensive and is therefore usually
selectively performed on a limited number of samples. Statistically this is problematic
as the number of variables by far exceeds the number of samples. This calls for
thorough validation of the results, both of the protein identification results and the
quantitative results. Changing technical platform, reducing the number of proteins to be
monitored and increasing the number of samples is desirable at this stage. Classical
molecular biology techniques such as western blot, immunohistochemistry and ELISA
as well as functional analyses like sSiRNA and over expression are all regularly used to
validate proteomics results. In addition, targeted proteomics technologies can be used
as high throughput validation tools.

1.7.1 Targeted proteomics techniques

Targeted proteomics techniques can be applied as validation techniques following
global proteomics analysis. These technologies can be either mass spectrometry based
or antibody based.

Quantitative analysis of peptides can be performed using selected reaction monitoring
(SRM) by triple quadropole mass spectrometry (Q-Q-Q). In peptide SRM selected
peptides are fragmented and specific fragments are used for quantification. In addition
to validating the identification, absolute quantification can be performed by SRM using
stable isotope standards [10, 100-102]. Up to 50 different proteins have been
successfully analyzed in parallel from plasma using peptide SRM [103].

Antibody based high-throughput methods are regularly used to validate proteomics
results. Tissue microarrays [104] provide a powerful technique to analyze paraffin
embedded samples in a high-throughput manner. By taking small core biopsies from
the donor blocks and inserting them into a common recipient block,
immunohistochemical (IHC) staining can be performed on hundreds of samples at the
same time. In addition to validating the identification and the quantification the tissue
samples also provide additional information on the cellular localization. Cell lysates
and biological fluids can also be analyzed in a high throughput manner using reversed
lysate arrays [105, 106] or antibody microarrays [107-109], where either the sample or
the antibodies are printed on glass slides. Quantification is usually performed with a
fluorescent labeled secondary antibody.
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1.8 CANCER PROTEOMICS

The transformation of a normal cell into a cancer cell is a multi-step process, which has
been described well in Hanahan and Weinbergs review from 2000 “Hallmarks of
cancer” [110]. Hanahan and Weinberg describe six types of genetic alterations essential
for development of malignant cancer cells; limitless replicative potential, sustained
angiogenesis, evasion of apoptosis, self-sufficiency in growth signals, insensitivity to
anti-growth signals and tissue invasion and metastasis. In most cases, cancer
development is a slow process and is governed under Darwinian rules of selection,
where cells with the capability to proliferate are continuously selected for [111]. Fewer
than 10% of all cancers are caused by Mendelian inheritance.

There are basically two different starting points when studying cancer using proteomics
methods; one, to gain novel insights into cancer biology and two, to try to identify
clinically useful biomarkers. Somewhat simplified, studies dealing with cancer biology
usually are performed in model systems, such as cell lines or animal models and
biomarker discovery studies often explore clinical materials such as blood or tumor
tissue.

In this thesis two different malignancies have been studied; acute myeloid leukemia
(AML) and lung cancer.

AML is the most common type of leukemia and is characterized by uncontrolled
growth of cells from the myeloid linage in the bone marrow. Approximately 300 new
cases of AML are diagnosed in Sweden per year, and most of the patients are around 60
years old. The patients are treated with chemotherapy and normally respond well to
initial treatment and go into a period of complete remission (CR). However, most
patients relaps and develop resistance to treatment. The five year survival in AML is
approximately 20%.

Lung cancer is the fourth most common cancer in Sweden and the most common cause
of cancer related death. Approximately 3000 new cases are diagnosed every year. Lung
cancer is divided into two subtypes; small cell lung cancer (SCLC) and non-small cell
lung cancer (NSCLC). NSCLC is the most common subtype and is further divided into
three histologies; squamous cell carcinoma, adenocarcinoma and large cell carcinoma.
The only curative treatment for lung cancer at present is surgery, and that can only be
performed at an early stage of the disease. Additional treatments include radiotherapy
and chemotherapy, but the 5-year survival remains low, below 15%.
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1.9 BIOMARKERS

As the focus of this thesis has been method development proteomics studies of clinical
materials, the concept of biomarkers is of importance, as biomarker discovery often is
the end goal when studying clinical materials. To begin with, biomarkers do not have to
be proteins. In a broad definition a biomarker could be any molecule, or even an image,
used as an indicator of a biological state.

Depending on the purpose of the biomarker there are a few different classes of
biomarkers; diagnostic markers are used to show presence of a disease, prognostic
markers on the other hand will tell something about a disease outcome, regardless and
independent of drug/therapy. Prognostic markers are often confused with predictive
markers, which can be used to tell how a patient will respond to a treatment. For
example, a diagnostic marker can be used to diagnose lung adenocarcinoma. A
prognostic marker will indicate that the patient has a good chance of surviving up to
three years after diagnosis. A predictive marker will in addition tell that the tumor will
not respond to a specific chemotherapeutic drug, but will respond well to radiotherapy.
This tailored treatment approach, where every patient will receive the most appropriate
medical treatment and the most fitting dosage and combination of drugs based on his or
her genetic make-up is called personalized medicine [112]. The use of biomarkers is
central in personalized medicine as they are needed for therapeutic guidance etc. The
concept of personalized medicine, together with technical advances in —omics
technologies, has lead to an increased interest in the scientific community for
biomarker discovery studies.

1.9.1 Biomarkers in cancer

In cancer therapy, personalized medicine is extremely relevant as population based
medicine has, in many cancer types, not been successful in curing cancer patients. At
present it is very difficult to predict who will respond well to what treatment, as tumors
commonly develop resistance to drugs and in addition many patients suffer from severe
treatment related side-effects. Besides therapy related markers, diagnostic markers are
also highly sought after in oncology, as early diagnosis almost inevitably improves the
prognosis.

At present only a limited number of biomarkers are approved for use in the clinic for
cancer diagnostics, prognostics and therapeutic guidance [113]. See table 1 for an
overview of FDA approved biomarkers in cancer.

14



Biomarker Type Source Cancer type |Clinical use

o-fetoprotein Glycoprotein  |Serum NST Staging

Human chorionic gonadotropin-f Glycoprotein  |Serum Testicular  |Staging

CA15-9 Carbohydrate |Serum Pancreatic [Monitoring

CA125 Glycoprotein  |Serum Ovarian Monitoring

Pap smear Cervical smear |Cervix Cervical Screening

CEA Protein Serum Colon Monitoring

Epidermal growth factor receptor Protein Colon Colon Selection of therapy

KIT Protein (IHC) |GIST GIST Diagnosis and selection of therapy
Thyroglobulin Protein Serum Thyroid Monitoring

PSA (total) Protein Serum Prostate Screening and monitoring

PSA (complex) Protein Serum Prostate Screening and monitoring

PSA (free PSA %) Protein Serum Prostate Benign prostate hyperplasia vs cancer diagnosis
CA15-3 Glycoprotein  |Serum Breast Monitoring

CA27-29 Glycoprotein  |Serum Breast Monitoring

Cytokeratins Protein (IHC) |Breast tumor |Breast Prognosis

Oestrogen- and progesterone-receptor |Protein (IHC) |Breast tumor |Breast Selection of hormonal therapy
HERZ/NEU Protein [IHC) |Breast tumor |Breast Prognosis and selection of therapy
HER2/NEU Protein Serum Breast Monitoring

HERZ/MEU DNA (FISH) Breast tumer |Breast Prognosis and selection of therapy
Chromosomes 3,7,9 and 17 DNA [FISH) Urine Bladder Screening and monitoring

NMP22 Protein Urine Bladder Screening and monitoring
Fibrin/FDP Protein Urine Bladder Monitoring

BTA Protein Urine Bladder Monitoring

High molecular weight CEA and mucin __ |Protein (IF) Urine Bladder Maonitoring

Table 1. FDA approved cancer biomarkers. Modified from [113] GIST=Gastro
Intestinal tumors, IHC= immunohistochemistry, IF= immunefluorescence, NST=
nonseminomatous testicular

Prostate specific antigen or PSA is probably one of the most well-known biomarkers
used in clinical practice today. Although widely used, it is a source of controversy
[114] and it illustrates some of the challenges when working with cancer biomarkers.
PSA is produced in the epithelial cells of the prostatic glands and is normally only
present in very low concentration the in blood stream. In cancer there is an augmented
leakage of PSA into the blood stream due to an increased number of epithelial cells, a
deficiency in the basal membrane, and because the cells lose their contact with the
excretory ducts [115]. A cut-off level of 4ng/ml of PSA in plasma is used to indicate
prostate cancer. This illustrates a problem from a biomarkers discovery point of view as
the normal total protein concentration in plasma is between 50-100 mg/mi[8] and most
proteomics technologies only span over three to four orders of magnitudes in
concentration range only reaching proteins in the low pg/ml range (figure 5).

In addition, PSA, as a biomarker, has both a limited sensitivity and specificity. It has
been shown that many men diagnosed with prostate cancer have a PSA value below
4ng/ml [116] illustrating the limitation in sensitivity.

The limitation in specificity has several reasons. First, there are several other non-
malignant prostate diseases that cause an increase in PSA, such as prostatitis and
benign prostatic hyperplasia [117]. Second, other tissues have also been shown to
express PSA [118] and PSA is also found among women [119].

Taken the complexity of cancer biology it might not be realistic to expect to find single
biomarkers with sufficient sensitivity and specificity, rather a panel of biomarkers
might be needed [120, 121]. In 2007 the MammaPrint was approved by the FDA as a
prognostic test, used to assess the risk of metastasis in breast cancer [122]. The test is
based on a 70 gene microarray and classifies analyzed tumors as low or high risk for
recurrence of the disease [123].
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1.10 CLINICAL MATERIALS IN CANCER

Clinical samples are commonly used as discovery materials in proteomics studies. The
study design of the proteomics experiment will be dictated by the type of material that
is investigated and at what time-point/-s the material is collected. The old saying
garbage in — garbage out is of particular relevance when studying clinical materials, as
the sources of variability is much larger among humans than in model systems such as
yeast, cell lines or animal models. Sample variability can be derived from several
characteristics such as sample heterogeneity, inter-individual variation, sample
handling, preparation differences, etc.

1.10.1 Tumor Tissue

Tumor tissue is an obvious source of biomarkers in cancer, but normal tissue is also of
importance, especially as negative control in discovery studies. Using tissue as a
starting point, both DNA, RNA and protein can be obtained from the same sample.
Tissue can either be obtained fresh, and subsequently frozen directly after a biopsy or
surgical resection, or can be fixed in formalin and embedded in paraffin, and stored in
pathology archives.

Biopsies have the advantage that they can be used to obtain both normal and tumor
tissue, as biopsies are used for diagnostic purposes. However, the sampling is invasive,
which means that repetitive sampling is rarely done and furthermore the amount of
material obtained is very limited.

Surgical samples contain much more material than biopsies, since surgery is usually
performed to radically remove the entire tumor. The tissue adjacent to the tumor can be
used as corresponding normal tissue, but it is likely that it is affected by the presence of
the tumor. Hence it is recommended to analyze normal tissue that is sampled as far as
possible from the resected tumor. Surgical sampling is most commonly only performed
once, and after time of diagnosis, which sets the limits as to which studies can be
conducted on the material.

To prepare fresh tissue for proteomics studies, the tissue is usually snap-frozen in liquid
nitrogen and homogenized by mechanical disruption (ultraturrax or dounce) [124-126]
or ultrasonic disruption [127, 128] prior to analysis. By doing this both tumor cells,
stromal cells and infiltrated inflammatory cells will be analyzed together. The
heterogeneous cell population is obviously a challenge as it can differ between samples,
but it is also well recognized that initiation and progression of cancer not only includes
the cancer cells, but also the surrounding microenvironment, highlighting the
importance to study the tissue as one entity [129].

Formalin fixed paraffin embedded (FFPE) tissue differs from fresh frozen samples as
they are chemically modified. The fixation induces protein, as well as nucleic acid,
crosslinkage which limits it’s applicability in mass spectrometry based studies.
However, there are several studies published on protein and nucleic acid analysis from
FFPE [130-132] and FFPE sections can also be analyzed directly by MALDI imaging,
where the section is applied to a MALDI target, coated with matrix and analyzed
directly in a top-down approach [133, 134].

As tissue sampling involves invasive procedures, it is common to do discovery in these
materials, where the concentration of the marker is potentially high, and then try to
develop a blood test for selected candidate markers.
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1.10.2 Tumor Cells

Tumor cells have the advantage that they comprise a more homogenous sample than
total tissue lysates. Tumor cells can either be obtained from non-solid tumors (e.g.
leukemia [135]), from fluids (e.g. blood [136], bronchoalveolar lavage [137], or fine
needle aspirates [138]) or prepared from tissue samples using laser micro dissection
[139]. As a rule, tumor cell suspensions contain less material than tissue preparations,
which could be a challenge, however the potential advantage would be that the markers
are enriched in this population of cells. In addition, a selected population of cells, for
example cancer stem cells, can be specifically enriched and targeted in the analysis.
Obtaining ‘normal’ cells is equally challenging as in tissue proteomics and similarly
repetitive sampling is rarely possible.

1.10.3 Plasma

Plasma is the liquid component of blood and makes up about 55% of the total blood
volume. Plasma contains mostly water (90%), but also proteins, glucose, metabolites
etc. Plasma is prepared from blood through centrifugation, where the cells are separated
from the fluid. If the tube contains anti-coagulants the fluid is defined as plasma, as
opposed to serum where the blood is allowed to coagulate and the clot is separated
together with the cells.

Plasma is an ideal source of biomarkers from a clinical point of view; the sampling in
minimally invasive, repetitive sampling is possible and the sampling is routinely
performed in the clinic. From a biological perspective plasma is also a promising
source of biomarkers at it is in contact with all organs and tissues, and therefore
potentially could contain trace markers from all biological processes in the body.

As plasma only contains very little DNA and RNA much hope has been put into
proteomics based discovery of clinically useful biomarkers from plasma.

In 2003 the human plasma proteome project (HPPP) was launched within the human
proteome organization (HUPO). HPPP had three major objectives; (1) comprehensive
analysis of the protein constituents of human plasma and serum; (2) identification of
physiological, pathological and pharmacological sources of variation within individuals
over time, leading to validated biomarkers; and (3) determination of variation across
individuals and across populations due to genetic, nutritional, lifestyle and other factors
[140, 141]. Despite major efforts, none of these goals have been reached. This is due to
several specific analytical challenges related to plasma biomarker discovery.

First, plasma has a very high dynamic range of protein concentrations, spanning over at
least 10 orders of magnitude [8]. This wide range of concentrations cannot be covered
by proteomics technologies, as touched upon in the introduction. However, this would
be of less importance if the potential markers where present in high concentrations.
This is not the case though, as the classical plasma proteins that exert their function in
plasma are highly abundant, in contrast to the low abundant tissue leakage markers that
could potentially be used as biomarkers (figure 5). Further, as the markers have no
function in plasma they are most likely present in plasma for a limited time-span,
before they are degraded.
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Figure 5. Plasma protein concentrations as depicted in[8]. The proteins are grouped
into three main categories; classical plasma proteins, tissue leakage products and
interleukins/cytokines. Red dots indicate proteins that have been identified by the
HUPO plasma proteome initiative[142] and yellow dots represent currently used

biomarkers. Picture adapted from[143] with permission from the publisher.

Taken together these analytical challenges have led to a shift where few discovery
studies are performed in plasma, instead discovery is performed in other materials with
potentially higher concentration of the marker, and then the validation phase is
performed in plasma [143, 144].
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1.10.4 Proximal fluids

Proximal fluids are a group of pathological and normal biological fluids that are found
in a limited space in the body. The potential advantage with proximal fluids is that they
are closer to the organ of interest, and therefore might contain a higher concentration of
the marker, which is of advantage in particular for discovery proteomics. Since the
marker is released into a fluid, the likelihood that it will end up in plasma might also be
higher. Proximal fluids include (among others); cerebrospinal fluid (CSF) — which
surrounds the central nervous system [145, 146], bile — which is produced in the liver
and stored in the gallbladder [147, 148], amniotic fluid - which fills the amniotic sack
in pregnant women [149, 150], saliva — which is present in the oral cavity [151, 152],
synovial fluid — which lubricates the joints [153, 154], tear fluid — which is excreted
from the eye [155, 156] and nipple aspirate fluid which is derived from the nipple [157,
158] or pathological fluids such as pleural effusion from the pleural cavity [159, 160].
A challenge with proximal fluids is that they are often similar to plasma regarding
protein content and the high dynamic range of protein concentrations.
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2 THE PRESENT STUDY

2.1 AIMS

The general aim of this thesis was to evaluate and optimize the different stages in mass
spectrometry based biomarker discovery from clinical material.

The specific aims were:

Paper I: To develop an analytical workflow for selection of candidate biomarkers from
SELDI-MS data.

Paper Il: To evaluate three protein prefractionation methods for mass spectrometry
based plasma proteomics.

Paper I11: To review and evaluate the analytical depth among affinity prefractionation
methods for mass spectrometry based plasma proteomics

Paper 1V: To explore the possibility of using narrow range iso-electric focusing as
prefractionation method of plasma and pleural effusion prior to mass spectrometry
based proteomics.

Paper V: To optimize a protocol for tumor cell enrichment for mass spectrometry
based proteomics.
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2.2 MATERIAL AND METHODS

The materials and methods used in paper 1-V are described in detail in each paper, and
will not be presented meticulously in this section. Instead methodological
considerations will be discussed, together with a brief presentation of the purpose of
using the method.

2.2.1 General description of the KBC biobank

At Karolinska Biomics Center (KBC) we are currently collecting several different types
of clinical materials, with a focus on samples related to lung cancer. The collections are
approved by the ethics committee at Karolinska Institutet and are being conducted
within the section for thoracic malignancies of the Karolinska University hospital
Biobank. All patients have signed an informed consent.

The plasma biobank was set up in 2004 and currently contains approximately 1600
samples. All patients that are assigned to bronchoscopy at the Outpatient division at the
department of Respiratory medicine and allergy at Karolinska University Hospital are
asked to donate blood and the collection therefore both includes malignant and non-
malignant samples.

Pleural effusion has been collected since 2005 and the biobank consists of 100 samples.
All patients who have pleural effusion drawn at the thorax clinic are asked to
participate in the study, and at the same time as the pleural effusion is removed blood is
also collected.

Tissue samples, as well as plasma samples, are obtained from all patients that go
through surgery due to suspected lung cancer and have signed informed consent. At
present 130 samples have been collected since the start in 2006.

2.2.2 Plasma and pleural effusion

In paper Il and paper IV plasma and pleural effusion is analyzed. Both samples have
been prepared using a standard operation protocol (SOP) that has been developed in-
house. The SOP includes both preparatory considerations as well as data collection.
EDTA tubes was chosen as collection tubes after an initial protein degradation study,
which showed less protein degradation in EDTA plasma over time, compared with
serum, heparin plasma, citrate plasma and gel plasma (unpublished data). The EDTA
tubes were also routinely used in the clinic, which facilitated the logistics of the
collection, and were recommended by HPPP [161]. In parallel with the sample
collection, data is also gathered on the time of sampling, time of sample preparation,
level of hemolysis and in addition, clinical data and data from clinical chemistry
analysis (kemlab) is collected to ensure high quality of the selected samples.

2.2.3 Lung cancer tumor tissue

In paper V a method for preparation of tumor cell suspension from lung cancer tissue
is described. A SOP has been developed both for the sample preparation of tumor tissue
as well as the data collection. A technician from our lab collects the surgical specimen
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directly after it has been removed. The tumor tissue is cut and one piece is snap-frozen,
and in parallel, one piece is prepared into a cell suspension. Cytospin as well as a tumor
imprint is prepared for quality control. Adjacent normal tissue is prepared according to
the same protocol as for tumor tissue. In addition, archived formalin fixed paraffin
embedded sample is prepared and stored in the biobank. The tumor database and the
plasma and pleural effusion databases are connected so that information on sample
availability and clinical data is easily accessed.

2.2.4 Acute myeloid leukemia cells

The acute myeloid leukemia (AML) cells analyzed in paper | where obtained at time
of diagnosis from peripheral blood. One of the challenges in this study was the limited
amount of material and therefore leukemic cell lines where analyzed in parallel to
investigate the potential of using these model systems in future follow-up studies. As
AML is a very heterogeneous disease all samples were evaluated and scored by a
pathologist for a second diagnostic evaluation and approximation of cell content.

2.2.5 High abundant protein depletion

Alongside the Multiple affinity removal system (MARS) column (Agilent
technologies) used in paper 11 and 1V several other depletion systems were evaluated,
(primarily based on reproducibility and compatibility with downstream analysis) before
settling with the MARS-7 column. The MARS-7 column is specifically designed for
plasma rather than serum as it, in addition to albumin, IgM, IgA, transferrin,
antitrypsin, and haptoglobulin, also removes fibrinogen — present only in plasma. The
column is available both as a spin column and a LC-column, and the LC-column was
chosen because of its’ high sample capacity, the increase in throughput and the
potential reduction of variability by coupling to an automated FPLC system.

In addition to plasma and pleural effusion, we have also used MARS columns to
successfully deplete CSF and synovial fluid from high abundant proteins, showing the
robustness and versatility of the system (unpublished data).

2.2.6 ITRAQ labeling

The ITRAQ label has been used for quantification in both paper Il, 1V and V. At
present eight different isobaric labels are available. This means that up to eight samples
can be pooled analyzed as one. The iITRAQ label is primarily used for relative
quantification, and the ratio between the reporter ions within one spectrum is used for
quantification of each peptide within one pooled sample (figure 6).
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Figure 6. Basic principle of the iTRAQ labeling technology. In this example four
samples are labeled and analyzed using LC-MALDI-TOF/TOF. Courtesy of Lukas
Orre.

If one wants to include more than eight samples in one experiment comparison between
pooled samples is necessary, instead of comparisons only within one pooled sample. To
enable this one can use an internal standard that is shared between the pooled samples.
As the standard needs to be present in all spectra it needs to cover all peptides present
in the sample. The easiest way to construct such a standard is by pooling the individual
samples in the study to one pooled internal standard, as performed in paper I1V. The
pooled internal standard is then included in all individual 8-plex experiments. The
pooling of the internal standard is preferably performed on the peptide level, to ensure
that all peptides present in the individual samples are present in the internal standard.
When applying the pooled internal standard approach, a few characteristics of the
ITRAQ labeling become evident. First, different peptides and proteins are identified in
ITRAQ samples that are analyzed separately. l.e. the proteins identified from the
pooled internal standards are not the same in the individual pooled samples. Second, if
a peptide is identified in one of the samples within a pool it is also identified in all the
other samples within that pool. Third, quantitative differences within one pool rarely
exceed 20%. The two latter observations could be derived from the fact that the ITRAQ
reporter ion ionizes very well, and that the dynamic range of the mass spectrometer is
limited, thereby quenching strong signals and generating and over-estimation of low-
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intensity signals[162]. This is of course of importance both when designing an iTRAQ
experiment and when analyzing the data.

2.2.7 Narrow range peptide isoelectric focusing

The rationale behind using narrow range peptide isoelectric focusing is to reduce the
complexity induced by tryptic digestion, by selectively analyze a sub-fraction of
peptides with an acidic pl. The pl range was chosen as it has previously been shown
that at least 80% of human proteins have at least one tryptic peptide between pH 3.5-
45 [71, 73]. By analyzing this sub-fraction of peptides the complexity of the sample
can be reduced without significant loss of proteome coverage (figure 7). As the
theoretical pl of peptides can be calculated, the pl of the identified peptides can be used
to validate the peptide sequence (identified peptides with pl outside the pH range 3.5-
4.5 are more likely to be false positives). In addition, this approach is compatible with
ITRAQ labeling as the different iTRAQ labels migrate similarly in IEF [75].
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Figure 7. A plot of the predicted pl values for human tryptic peptides. All peptides
with 4-60 amino acids and no missed cleavages are included. Approximately one third
is in the pH interval 3.5-4.5, indicated by a black bar. Courtesy of Hanna Eriksson.

In paper 1V and V free flow electrophoresis (FFE) and immobilized pH strips was
used for narrow range peptide isoelectric focusing. The FFE system has the advantage
that it performs the separation in solution, which is directly compatible with
downstream LC-MS/MS analysis. Using the IPG strips, the strips have to be either
manually cut, or eluted using a robot, which is not commercially available today [73].
The manual cutting has its” drawbacks, as it relies on a steady hand that can cut pieces
of even width and with a 90° angle so that the fractions become equally wide. Using the
cutting strategy it is preferred to analyze continuous fractions to reduce strip to strip
variation.
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Another technology where the peptides are separated both in gel and in solution is the
OFFgel technology, where the peptides can be directly obtained from the solution
without an elution step. At present there is no strip available for the OFFgel system for
narrow range IEF in the pH range 3.5-4.5. To evaluate OFFgel’s potential for
separation in this pH range we, in our lab, tried to separate peptides on 3.5-4.5 strips
from GE-healthcare using the OFFgel system. This approach proved to be less
applicable on the OFFgel system as the majority of the strip dried out and all fluid was
contained in the most basic fractions. Most probably there was an osmotic counter flow
of the fluid trying to equalize the difference peptide concentration over the gradient, as
the majority of peptides would fall outside the 3.5-4.5 pl range and therefore end up in
the most basic end of the strip (unpublished data).

In paper V a custom made strip optimized for narrow range peptide isoelectric
focusing was used, optimized to generate less background in mass spectrometry, and
made up by a custom made gradient (pH 3.7-4.9) to target as many proteins as possible.

2.2.8 LC-MALDI-TOF/TOF

The LC-MS/MS set-up used in paper II, IV and V was an off line nanoLC system
(dionex) coupled to a MALDI spotter. The samples were subsequently analyzed using
an ABI 4800 MALDI-TOF/TOF. NanoLC is a LC technique using columns with an
internal diameter between 10-150 pum. The name nanoLC refers to the mobile-phase
flow rate which is in the nanoliter per minute range. The main advantage of using
smaller columns is the increased detection sensitivity and the improved separation
(higher resolution) that can be obtained as a result of reduced sample dilution and
decreased particle sizes in the columns. However, when reducing the particle size the
column pressure increases, as a result of reduced interstitial void between the particles.
In paper Il a standard reversed phase C18 column was used; in paper IV and V a
monolithic column was used. Instead of a carbon chain coupled to spherical particles as
in traditional reversed phase, the monolithic column is made up by a continuous
network, resulting in lower column back pressure, and thereby enabling higher flow-
rates and shorter gradient times. The continuous network results in no interstitial void
of in column, which reduces the diffusion of the analytes and increases the resolution of
the separation.

The MALDI-TOF/TOF mass spectrometry analysis of the samples enabled
identification of the peptides and further has good compatibility with iTRAQ labeling
and quantification.

2.2.9 SELDI-TOF

Used in both paper | and 11, SELDI was the main top-down approach applied in this
thesis. SELDI was first described by Hutchens and Yip in 1993 [43] and is a high
throughput chip based MALDI technique where the sample is analyzed directly on a
selective solid-phase affinity surface. In addition to reduction of complexity, the
chromatographic surface allows for concentration and washing of the sample, which
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facilitates the mass spectrometry analysis of biological samples. Antibodies can also be
coupled to the SELDI chips and this was used for immuno-capture of S100A6 in [163,
164]. SELDI analysis is biased for analysis of low molecular weight proteins and
peptides (<30kD) as the ionization is most effective in this mass range.

2.2.10 Tissue microarray

Tissue micro array, used in paper IV to validate potential markers, enables high-
throughput immunohistochemical (IHC) analysis of formalin fixed paraffin embedded
samples [104]. As the samples are evaluated by a pathologist it is important that the
pathologist is not biased and does not know anything about the underlying study
question.
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2.3 RESULTS AND DISCUSSION

2.3.1 Paper |

Proteomic Data Analysis Workflow for Discovery of Candidate Biomarker Peaks
Predictive of Clinical Outcome for Patients with Acute Myeloid Leukemia

The background of this paper was that we had previously worked with the SELDI
technology in our group using standard protocols [164] and we had in parallel started
working with optimizing bottlenecks in the SELDI approach. A novel peak detection
algorithm was developed [165, 166] and in this paper we wanted to present an
optimized analytical workflow for SELDI experiments including; a) clinical sample
selection, b) experimental optimization, c) repeatability estimation, d) data
preprocessing, €) data fusion and f) marker selection. The clinical question at hand
further motivated this development as the clinical material was very limited in amount,
heterogeneous both in regard of cell content and clinical data, as well as presented a
skewed distribution of the clinically most important outcome parameter. The clinical
aim of the study was to identify markers that would predict the duration of complete
remission (CR) among patients diagnosed with acute myeloid leukemia (AML). This
information would be of prognostic value and assist in therapeutic decisions, as CR is
directly related to overall survival in AML.

The clinical material consisted of blast cells from peripheral blood from patients
diagnosed with AML, sampled at the time of diagnosis. Out of the approximately 200
samples available only 58 were selected for SELDI analysis, as they contained enough
cells. Out of the 58 samples some patients were later shown to be non AML and in
addition the vast majority of the patients had a very short CR. To create two separate
classes for patients with long and short complete CR durations two extreme groups
containing only the first (n=13) and the fourth quartiles (n=13) of the CR were created.
Since the amount of clinical material was limited, two leukemic cell lines, KG1 and
NB4 were included in the study, to evaluate their potential as sources of biomarkers in
future biomarker purification steps.

To obtain as much information as possible from the SELDI MS analysis, an initial
optimization was performed. Three different chromatographic chip surfaces (weak
cation exchange CM10, strong anion exchange Q10 and reversed phase) were
evaluated in combination with three different types of matrix and three buffer
compositions (unique for each surface). Once two chipsurfaces (C10 and Q10) with
optimal buffer conditions and matrix had been chosen (based on the number of detected
peaks and signal-to-noise ratio) a reproducibility test was performed, showing overall
CVs below 20%.

SELDI-MS data processing generally includes mass calibration, spectral smoothing,
baseline correction, normalization and peak detection and alignment. As we had
previously identified the peak detection and alignment as a bottle necks with a large
need of manual inspection, four methods for peak detection and alignment were
evaluated; annotated regions of significance (ARS) developed in-house [165, 166],
Ciphergen express which is the standard software for SELDI-MS data, segment wise
spectral alignment (PAGA) followed by binning, and direct binning of the raw data.
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To take advantage of the additional value of using two chipsurfaces and select the most
promising markers from the two experimental setups, the individual results from the
SELDI-MS were fused. A standard SELDI uni-variate approach using Mann-Whitney
t-test in combination with the standard Ciphergen express peak detection method was
compared to a multivariate hierarchical orthogonal partial least squares (O-PLS)
analysis approach. The number of variables picked by the O-PLS and the sensitivity
and specificity of each approach can be found in table 2.

.. e . cpe - novar

precision Sensmvny SpeCIfICIty in model
ARS? 0.91 0.79 0.91 64
CE® 0.81 0.73 0.82 47
PAGA® 0.77 0.72 0.76 380
binned® 0.82 0.74 0.83 387
CE-p® 0.78 0.82 0.74 50

Annotated regions of significance, "Ciphergen Express, “Peak alignment by a genetic algorithm + subsequent
binning (6-fold), “Binning (6-fold), ®A multivariate model based on the 50 most significant (p < 0.07) peaks from
Ciphergen Express —“the standard method”.

Table 2. Precision, sensitivity and specificity of the biomarker selection models based
on the different peak detection and alignment methods. n o var in model = number of
variables in the model. Variables can be either peaks or m/z values depending on the
peak detection and alignment method used.

From all significant features, 21 protein peaks were chosen as the most promising
markers, as they were selected in several of the different approaches.

The main conclusion from this study is that the data output will benefit from using
several methodologies, both in the data pre-processing, and in the biomarker selection.
As any limited set of clinical samples will be biased (because a small number of
samples rarely cover all the normal biological variation between individuals), a data
analysis of protein profiles from a limited set of samples will also be biased. For this
reason, it will be impossible to find the “optimal” data pre-processing method based on
a limited cohort. However, by establishing the final biomarker selection from different
data analysis methodologies, the findings are more likely to be robust. The workflow
presented in this paper is not exclusive to the SELDI technology, and could easily be
adapted to other label-free quantification experiments, using for example a MALDI or
LC-MS/MS platform.
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2.3.2 Paper ll

Evaluation of Three Principally Different Intact Protein Prefractionation Methods for
Plasma Biomarker Discovery

As we had started setting up our plasma biobank we wanted to determine how we
should prepare the plasma in order to increase the likelihood of detecting clinical
relevant biomarkers. Primarily we wanted to evaluate intact protein prefractionation as
a first line separation approach, since the intact protein approach had the benefit that it
could be combined with separations on the peptide level and be used together with
several analytical techniques. Further, we wanted to limit the number of fractions
generated, as the discovery phase in proteomics is both labor intense, time-consuming
and expensive, and therefore only a limited number of samples are usually analyzed.
Three prefractionation methods were evaluated; high abundant protein depletion,
ProteoMiner beads and an in-house developed size fractionation method. Using
SELDI-MS, LC-MALDI-MS/MS and SDS-PAGE we wanted to investigate the
individual method’s compatibility with downstream analysis, reproducibility and
analytical depth.

High abundant protein depletion was performed using the MARS-7 (Agilent
technologies) LC column, targeting albumin, transferrin, 1gG, IgA, antitrypsin,
haptoglobulin and fibrinogen. Both the depleted plasma and the fraction containing the
removed proteins were analyzed.

The ProteoMiner beads (BioRad) is a novel affinity based prefractionation method with
a combinatorial peptide ligand library coupled to beads. The technique takes advantage
of the fact that the individual peptides have different binding properties, and as the
beads contain equivalent binding capacity (identical number of peptides), the beads
binding high abundant proteins will be saturated, whereas there will be a potential
concentration of low-abundance proteins. The beads are then eluted with four
different eluents, thereby generating four fractions.

The size fractionation method developed for this evaluation aimed at targeting both
low molecular weight proteins in solution in plasma and low molecular weight
proteins bound to larger proteins. The rationale behind this was to take advantage of
the fact that most classical plasma proteins are larger than 50kD to be able to exert
their function in plasma, as approximately 50kD is the kidney filtration limit. Further
it is likely that tissue leakage proteins in solution might only be present in the blood
stream for a limited time, whereas proteins bound to carrier proteins in plasma might
present in the blood for a longer time.

Compatibility with downstream analysis was evaluated using SDS-PAGE (gel based
intact protein analysis), SELDI-MS (mass spectrometry based intact protein analysis)
and LC-MALDI-TOF/TOF (mass spectrometry based peptide analysis).

Overall all the three methods showed good compatibility with the SDS-PAGE.

In the SELDI-MS analysis the fractions from the MARS-7 column showed few peaks
and high variability, and would not be the method of choice. ProteoMiner on the
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other hand performed very well on the SELDI platform, with a high number of peaks
and a high reproducibility.

In the LC-MALDI-MS/MS section two different approaches were evaluated, both
direct digestion of the fractions, with no second line of fractionation, and a GeLC-
MS/MS approach where the samples first were separated on SDS-PAGE and sections
of the gel subsequently cut out and digested. The two different shotgun approaches
highlighted the advantage of a second line of fractionation, as approximately twice as
many proteins were indentified after the GeLC-MS/MS as compared with the direct
MS/MS approach. When adding up the number of identified proteins from each
fractionation method, all prefractionation methods identified more proteins than were
identified from the crude plasma reference sample. Comparing the individual
fractions, the highest number of identified proteins was obtained from the size
fractionation (n=123) followed by the MARS-7 (n=116). However when adding the
identities from the individual fractions together the ProteoMiner beads gave the most
identified proteins (n=150), not very surprising as the ProteoMiner generates twice as
many fractions as the MARS-7 and the size fractionation.

The reproducibility of the methods was calculated primarily using SELDI peak
intensity, but for the high abundant protein depletion and the size fractionation
ITRAQ reporter ion intensities were also used. The ProteoMiner beads proved to be
the overall most reproducible of the methods based on the SELDI data. The size
fractionation and the MARS-7 column showed mixed results with good
reproducibility in one of the fractions and (low and flowthrough) and poor
reproducibility in the other fraction (cut off and eluate).

In general, analyzing analytical depth is quite difficult in proteomics experiments.
The number of identified proteins can be used as a measure of how large fraction of
the proteome that is identified, but when analyzing plasma one rarely wants to cover
the plasma proteome, but rather identify a large number of tissue leakage proteins. As
the identification of low abundant proteins is hindered by the presence of high
abundant proteins, the aim is to avoid repetitive identification of classical plasma
proteins. Therefore, in this study, the analytical depth was evaluated by looking at the
distribution of Ingenuity pathway analysis terms (Ingenuity systems) related to
cellular compartment among the identified proteins. In this analysis the extracellular
proteins completely dominate all samples, and this is further confirmed when
analyzing the pathways that are represented among the identified proteins. The top
pathways in all samples are, with no exception, related to functions inherent to
plasma, such as coagulation, acute phase reaction and complement cascade.

The three methods were all based on different separation principles, high abundant
protein removal, protein size separation and equalization of protein concentration.
Some general observations about the methods performance could be noted. First, it is
obvious from both the SDS-PAGE and the MS/MS data that the high abundant
protein depletion removes more proteins than aimed for. More than 30 proteins are
identified from the eluate in this experiment. These proteins could either be
unspecifically bound to the column, or bound to the proteins that are depleted. In
addition we analyzed the sequence coverage of two of the high abundant proteins
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targeted by the MARS-7 column (albumin and fibrinogen). Protein sequence
coverage was used as surrogate marker for protein concentration. (A high sequence
coverage indicating a high protein concentration, and a low sequence coverage
indicating a low protein concentration). This analysis showed a very high efficiency
of the albumin removal, as no albumin is present in the flowthrough. Fibrinogen on
the other hand could be found in both fractions, with an even higher estimated
concentration in the flowthrough. This could be due to protein cleavage where the
targeted epitope is removed.

The ProteoMiner beads aim at reducing the protein concentration differences in
plasma, and this can be seen both on the gel and on the protein concentration analysis.
There is, however, a quite large overlap in identified proteins between the four
fractions, so pooling the fractions pair-wise could be useful, as it would reduce the
numbers of fractions to be analyzed, but not influence the analytical depth
noteworthy. The size fractionation proved to be rather inexact in its molecular weight
separation leading to presence of high molecular weight proteins in both fractions.
Further, the cut off filters induced a large variability. The potential of this type of
separation was highlighted when comparing the GeLC-MS/MS experiment with a
direct LC-MS/MS. Once the high molecular weight proteins were analyzed
separately, the number of identified protein more than doubled.

Taken all these results together we decided to use the MARS-7 depletion column in
our plasma studies and primarily analyze the flowthrough fraction only. The
generation of only one fraction is a clear advantage, together with the high number of
identified proteins both from the direct LC-MS/MS and the GeLC-MS/MS approach,
the high reproducibility, and the high level of automation.
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2.3.3 Paper lll

Affinity prefractionation for MS-based plasma proteomics

After having evaluated the three prefractionation methods in paper Il and seen that the
increase in proteome coverage with a higher number of identified proteins mostly was
reflected by an increased detection of classical plasma proteins we wanted to study
affinity enrichment approaches for low abundant proteins as a second line of
fractionation. A literature study was performed to evaluate the currently available
affinity prefractionation technologies for plasma mass spectrometry based plasma
proteomics. Both intact protein fractionation and peptide fractionation were reviewed.
The main focus of the review was global proteomics analysis, but we also wanted to
investigate affinity enrichment for targeted proteomics technologies such as selected
reaction monitoring (SRM). The affinity methods evaluated include; high abundant
protein depletion, ProteoMiner beads, carbonylated protein enrichment, cystein
containing peptide enrichment, lectin affinity enrichment, hydrazide chemistry
enrichment and metal affinity enrichment. To evaluate the analytical depth of the
individual enrichment methods, a meta-analysis was performed using public domain
data. A similar analytical approach as in paper Il was adapted, the supplementary lists
with identified proteins from the individual experiments were downloaded and the
distribution of protein localizations was analyzed to investigate a potential enrichment
of tissue leakage proteins. Interestingly, when we started to analyze the data there
seemed to be a stronger relationship between the number of identified proteins and the
analytical depth, rather than a method dependency.
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Figure 8. Correlation between cellular and extracellular proteins and number of
indentified proteins, based on 16 different affinity enrichment data sets. Each data set
has been divided into two sub-classes; cellular proteins (green) and extracellular
proteins (red). Percent of total number of proteins in each data set belonging to the
cellular or extracellular sub-class (Y) is plotted against total number of proteins in the
data set (X).
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This was in line with the results from paper Il were approximately 100-150 proteins
were identified and subsequently were mostly assigned to the extracellular space. The
results from this meta-analysis further pointed us towards the benefits of extensive
fractionation. However, it also highlighted the challenges of in-depth proteomics
analysis of larger sample sets of plasma samples, as the throughput is negatively
affected by extensive prefractionation.
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2.3.4 Paper IV

Use of narrow-range peptide IEF to improve detection of lung adenocarcinoma
markers in plasma and pleural effusion

Paper 11 and paper 11 highlighted the potential of extensive fractionation to increase
analytical depth in plasma biomarker discovery studies. Previous studies from our lab
had shown high number of identified proteins and good reproducibility of narrow range
isoelectric focusing (IEF) on the peptide level on cell line material [73, 75]. The
separation was performed in the pH range between 3.7-4.9.

In this paper we wanted to evaluate this methodology on plasma, in combination with
high abundant protein depletion. In the previous studies IPG strips had been used for
the IEF, but we also wanted to evaluate free flow electrophoresis (FFE) as a possible
platform for the separation. In FFE the separation is performed in solution, and the
peptides are fractionated directly into a 96-well plate, which is appealing as it removes
the elution step performed when using the IPG strips. All samples were therefore
separated both with the FFE and the IPG strips and subsequently analyzed using an
ITRAQ-LC-MALDI-TOF/TOF approach.

To assess the clinical applicability of the workflow three samples from patients
diagnosed with lung adenocarcinoma and three patients diagnosed with pleurits where
chosen. The clinical aim was to discover markers correlated to presence of malignancy.
In addition to plasma we also wanted to explore pleural effusion, a proximal fluid in
lung cancer, and its’ applicability for biomarker discovery in mass spectrometry based
biomarker discovery. Both plasma and pleural effusion were obtained from all patients,
and treated similarly all through the analytical workflow.

In the previously published cell line study approximately 3700 proteins had been
identified using this methodology, so we were quite disappointed to see only
approximately 100-300 proteins to be identified from the plasma and the pleural
effusion using the two different IEF technologies. Approximately twice as many
proteins were identified using the IPG strips as compared with the FFE. This difference
is probably a reflection of the difference focus precision, where approximately 80% of
all peptides could be found in one or two fractions in the IPG experiment, compared
with only 50% in the FFE.

However, this does not explain the difference between the previous cell line experiment
and the current plasma and pleural effusion experiment, as the spread over fractions is
similar in the two studies. After studying the performance of the IEF step and the liquid
chromatography step, there seemed to be no apparent difference in separation
performance between the two studies. Surprisingly, when comparing the number of
significantly identified peptides, the number was approximately in the same order, 8157
peptides from one sample in the cell line experiment and 6153 peptides from one
sample in the plasma experiment, despite the large difference in number of identified
proteins. Further, the number of peptides successfully assigned to a protein was also
similar, showing good performance of both MS/MS analyses. However, when
comparing the sequence coverage among the proteins an obvious difference emerged.
The sequence coverage among the identified proteins differed significantly, 13% of the
proteins from the plasma experiment had a sequence coverage below 10%, whereas the
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corresponding number from the cell line experiment was 76% below 10% sequence
coverage. Again, this illustrates the problematic nature of working with plasma as a
discovery material. Our hypothesis was that pleural effusion would comprise an
intermediate fluid between the tumor and the plasma, and therefore contain an
enrichment of tissue leakage markers. The plasma proteome and the pleural effusion
proteome had previously not been compared, but in, analogy to the comparison above,
looking at the similarity in number of proteins identified alone (282 vs 300), our guess
was that they would be quite similar in protein content as well. As expected, about two
thirds of the proteins overlap, and in addition there was no difference in the types of
proteins identified as well. Much in line with the results from paper Il and IIl, the
majority of the proteins could be assigned to the extracellular space.

However, going back to the clinical question, more proteins were found to be
significantly differently expressed when trying to detect markers for presence of lung
adenocarcinoma in pleural effusion than in plasma.

To choose markers for initial validation the first step was to combine the results from
the different analytical approaches (FFE, IPG, plasma, pleural effusion) and, as in
paper | select some markers that were common over several of the analytical
conditions. Based on this, antibody availability and published data, nine markers were
chosen for initial validation. One of the nine potential markers (NPC2) that showed a
strong up-regulation in pleural effusion was chosen to test the hypothesis that the
markers could be derived from the tumor. Formalin fixed paraffin embedded tissue
from normal lung as well as tissue from lung adenocarcinoma was stained for NPC2.
IHC showed low to moderate staining in normal lung and high staining in the samples
from lung adenocarcinoma, thereby emphasizing the potential of finding tissue derived
markers in proximal fluids.

As the end-goal of a plasma discovery experiment would be a plasma based test we
wanted to do the validation in crude plasma. Out of the nine potential markers, the
expression pattern of four of the markers (A2M, SERPINA 1, EFEMP1 and CLEC3B)
could be validated in crude plasma using western blot.

In summary paper 1V highlights the potential of using proximal fluids for biomarker
discovery and shows that narrow range IEF can be applied to a plasma and pleural
effusion proteomics workflow. Due to the protein composition differences between
cells and body fluids, additional fractionation on the protein level, or improved
resolution and higher dynamic range of the mass spectrometry analysis, is probably
needed to expand the number of identified proteins.

35



2.3.5 PaperV

A novel method for sample preparation of fresh lung cancer tumor tissue for
proteomics analysis by tumor cell enrichment and removal of blood contaminants

Paper 1V showed high similarity between plasma and pleural effusion and limited
benefit of narrow range peptide isoelectric focusing on these body fluids. Introducing
additional fractionation steps to increase the proteome coverage in plasma and pleural
effusion would introduce variability and further reduce the throughput in the discovery
phase. This pointed us towards using tumor tissue as discovery material and plasma and
pleural effusion as validation material.

As tissue heterogeneity and blood contamination are challenges when working with
tumor tissue we wanted to explore the possibilities of preparing an enriched tumor cell
suspension. By mechanical mincing, erythrocyte lysis, sample-wash and cell filtration
we aimed primarily at removing blood contaminants and secondarily at removing
stromal components. Eight tissue samples were chosen for evaluation of the method,
six lung tumors (two adenocarcinoma, two squamous cell carcinoma, two large cell
carcinomas) and two normal lung samples. As reference, histological sections of the
tissues were stained in parallel to the tissue preparations. Direct lysis of snap-frozen
corresponding tissue was used as standard protocol control. To analyze the cell content
of the samples, cytospin glasses were prepared from all samples. Reproducibility of the
novel method as well as analytical depth was evaluated using an iTRAQ-LC-MALDI-
TOF/TOF workflow.

Cytological analysis of the samples showed that the percentage of tumoral cells ranged
from 20 to 70 percent in the enriched tumor suspension (ETS) samples. The cytospins
from the normal tissue contained mostly inflammatory cells and as little as 10%
epithelial cells. The other dominating cell type was leukocytes, well in line with the
observed cell content seen in the IHC staining of the tissue slides.

The reproducibility experiments were performed by preparing five replicates from the
same tumor. Quantitative evaluation was done by iTRAQ-LC-MS/MS. To evaluate
both the variability of the preparation and the variability of the analytical LC-MS/MS
workflow, one of the five preparatory replicates was divided into four equal parts and
digested, labeled and quantified in parallel. The reproducibility of the workflow proved
to be very good, with CVs below 15% for the entire workflow and below 10% for the
LC-MS/MS part alone.

Approximately twice as many proteins were identified from the ETS samples compared
with the complete lysis of the fresh frozen tissue (FF) (n=244 vs n=109). As one of the
aims of the ETS method was to remove blood contamination we wanted to analyze the
difference in protein content between the two sample preparations. Again, using the
sequence coverage as a surrogate marker for concentration, one can note several high
abundant proteins (hemoglobin B, hemoglobin Z and albumin) among the top ten
proteins with the highest coverage from the FF samples, which are not present in the
top ten list from the ETS.

Analyzing the GO terms related to the tissue function and structure there is a trend that
proteins related to extracellular and tissue functions (GO term; cell communication, cell
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organization, defense response, transport, extracellular proteins and membrane
proteins) are overrepresented in the FF compared with the ETS.

In addition, we observed differential quantitative expression of several previously
published markers according to histological subtype (desmoplakin in squamous cell
carcinoma, S100A8 and S100A9 in large cell carcinoma and galectin-3-binding protein
in adenocarcinoma). As a general conclusion the ETS method proved to be efficient at
removing blood contaminants, robust and well suitable for global proteomics.
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2.4 GENERAL CONCLUSIONS AND FUTURE PERSPECTIVES

The overall aim of this thesis was to evaluate and optimize different stages in mass
spectrometry based proteomics to facilitate biomarker discovery from clinical
materials. This is obviously a very broad aim and the interventions in the individual
papers have been rather different depending on the challenge at hand. The papers has
included two different malignancies; AML and lung cancer, four different clinical
materials; AML cells, plasma, pleural effusion and lung cancer tissue, and in addition
two different mass spectrometry platforms; SELDI-TOF and MALDI-TOF/TOF.
Overall this has provided an insight into the challenges and possibilities when
analyzing clinical materials using global proteomics techniques. The general
conclusions from this thesis could be summarized as follows;

- Combining different analytical methods is beneficial in a proteomics workflow.

This is illustrated in paper I, where the combination of different data pre-
processing methods and biomarker selection methods generated a robust set of
markers. In paper Il, by the positive effect of prefractionation in general, as
well as the additional value of adding a gel-based separation step prior to the
LC-MALDI-TOF/TOF more than doubled the number of identified proteins.
The meta-analysis in paper Ill also proved the usefulness of combining
publically available data-sets to investigate method performance. The added
value of using several prefractionation methods was shown in paper 1V, where
more proteins where identified than in paper Il. In addition, paper 1V also
benefited from the parallel analysis of FFE and IPG as well as plasma and
pleural effusion for cross-validation of potential markers.

- Using current mass spectrometry based technologies there seems to be a
critical mass of identified proteins that needs to be covered to identify a large
proportion of tissue leakage proteins from plasma

The results from the meta-analysis in paper 111 showed that the number of
identified proteins rather than the separation method was the key factor to reach
tissue leakage proteins in plasma. This correlated well with the results in paper
Il and IV where the majority of proteins are of extracellular nature.

- Experimental design is of outmost importance in proteomics experiments when
studying clinical materials.

Since clinical materials usually are limited both in amounts and number of
patients and the sample sets contain high natural variability it is extremely
important to think ahead and to do a proper optimization and experimental
design before performing the experiments. This includes both data analysis and
experimental factors as well as potential research questions and sample
selection. Choosing the right patients, the right controls and the right clinical
material for the right research question is extremely important.
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Taking all results from this thesis into consideration, the most likely way forward for
plasma proteomics at present would be as a validation material for candidate markers.
Since plasma probably is the most common sample to have in large numbers this
further highlights it’s applicability for validation studies; covering a larger portion of
the naturally occurring variation between individuals. Moving closer to the hypothetical
marker origin, or even moving over to model systems for the biomarker discovery is
probably fruitful.

However, moving away from plasma as discovery material obviously presents a
drawback, if one in the end wants to measure the biomarker in plasma, as findings from
model systems or tissue might not be detectable in plasma.

An obvious development that would facilitate mass spectrometry based proteomics
analysis of clinical materials is technical improvement of the mass spectrometers. If
accurate quantitative mass spectrometry analysis of all proteins in clinical materials
were possible, much of the work in this thesis would be superfluous.

In addition to analytical depth, throughput of the analysis is crucial. To be able to cover
the natural variability in/between clinical samples it is important to be able to analyze a
large number of samples.

Thousands of biomarker discovery studies have been published at present, and critique
that has been expressed by the scientific community is that mass spectrometry based
biomarker studies results in a list of proteins, but not much more. This is in part true,
validation is a large bottleneck in proteomics and validation studies on larger clinical
materials, as well as molecular biology based validation studies related to function, is
currently often lacking. Much information can probably be gained by data mining of
currently published proteomics studies, but lack of standardized data formats and no
consensus standardized public domain data repository makes this barely feasible at
present [167-170].

However, as the term proteomics was coined as recently as 1995, the field is young and
many quality improvements have been done over the years to raise the standards within
the field, in particular on the mass spectrometry side. Examples of this include; basic
quality criteria for publication of ms/ms data, instrumental improvements such as the
introduction of the Orbitrap, development and improvement of data analysis tools etc.
If the field continues to grow and develop as it has for the last 15 years, there is a good
chance that mass spectrometry proteomics analysis of clinical materials will be done
routinely within the coming 15 years.
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