S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Journal of Chromatography B, 877 (2009) 1240-1249

Contents lists available at ScienceDirect

OF CHROMAIGGRAPHY B

Journal of Chromatography B

journal homepage: www.elsevier.com/locate/chromb

Review

Quantitative mass spectrometry-based techniques for clinical use:
Biomarker identification and quantification™

Kathryn L. Simpson®*, Anthony D. WhettonP, Caroline Dive?

a Paterson Institute for Cancer Research, University of Manchester, Wilmslow Road, Manchester, M20 4BX, United Kingdom
b Stem Cell and Leukaemia Proteomics Laboratory, Faculty of Medical and Human Sciences, University of Manchester,
Christie Hospital, Manchester, M20 4BX, United Kingdom

ARTICLE INFO ABSTRACT
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soon become a reality. However, there are challenges to be overcome for the identification and validation
of robust biomarkers. Bio-fluids such as plasma and serum are a rich source of protein, many of which may
reflect disease status, and due to the ease of sampling and handling, novel blood borne biomarkers are
very much sought after. MS-based methods for high throughput protein identification and quantification
are now available such that the issues arising from the huge dynamic range of proteins present in plasma
may be overcome, allowing deep mining of the blood proteome to reveal novel biomarker signatures for
clinical use. In addition, the development of sensitive MS-based methods for biomarker validation may
bypass the bottleneck created by the need for generation and usage of reliable antibodies prior to large
scale screening. In this review, we discuss the MS-based methods that are available for clinical proteomic
analysis and highlight the progress made and future challenges faced in this cutting edge area of research.
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1. Introduction
1.1. What is clinical proteomics?

The discovery of novel, disease-related biomarkers by proteomic
analyses of readily accessible bio-fluids such as plasma using lig-
uid chromatography (LC)-coupled mass spectrometry (MS)-based
methods, is an exciting prospect for improved patient care. The
major goal of clinical proteomics is to use these highly specific
disease/pathology-related signatures to enhance current clinical
practice by enabling accurate early diagnosis, selection of appropri-
ate therapeutic strategy and to monitor disease progression and/or
possible side effects on a patient by patient basis [1]. It is only
with the use of recent advances in analytical biochemistry such as
MS technologies and high resolution liquid phase separations that
personalised medicine may become a reality [2].

In order for MS-based proteomics to be successful, clinically
effective novel biomarkers must have high sensitivity (indicate a
positive test for patients who are positive for the disease), high
specificity (negative for patients who do not have the disease)
and be sufficiently robust to operate in many different centres
[3]. This demands rigorous biomarker identification and quali-
fication strategies and the need for well designed, large scale
clinical trials to validate the use of novel proteomic signatures [1].
It is also essential that the translation from pre-clinical findings
to regulatory-approved biomarkers is undertaken with maximum
possible efficiency and realism, with appreciation for the many
challenges that this entails.

1.2. Why use serum/plasma?

Much emphasis has been placed on the identification of novel
blood borne biomarkers due to the ethical situation pertaining to
biopsies, plus the ease and cost of patient sampling when com-
pared to standard methods such as biopsy. Serum and/or plasma
also offers the option of longitudinal sampling and monitoring
of individuals which may also lead to the detection of disease in
patients who are asymptomatic or have early stage disease. Serum
represents the soluble fraction of blood that remains following
the clotting process, and thus is considered to be a more simpli-
fied matrix than plasma, which contains all soluble blood borne
factors, including clotting factors. While serum is thought to be
less complex than plasma, and thus the probability of identifying
novel proteins may be increased, the clotting process is not uniform
(unlike the preparation of plasma), and may also lead to the loss of
novel factors which remain bound to the insoluble protein clot [4].

Diseases that have received the most attention for blood
borne biomarker discovery include cancer and cardiovascular dis-
ease [5,6]. Bio-fluids that have been analysed also include urine
(reviewed in [7]), cerebro spinal fluid (CSF) [8], nipple aspirate fluid
(NSF) [9-12] and tumour ascites fluid have also received attention
as potential sources of novel clinically relevant biomarkers. Indeed,
in the latter three examples it is thought that these fluids may con-
tain higher concentrations of disease-specific proteins due to their
proximity to the primary lesion. Aside from the obvious benefits
of blood sampling rather than procedures such as biopsy and CSF
withdrawal, it is thought that blood, unlike urine (unless for spe-
cific diseases of the urological system), may directly contact the
disease site and thus is more likely to contain primary biomarker
information.

1.3. Mass spectrometry

Biomarker discovery using mass spectrometry to identify and
quantify the protein components of bio-fluids such as plasma is

based upon the measurement of the mass of proteins and pep-
tides as determined by their mass:charge ratio (m/z). This can be
determined by ionisation of a sample to generate charged species
which depending on their m/z value will reach the detector at a
specific time (time of flight, ToF mass analyser), or by ‘trapping’
the ions in an electric field and then sequentially filtering them out
based on size (smallest first) and measuring the time at which they
arrive at the detector. In order to generate peptides that are small
enough to be efficiently ionised the sample must be digested with
trypsin prior to MS analysis. Because trypsin cleaves proteins at
specific amino acid residues these m/z values can then be searched
against a database of cleavage products (of known m/z values) in
order to generate a ‘peptide mass fingerprint’. Protein sequence
information can be more accurately achieved by MS/MS analysis.
As previously described, ionised peptides are selected based upon
their m/z value, however, once all the other ions have been filtered
out, they are then induced to fragment by collision with an inert gas,
such as argon or nitrogen. This causes fragmentation of the peptide
along the peptide backbone in a highly predictable manner, and
thus the time at which these fragments (with particular m/z val-
ues) reach the detector allows identification of the peptide/protein
sequence.

1.4. Challenges for biomarker identification using MS

There are several practical challenges for the use of MS meth-
ods in the discovery and usage of robust clinical biomarkers, the
details of which will be discussed below. Foremost is the need
for accurate quantification from MS or MS/MS spectra coupled
with protein/peptide identification. Biomarker information must
be strictly quality controlled and validated and the appropriate sta-
tistical methods must be applied. Ultimately this may mean that
individual steps be combined into a workflow that ideally allows
for the automation of most of the tasks to minimise external sources
of error.

1.5. Variation

Recent advances in MS technology have led to the devel-
opment of equipment with superior sensitivity and specificity
that has made the detailed study of complex biological fluids
such as plasma possible. Although the blood has been described
as the most comprehensive human proteome, a circulating rep-
resentation of all body tissues and thus reflective of disease
status [4], the question still remains as to whether changes in
plasma or serum form a linear relationship with events that
occur at the site of disease or injury [1]. However, blood sam-
pling is a routine diagnostic tool in the clinic and therefore
requires extensive investigation to achieve identification of novel
biomarkers [13].

The proteome is a constantly changing entity, with complex-
ity generated at many levels. It is essential that signatures are
verified as being disease related, rather than as a result of the back-
ground noise inherent in any complex system, further adding to
the challenge of biomarker identification. Indeed, due to the het-
erogeneous nature of human beings and their diseases, a panel
of biomarkers rather than a single marker may be required to
achieve the high sensitivity and specificity required for clinical
applications [14]. With particular regard to oncology, most stud-
ies to date have involved patients with advanced disease, and
given that genomic studies indicate that the molecular composi-
tion of early and late stage tumours can be different, the hope that
these signatures will translate to early stage pre-invasive lesions
where there are no reliable diagnostic tools may prove to be too
simplistic [1].
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1.6. Dynamic range can be addressed by fractionation

When using MS-based methods to obtain clinically relevant
information from biological samples, the quantity and quality of
identification and quantification are direct functions of sample
complexity. In the clinical proteomics setting where serum/plasma
is the source material, extensive pre-fractionation steps are essen-
tial due to the huge dynamic range of protein found in the blood.
In human plasma the 22 most abundant proteins represent ~99%
of total protein mass in plasma with extraordinary dynamic range
(>10 orders of magnitude) from serum albumin at ~45 mg/mL to
cytokines at around 1-10 pmol/mL or lower [4]. In addition, the
necessity for tryptic peptides to be generated for direct identifica-
tion of proteins by MS leads to a concomitant increase in the level
of complexity of a given sample, thus the need for pre-fractionation
methods becomes essential if the (relative) quantity of low abun-
dance proteins is to be determined with accuracy and precision.

These methods generally involve the use of liquid chro-
matography, including reversed phase (RP) systems and affinity
elution to deplete the major abundant proteins, of which several
columns are commercially available. These have been designed to
deplete the high abundance proteins, including the top 20 (Sigma
ProteoPrep20™, Sigma-Aldrich, St. Louis, MO), the top 12 (Pro-
teomeLab IgY12, Beckman Coulter, Fullerton, CA) and the top 14,
7 and 6 human proteins (High-Capacity Human-14 (-7, -6) MARS
columns, Agilent Technologies Inc., Santa Clara, CA). As an addi-
tional pre-fractionation step it is also possible to use strong cation
exchange (SCX) chromatography prior to the RP step. Both SCX
and RP chromatography are used for fractionation of the sample
post-trypsin digestion, prior to MS analysis. This peptide level frac-
tionation enables low abundance peptides to be detected by the
mass spectrometer, thus increasing the likelihood of identifying
low abundance biomarkers from complex matrices such as plasma.

1.7. Quantitative techniques for biomarker ID using MS

Quantification is at the centre of clinical proteomics, without
reliable methods to accurately quantify differentially expressed
proteins it would not be possible to identify disease biomarkers,
and as such, clinical proteomics would fail. Many advances have
been made in the field of LC-MS/MS towards this end, and these
will be discussed below.

Broadly speaking, quantification techniques have been devel-
oped based upon two methods, the incorporation of labels into
peptides and proteins prior to MS analysis, or label-free methods.
The use of labels is based on the principle of stable isotope dilu-
tion theory which states that a stable isotope labelled peptide will
behave in a chemically identical manner to its unlabelled counter-
part, and thus the two peptides will have identical chromatographic
and/or MS properties. Provided that the label imparts a sufficient
mass difference between these two peptide forms, their relative
abundance may be calculated by comparing their respective signal
intensities in the same MSrun [15]. Mass tags can be incorporated in
a variety of ways, either metabolically, chemically or enzymically.
In addition, if the identity of the protein(s) of interest is known,
quantification can be achieved by spiking the test sample with
labelled synthetic peptides for direct comparison with levels of the
corresponding endogenous peptide(s).

Label free methods generate quantification information by
directly correlating the MS signal with the relative or absolute pro-
tein quantity. This can be achieved by several different methods.
One of these uses the integrated ion intensities in MS mode where
the number and intensity of precursor ions at selected m/z ratios
are counted and peak areas from the extracted ion chromatogram
(XIC) are calculated. Systematic errors (sample loading, HPLC reten-

tion times and MS instrument performance) are minimised by
normalisation of peak intensities over the entire run [16] and ion
suppression effects are countered for by the use of internal standard
peptides included in each run at equal concentrations [17]. Alterna-
tively, the spectral counting approach [18-20] uses data acquired in
MS/MS mode to count and identify the number of fragment spec-
tra that identify peptides of a given protein. These are then used
to compare abundances between samples based on the number
of MS/MS spectra identified for each protein corrected for protein
length or expected number of tryptic peptides [21].

However, these methods assume that the linearity of response
is the same for every protein, when in fact the spectrum count
response is different for every peptide, for example, because the
chromatographic behaviour of each peptide will vary. This then
necessitates the acquisition of many spectra in order to accurately
quantitate levels of any given protein, and as a result low abundance
proteins can be difficult to identify and accurately quantify [16].
Meanwhile, saturation of the detector will occur at higher spectral
counts, again with different levels for different proteins, in turn
leading to potential problems with dynamic range [15]. As such,
the performance of both methods is hampered by a need for large
sampling numbers.

However, label free approaches to biomarker discovery by MS
are continually being developed and refined. One approach is
to combine spectral counting to give accurate fold changes with
peptide ion intensity measurements using standard peptides to
correct for variations in signal (ion abundance) [16,22]. An addi-
tional method, known as spectral feature analysis has recently been
developed whereby quantitative and qualitative information can
be gathered by aligning and comparing LC-MS datasets without
the initial need for MS/MS analysis [23]. The increased costs and
processing times associated with labelling have meant that label
free techniques have generally been considered advantageous in
their application to large scale clinical proteomics. However, the
introduction of 8-plex iTRAQ reagents may enhance throughput for
this technique compared to other methods. Furthermore, label free
techniques are generally considered inferior in their quantification
accuracy when compared to methods relying upon stable isotopes
[15]. In particular, an early study conducted by Petricoin et al. [24]
used surface enhanced laser desorption ionisation (SELDI) (a label
free approach) to identify a proteomic signature associated with
ovarian cancer, however, this study was later disregarded as the
results were not reproducible and found to be most likely due to
variables introduced during sample processing [25,26].

In all cases the properties of the mass spectrometer will affect
the quantification in MS survey. For example, detection of low
abundance ions will be obscured by the background noise, or quan-
tification may be prevented by saturation of the detector. Although
for quantification in MS/MS mode saturation is rarely a problem,
however, in all cases true low abundance peptides may lead to poor
quantification due to poor ion statistics (which define the sensitiv-
ity of detection; at high data acquisition rates fewer ions entering
the mass spectrometer are allocated to the generation of each spec-
trum, leading to increased signal:noise ratios and low abundance
peptides may not be identified) [15]. These factors coupled with
the qualities of the label (if a label is used) mean that optimi-
sation of peptide/protein ID and quantification must be achieved
by decreasing the sample complexity prior to MS. Decreasing the
sample complexity by fractionation (although overall analysis time
will be increased) means that a greater number of peptides will be
potentially analysed as more MS time will be committed to each
one.

The most commonly used MS-based methods for clinical
biomarker discovery and their advantages and limitations are sum-
marised in Table 1 and will be discussed in detail below.
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Table 1
Characteristics of quantitative mass spectrometry methods (adapted from [15,17]).
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Labelling technique Methodology overview Application

Linear dynamic range”

Advantages

Limitations

Growth of cells on
general or specific
isotope source

Metabolic protein
labelling (e.g.
SILAC)

Cell culture systems

Complex biochemical
workflows
Comparison of 2-3
states

Modification of
cysteine followed by
avidin-based
enrichment

Chemical labelling
of thiol groups
(e.g. ICAT)

Comparison of 2 states

Clinical proteomics and
cell culture

Chemical labelling
of N-terminus

N-hydroxysuccinimide
(NHS) modification of

Comparison of up to 8
states

and lysine N-termini and epsilon
residues (e.g. amino groups with
iTRAQ and TMTs) isobaric tags

Clinical proteomics,
primary tissue and cell
culture

C-terminal
modification during
proteolytic cleavage

Enzymatic labelling Comparison of 2 states

Clinical proteomics and
cell culture systems

Spiked peptides Isotope-labelled

standards spiked into

Targeted analysis of
few proteins

reaction
Label free Comparison of mass Comparison of
differential mass maps of multiple states
mapping chromatographically

separated proteins

Clinical samples and
cell culture systems
Comparison of

Label free ion Affinity-based

intensity enrichment of proteins multiple states
measurements from biological
(e.g. SELDI) samples followed by

MS
Clinical proteomics and
cell culture systems

1-2 logs Incorporation of label Cannot be used for
at earliest possible step clinical proteomics or
primary tissue
Can be tailored for Expensive growth
specific residues media
Tag leads to increased
complexity of MS
analysis
2 logs Less complex samples Loss of non-cysteine-
containing
proteins
Tag leads to increased
complexity of MS
analysis
2 logs Complex samples Increased duty cycle
Multiple samples Requirement for
compared in the same inclusion/exclusion
experimental run lists
Integration of ion
intensities in MS mode
Quantitation in MS/MS
1-2 logs Versatile Small isotope shift
Relatively cheap Late-stage
incorporation of
isotope
2 logs Targeted analysis Identifies known
peptides/proteins
2-3 logs Simple workflow Reproducible high
resolution separation
required
Multiple comparisons
2-3 logs Simple workflow No identification of

proteins

Multiple comparisons

" In MRM mode, dynamic range may be extended to 4-5 logs [104].

1.8. Protein identification and quantification using
two-dimensional gels and MS

The first method developed for identification of differentially
expressed proteins from complex proteomic samples was a com-
bination of two-dimensional polyacrylamide gel electrophoresis
(2D-PAGE) fractionation and MS analysis [27,28]. Samples are first
separated by 2D-PAGE, which employs a two-step separation tech-
nique whereby denatured proteins are separated based upon their
isoelectric point (the pH at which the net charge on the protein is
zero) followed by separation based upon molecular size. The gels
are stained and spots that appear to be differentially expressed are
excised and in-gel digested with trypsin prior to MS analysis in
order to determine the identity of the protein.

The development of ultrasensitive fluorescent tags with broad
dynamic range and linearity of quantification, high performance
digital imaging and analysis software, faster identification of spots

by MS, large scale application of these techniques and major
progress in genomics and bioinformatics has accelerated the devel-
opment of 2D gel based proteomics. Technical issues such as poor
gel to gel variability and low sensitivity of detection have been
minimised. As 2D-PAGE can only separate proteins in the mass
range of 10-300 kDa it can be considered complimentary to other
techniques, such as SELDI-ToF (discussed later) as this proteomic
method can only be used to identify proteins below 20 kDa in size
[29]. However, the presence of highly abundant serum/plasma pro-
teins such as albumin and immunoglobulins are a major challenge
for the success of 2D-PAGE-MS in the identification of differen-
tially regulated proteins from clinically relevant bio-fluids such as
these [30]. These abundant proteins result in large smears that
mask lower abundance proteins [31], and thus depletion of these
highly abundant proteins prior to 2D-PAGE is essential. The issue
of multiple proteins present in a single spot still however remains
problematic.
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A variation on gel-based 2D separation has been developed,
known as the ProteomeLab™ PF 2D system (Beckman Coulter,
Fullerton, CA, USA). This is a liquid-phase 2D HPLC fractionation
system that separates complex protein mixtures in liquid phase by
chromatofocusing in the first dimension followed by high resolu-
tion non-porous silica reversed-phase chromatography (RPLC) in
the second dimension thereby separating proteins based first upon
pl, followed by hydrophobicity [32,33]. In addition, combining this
method withiTRAQ tagging offers the potential for reducing sample
complexity and identifying proteins that co-elute [34].

Although 2D-PAGE/MS is a relatively low throughput method,
it does have the advantage that mass spectrometer analysis time
is relatively short, as it is only used to compare differentially
expressed proteins. In addition, this technique involves the study of
intact proteins, rather than peptides and can therefore distinguish
between protein isoforms as well as different post-translationally
modified forms of the same protein. Several studies have demon-
strated the clinical utility of this method, for example in the
identification of differentially expressed proteins associated with
neurodegenerative diseases including Alzheimer’s and Parkinson’s
disease (reviewed in [29]). Several studies have also reported iden-
tification of urinary biomarkers using 2D gel-based approaches,
which also demonstrated a positive correlation between protein
abundance and disease stage (reviewed in [7]).

1.9. Quantification using stable isotope labelling

For the purposes of this review we will only consider chemical
stable isotope labelling and live cell labelling techniques will not be
discussed as these methods are not amenable to clinical proteomics.
Chemical labels include isotope coded affinity tags (ICAT) [35], or
isobaric tags such as iTRAQ [36], which rely on the use of a derivati-
sation reagent for chemical modification of proteins in a site specific
manner. Because these labels are chemically identical the same
peptide from two (or more) samples will behave identically in terms
of chromatographic retention and ionisation efficiency, allowing
samples to be analysed and compared simultaneously [37] (Fig. 1).

In the case of iTRAQ experiments throughput can be improved
compared to other labelling methods, because 6 or 7 experimental
samples can be analysed simultaneously compared to 1, but this
is at the cost of a poor duty cycle due to the need to carry out
MS/MS on all peptides. On the other hand, because iTRAQ is one of
only two tagging technologies (the other being Tandem Mass Tags
(TMTs) [44]) where quantification is carried out in MS/MS mode,
this leads to increased accuracy and more reliable quantification.
Indeed, stable isotope labelling should not affect the physiochemi-
cal properties of the peptide.

Chemical labelling techniques currently employed in clinical
proteomics research will be discussed below.

1.10. ICAT

This method, developed by Gygi et al. [35], specifically targets
cysteine residues and allows differentially labelled samples to be
individually resolved during MS analysis The original ICAT reagent
contained either zero or eight deuterium atoms, second genera-
tion reagents, in particular, cleavable ICAT (cICAT) has since been
developed and contains nine 13C atoms as the heavy isotope which
imparts a mass difference of 9Da between labels [38] (Fig. 1).
ICAT reagents also contain a biotin group for affinity purification of
derivatised peptides prior to MS. This can cause problems during
MS due to its bulky nature; however, cICAT reagents circumvent this
issue as they contain an acid-cleavable linker between the reactive
sulfhydryl tag and the biotin moiety, which allows for its removal
following affinity purification.

In addition to ICAT, other thiol specific reagents have been devel-
oped (see [15] for review), including a metal coded affinity tagging
method, which also targets cysteine residues [39]. Perhaps due to
the issues associated with targeting cysteine residues (one in seven
proteins in the vertebrate proteome do not contain cysteine [40])
the use of ICAT in a clinical setting has been limited, however, it has
been used to investigate age-related [41] and Alzheimer’s disease-
associated changes in cerebrospinal fluid proteins [42].

L11. iTRAQ

A further group of labelling reagents are those that have
been synthesised to target the peptide amino group and the
epsilon-amino group of lysine residues. These tags are considered
favourable over methods such as ICAT as they target all tryp-
tic peptides in a sample digest, and thus the depth of coverage
is greatly enhanced. In most cases these types of tag utilise N-
hydroxysuccinimide (NHS) chemistry or other active esters and
anhydrides, for example in the isotope-coded protein label (ICPL)
[43], isotope tags for relative and absolute quantification (iTRAQ)
[36], tandem mass tags (TMTs) [44] and acetic/succinic anhydride-
based methods [45-48]. Other less used methods include the use of
isocyanates, or isothiocyanates [49,50], and methylation of lysine
residues using formaldehyde [51-53].

With the exception of iTRAQ and new 6-plex TMTs, relative
quantification is achieved by integration of the MS signal over
isotopomers of ‘heavy’ and ‘light’ labelled peptides. iTRAQ differs
from these approaches in that it is based upon the use of isobaric
tags which are fragmented in tandem MS/MS mode to produce a
‘reporter’ ion signature in a quiet region of the MS/MS spectrum
to allow relative quantification [44] (Fig. 1). Because of the isobaric
nature of iTRAQ-labelled peptides this allows the signal from all
peptides to be summed in both MS and MS/MS modes thus enhanc-
ing the sensitivity of detection. This potential benefit to identify
and quantify low abundance proteins in complex samples, coupled
with the ability to multiplex up to eight samples in parallel [54]
(unlike ICAT, which is limited to two labelled samples per run) sug-
gests that iTRAQ holds the most promise for quantitative biomarker
discovery.

Because iTRAQ results in fragmentation of all precursors this
necessitates the use of inclusion lists to ensure that the same pep-
tides are being fragmented each time. For example, two runs may
have independently identified 200 proteins each, of which there
may only be a 50% overlap. Repeated experimental iterations should
increase this overlap.

Although the iTRAQ reporter ions have m/z values in the “quiet”
region of the mass spectrum if there are any additional peptide
ions present in this selection window these will adversely affect
quantification [15]. Other methods, such as enzymatic labelling of
samples such as the use of trypsin or Glu-C catalysed incorporation
of 180 during digestion avoids side reaction artefacts, however, dif-
ferent peptides incorporate at different rates, and full labelling is
rarely achieved [55,56]. Furthermore, enzymatic labelling requires
at least a 4 Da mass shift in order to distinguish isotopomer clus-
ters of labelled and unlabelled peptide forms, and as these clusters
increase with peptide mass thus enzymatic labelling has limited
use for larger peptides [57].

Several papers have been published which highlight the promise
of iTRAQ coupled with LC-MS/MS as a tool for identifying potential
biomarker signatures indicative of disease from a variety of sources
such as serum, CSF and tissue. For example, studies with serum
using iTRAQ coupled with LC-MS/MS identified 160 proteins, of
which 31 were differentially expressed following traumatic brain
injury; three of which (serum amyloid A, C-reactive protein and
retinol binding protein 4) were verified independently and shown
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a mass difference of 9 Da without affecting the chromatographic properties of the labelled peptides, thus allowing relative quantification in MS. Subsequent MS/MS analysis

must be conducted on targeted ion pairs to enable identification of differentially expresse:

d proteins. (b) Peptide level labelling with isobaric tags such as iTRAQ (shown here)

which allows multiplexing of up to eight samples in one run (two are shown for clarity). The different masses of each ‘reporter’ group are counteracted by a ‘balance’ group

which confers isobaric properties on each tag in MS mode. Subsequently, multiplexed sa

mples containing the same mix of peptides labelled with different iTRAQ tags will

behave identically until they are fragmented during MS/MS. This provides several advantageous properties, as all equivalent peptides will behave identically in LC separation
steps, and in MS and MS/MS mode the signal from all peptides may be summed (as they have the same mass), thus enhancing the sensitivity of detection. (c) Label-free

methods such as SELDI (shown here) enrich for specific peptides by binding and eluting

them from a ‘chip’ with a particular chromatographic surface prior to MS analysis.

Proteins are not identified by this method, instead, peak patterns are derived in order to generate a proteomic profile which is used to compare multiple samples processed

via the same method.

to have good sensitivity for the early detection of increased intracra-
nial pressure indicative of traumatic brain injury [58].

iTRAQ-MS/MS has been used to identify 219 proteins in human
CSF, with 12 proteins differentially expressed between male and
female subjects. This represents a comparable, and in most cases,
slightly better penetration of the CSF proteome than previously
reported using 2D gel-based methods, and indicates that this is a
robust method to use in clinical analysis of the CSF proteome during
diseases, such as Alzheimer’s or Parkinson’s [8].

Studies using iTRAQ tagged tissue samples from patients with
head and neck squamous cell carcinoma (HNSCC) followed by
multidimensional LC-MS/MS identified a panel of differentially
regulated proteins when comparing HNSCC samples with pooled
normal controls. Three of these proteins (YWHAZ, stratifin and
S100A7) were shown to have high sensitivity and specificity for
differentiating normal versus cancerous tissue in an independent

HNSCC set and show potential for development as clinically rel-
evant biomarkers for diagnosis of this disease [59]. Studies using
endometrial tissue also show promise using iTRAQ to determine
differential expression profiles in patients with type I and type II
endometrial cancer [60-62]. Indeed, there is a growing interest in
the use of tagging technology in combination with sensitive MS/MS
techniques for use in cancer diagnosis, prognosis or monitoring of
treatment and relapse.

1.12. Benefits and caveats of label free approaches

The clinical use of MS-based methods for the proteomic pro-
filing of bio-fluids for diagnostic and/or prognostic information
presents many challenges. It is imperative that sample process-
ing should not affect the outcome of any analyses and that the
chosen platform should be robust and reliable, thus reducing
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detrimental effects introduced by experimental variables. Label
free quantification methods are favourable in practical terms as
they are relatively high-throughput, requiring no time-consuming
and expensive labelling step. Consequently there is no theoretical
limit to the number of samples that can be analysed in any
given experiment, as it is not restricted by the number of labels
available. However, unlike isotope labelling methods, label free
approaches do not allow for sample multiplexing, and thus may
not be faster. In addition, lack of topoisomeric peptides reduces the
spectral complexity at any given chromatographic time, potentially
increasing the number of peptides identified, although again this is
not true of isobaric tagging reagents such as iTRAQ. Although there
is evidence that label free methods show increased dynamic range
of quantification over stable isotope labelling, label free methods
are particularly susceptible to error, and there is inconclusive data
regarding the accuracy and linearity of label free techniques [16].

1.13. SELDI-ToF MS

Several label-free proteomic profiling techniques have been
developed which are based upon the application of an unprocessed
bio-fluid to a “chip” with a specific chemistry, i.e. a particular chro-
matographic surface. Unbound proteins are washed off and bound
proteins are analysed in a simple time-of-flight mass spectrometer.
In this method, proteins are not identified but signature peak pat-
terns are derived and compared between test groups to generate a
proteomic profile. The primary example of this type of method is
SELDI-ToF whereby samples such as serum, plasma and urine can
be applied to chromatographic chips designed to enrich for differ-
ent populations of protein/peptide analyte. Consequently, the main
advantage of this technique is ease of use and apparent through-
put, a possible reason as to why this method is so heavily used in
clinical proteomics, particularly in comparison to other MS-based
proteomics approaches [63].

Although there is evidence that label free approaches have
an enhanced dynamic range for detection compared with stable
isotope labelling, these techniques have been shown to be the
least accurate for quantification purposes and are extremely sen-
sitive to experimental variation. Indeed controversy surrounds the
long term viability of SELDI as a platform for wide-spread, large
scale clinical use, as concern still remains regarding the semi-
quantitative nature of the method, and its reproducibility [15]. A
classic example of this is an early study by Petricoin et al. [24],
whereby a biomarker signature for ovarian cancer determined by
SELDI was subsequently found to be not reproducible and the
differences were proposed to be due to variables introduced dur-
ing sample processing [64,65]. In addition, the reproducibility and
inter-lab variability of SELDI to detect a three peak signature iden-
tified to detect prostate cancer was tested by six independent
laboratories, and the inter-lab coefficients of variation of the nor-
malised peak intensities were found to be between 15-36% [66].

Nonetheless, SELDI has been used in several disease areas, for
example, to identify diagnostic markers of tuberculosis [67], severe
acute respiratory syndrome (SARS) [68,69] and intra-amniotic
infection [70,71]. SELDI has also been used to identify biomark-
ers of neurologic disorders, such as Alzheimer’s [72,73]. However,
this methodology has been utilised most heavily in oncology, and
various signatures have been described as diagnostic indicators of
various types of cancer. For example, in several studies of patients
with hepatocellular carcinoma (HCC) SELDI has been used to iden-
tify patients with HCC [74] and to distinguish between patients
with HCC and hepatitis C virus [75-77]. The most recent study by
Zinkin et al. [77], found that SELDI-ToF was more accurate than tra-
ditional biomarkers at detecting small tumours and although the
authors recognised that the sample set was relatively small, this

highlights the potential for this technique in clinical applications
such as diagnosis of HCC.

In a recent study by Taguchi et al. [78], SELDI was used on sam-
ples from patients with small cell lung cancer (SCLC) and an 8 peak
feature map was generated that was able to predict good or poor
prognosis groups in response to treatment with epidermal growth
factor receptor (EGFR) tyrosine kinase inhibitors (TKI’s). In addition,
the results of this study were reproducible between two inde-
pendent laboratories. In another study involving SCLC, biomarker
profiles were identified that could distinguish between SCLC and
healthy controls, SCLC from pneumonia and SCLC from non-small
cell lung cancer (NSCLC) [79]. However, a note of caution must be
introduced as the sample sets were relatively small, and the results
require further validation with additional patient samples. In addi-
tion to lung cancer, SELDI has been reported in the identification
of biomarker signatures able to distinguish between prostate can-
cer, benign prostate hyperplasia and healthy men [80]. SELDI has
also been reported in the detection of colorectal cancer signatures
[81], early stage ovarian cancer [82] and to distinguish patients
with Transitional Cell Carcinoma (TCC) of the bladder [83,84]. Fur-
thermore, in several cancer types SELDI has been applied to the
derivation of prognostic signatures, for example in the predication
of relapse in breast cancer patients [85].

Several studies have described the use of SELDI in identifi-
cation of peaks that are indicative of breast cancer from nipple
aspirate fluid [9-12]. NAF is an attractive source for proteomic
information in breast cancer, primarily due to its proximity to
the primary tumour and the relative ease of sample collection
compared to biopsy. However, caution must be employed when
analysing these data, as these studies show minimal, if any over-
lap in the peaks/proteins that were identified as associated with
breast cancer. This highlights a major challenge for the multi-centre
use of SELDI in routine clinical use, as variables such as sample
handling and processing, loading onto the target, washing, matrix
type and the method of data acquisition and processing can all sig-
nificantly affect the final data output. In addition, SELDI has thus
far been unable to identify conventional tumour markers, such as
a-fetoprotein [63].

Although screening is rapid, because potential biomarkers are
not identified this is likely to produce a bottleneck in the biomarker
validation step. Theoretically, the biomarker(s) does not have to be
identified in order to provide diagnostic/prognostic information.
However, as questions still remain regarding the reliability of this
method, it would seem that the logical step in moving forward and
validating SELDI as a useful tool for clinical proteomics would be to
identify the protein(s) responsible for the characteristic m/z peak
in order to develop more robust methods for high throughput use,
such as ELISA assays.

Other proteomic profiling methods have been developed based
upon the principles of SELDI, such as ClinProt (Bruker Daltonics,
Billerica, MA), which is bead rather than chip-based and both bound
and eluted proteins can be identified [86].

2. Spiked synthetic peptide standards

2.1. AQUA (absolute quantification of proteins)

The substantial resolving power of modern mass spectrome-
ters can only be fully realised in the clinical arena by the use of
accurate methods for absolute quantification. Unless a standardised
reference sample is used, coded isotope labelling can only provide
relative quantification, which can lead to difficulties when inter-
preting inter-study comparisons. The use of internal standards has
long been a tool for absolute quantification of small molecules in
isotope dilution experiments. Quantification is achieved by spiking
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known amounts of an isotopically labelled form of a known analyte
into the sample prior to MS, and the relative levels of labelled and
endogenous forms can be calculated. It must be noted that in this
case the identity of the analyte is known prior to analysis.

Variations on the internal standard method have been
developed for use in proteomics, including AQUA (absolute quan-
tification of proteins) [87], PC-IDMS (protein cleavage-isotope
dilution mass spectrometry) [88], SISCAPA (stable isotope stan-
dards and capture by anti-peptide antibodies) [89] and VICAT
(visual isotope coded affinity tags) [90] and these methods are able
to measure absolute protein amounts and post-translational lev-
els of proteins, ultimately essential for the validation of any novel
protein biomarker. A critical difference between the isotope dilu-
tion approach and AQUA is that while isotope dilution experiments
conducted on small molecules involve direct measurement of the
analyte, quantification of proteins by AQUA is carried out at the
peptide level [91].

The specificity of the spiked standard may also lead to inaccu-
rate quantification if it has the same m/z value of other peptides in
the sample. However, combining AQUA with use of multiple reac-
tion monitoring (MRM) [91], a highly sensitive method routinely
used to measure drug metabolites, hormones, protein degradation
products and pesticides with high precision and, known, repro-
ducible LC retention time can reduce these effects. MRM involves
two stages of mass selection, in the first instance a parent ion is
selected and isolated at a particular m/z ratio. The parent ion is
then fragmented and a second selection step is then used, whereby
a specific product ion is accumulated and monitored, making this
a highly specific and sensitive quantitative technique when com-
bined with the appropriate isotope labelled protein standards [92]
(Fig. 2).

Because MRM focuses on a handful of proteins of interest rather
than a global proteomics approach this technique is attractive dur-

(a) Multiple Reaction Monitoring (MRM)
CID

1247

ing the validation and assay development phases of biomarker
discovery. In the clinical proteomics setting, MRM has been suc-
cessfully used to isolate and quantitate tryptic peptides in plasma
which are indicative of disease, including C-reactive protein [26],
apolipoprotein A-1 [25] and prostate-specific antigen [93]. Tra-
ditional diagnostics based upon 1 or several protein biomarkers
involve the use of antibodies, typically requiring the development
of an ELISA method. Antibody microarrays have been shown to have
sensitivity ranging from 1 to 1000 pg/mL for cytokines in plasma
[94], however, due to the idiosyncratic nature of antibody gener-
ation the development of reliable antibodies for screening can be
problematic at best. Because MRM can detect peptides at low ng/mL
levels [13,95,96] and is applicable to all peptides it is thought that
this method may provide the most promise for biomarker valida-
tion and screening.

Other label free methods for biomarker identification are largely
untested in the clinical proteomics arena, including spectral feature
analysis where the peptide sequence is not identified and quan-
tification is carried out by comparison of spectral features from
separate LC/MS runs [23,97-99]. However, this method generates
high errorrates [100,101], therefore it is generally accepted that fur-
ther studies are required to verify any changes in abundance and to
determine the identity of these spectral features [21].

2.2. Future challenges and directions

Recent advances in LC-MS/MS-based techniques for clinical pro-
teomic biomarker discovery and validation have offered much hope
for superior patient care, particularly for cancer diagnosis and treat-
ment where the potential gains for individualised therapy are huge.
However, the complexity, variation and dynamic range of proteins
present within bio-fluids (such as plasma) are major obstacles to
these methods to accurately quantify changing protein levels. In
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Fig. 2. Schematic overview of multiple reaction monitoring (MRM) for biomarker quantitation (adapted from [103]). (a) Specific peptide detection by MRM. In this example
peptides from a tryptic digest enter the first quadrupole (Q1) and a diagnostic peptide (m/z 400) eluting at a specific time during liquid chromatography (LC) is isolated
and enters the collision cell (Q2). Collision induced dissociated (CID) fragments this peptide and a specific product ion (m/z 390) if generated, is selected to enter the third
quadrupole (Q3) where it then reaches the detector. This filtering dramatically reduces the background resulting in a significantly increased signal to noise and greater
sensitivity. (b) Absolute quantification by MRM. Inclusion of an isotopically labelled standard peptide allows for MRM transitions to be monitored for the test and standard
peptide. The mass difference imparted by the isotopomer enables the test and standard peptide to co-elute during LC and be monitored for different MRM transitions in
parallel. As the concentration of the standard is known, the ratios of the total signal generated by each peptide can be calculated and thus used for absolute quantitation

purposes.
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addition to problems presented by the analyte itself, many other
factors such as specimen collection, handling and processing (fast-
ing samples, freeze-thaw effects, life style variations, for example),
pre-fractionation methodology, instrumentation set-up, database
mining, statistical analysis and data storage will all lead to increased
costs and decreased throughput and thus affect the ultimate suc-
cess of LC-MS/MS-based biomarker discovery [102].

Traditional drug development within the pharmaceutical indus-
try follows a process from discovery through to pre-clinical
development and clinical testing, typically involving large scale
screening of multiple analytes. In contrast, basic research is dom-
inated by studies of individual molecules. Therefore, in order for
clinical proteomics by MS-based methods to be successful it is
essential that the gap between these two disciplines is bridged [1].
One of the major challenges is the translation of pre-clinical ani-
mal studies into human subjects. MS offers the exciting prospect
of bypassing this problem by moving directly into human bio-fluid
samples for discovery-based medicine. In addition, there is poten-
tial to reduce the number of patients required for clinical testing by
carrying out well designed pre-clinical studies in well characterised
animal and/or cell line models [3].

It is essential that novel biomarker profiles are carefully vali-
dated and it is possible that routine application may be carried out
by immunoassays, which can also present huge challenges. These
include issues surrounding antibody reliability and sensitivity and
the ability for multiplexing interactions which all impact upon
their cost effectiveness. In the case of clinical proteomics it is likely
that multiple novel candidates will be identified and thus multi-
ple reaction monitoring/stable isotope dilution (MRM/SID-MS) by
triple quadrupole MS may be more feasible, allowing for greater
throughput, accuracy, sensitivity and throughput than antibody
development [13,30]. Perhaps the most important factor for the
realisation of personalised medicine provided by novel biomark-
ers identified by MS is the need for careful and rigorous validation
of these markers though rationally designed, large scale clinical
studies [1]. These can only be successfully realised by close work-
ing relationships between discovery labs and clinical centres. This
highlights the major challenge faced by translational medicine,
in particular clinical proteomics, but with careful planning it is
hoped that the potential provided by continual developments in
LC-MS/MS methods for relative and absolute protein quantifica-
tion will lead to advances in the way diseases such as cancer are
diagnosed and managed.
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