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Mass spectrometric protein
maps for biomarker discovery
and clinical research

Expert Rev. Mol. Diagn. 13(8), 811-825 (2013)

Among the wide range of proteomic technologies, targeted mass spectrometry (MS) has
shown great potential for biomarker studies. To extend the degree of multiplexing achieved
by selected reaction monitoring (SRM), we recently developed SWATH MS. SWATH MS is a
variant of the emerging class of data-independent acquisition (DIA) methods and essentially
converts the molecules in a physical sample into perpetually re-usable digital maps. The thus
generated SWATH maps are then mined using a targeted data extraction strategy, allowing
us to profile disease-related proteomes at a high degree of reproducibility. The successful
application of both SRM and SWATH MS requires the a priori generation of reference spectral
maps that provide coordinates for quantification. Herein, we demonstrate that the application
of the mass spectrometric reference maps and the acquisition of personalized SWATH maps

hold a particular promise for accelerating the current process of biomarker discovery.
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For many diseases, early and accurate diagnosis
are beneficial for the selection of optimized,
specific and timely management decisions [1].
The diagnostic process requires certain measur-
ables indicating a specific biological or clinical
state, the so-called biomarkers. Particularly,
important biomarkers are those that can indi-
cate the risk for a particular condition, the
presence or the stage of disease, or the
response of a patient to therapy [2]. For exam-
ple, cancer biomarkers can be used to detect
early-stage carcinogenesis, predict tumor pro-
gression, drug response and clinical outcomes
of therapies [3].

The clinical needs of personalized medicine
require multiple biomarkers for tailoring medi-
cal decisions and practices to the individual
patients. Despite the standardized tumor, node,
metastasis system [4] as well as the recent prog-
ress in medical imaging technology, molecular
biomarkers provide additional personalized
information and are thus promising for the cus-
tomization of cancer prediction and monitor-
ing [5]. With the advances in high-throughput
technologies, such as genomics, transcriptomics
and proteomics, candidate lists
containing hundreds of analytes are being

biomarker

generated at increasing throughput. Further-
more, computational network inference and
extension approaches have shown great poten-
tial to integrate results from diverse large-scale
studies for predicting new biomarker candidates
in silico. Different types of biomarkers are being
tested including RNA, DNA, metabolites and
proteins. Among these, proteins are more
dynamic, diverse and more directly reflective of
cellular physiology than nucleic acid-based
markers, offering high potential to serve as bio-
markers for routine application [6].

Proteomics is the field of research that is
concerned with the analysis of proteins usually
at a large scale. Current proteomic techniques
and strategies can be broadly grouped into dis-
covery and targeting methods [7]. Targeted
proteomics [8-10] exemplified by selected reac-
tion monitoring (SRM, also referred as muld-
attempts o
reproducibly and accurately quantify sets of
predetermined proteins across muldple sam-

ple reacdon  monitoring)

ples. The technique has been used for the fast
evaluation of potential protein biomarker can-
didates (typically <100 proteins per analysis)
in large patient cohorts to assess their clinical
(11.12]. Another

value recently  developed
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targeting mass spectrometry (MS) approach is based on a data-
independent  acquisition ~ (DIA)  mass  spectrometric
method — SWATH MS. In contrast to SRM, in SWATH
MS feature sets for all analytes detectable in a biological sam-
ple are recorded [13), which are then used to identify and
quantify the respective analyte using a targeted data analysis
strategy [13,14].

The successful applications of targeted proteomic methods
such as SRM and SWATH MS require the one time genera-
tion of mass spectrometric reference maps for each component
of whole canonical proteomes or specific subsets of proteomes
(subproteomes), for example, those of particular clinical inter-
est. Here, we describe the recent advances in the generation
of mass spectrometric reference maps and their applications.
We also discuss the impact of these advances on the field of
biomarker discovery and clinical research.

MS-based proteomics in clinical research

Clinical need in diagnostics: personalized

medicine and unbiased measurements

The identification of specific biomarkers is essential for the
realization of personalized medicine, in terms of better esti-
mated disease risk, more adapted therapies and improved dis-
ease outcome. Quantitative proteome patterns of a person’s
tissue or body fluid may reveal information about the health
state that is not apparent from, for example, genomic or tran-
scriptomic information. This is partially due to the fact that
the translation of genomic patterns into proteomic phenotypes
is complex and poorly understood and partially due to the het-
erogeneity of many diseases, for instance in the case of cancer,
where cancer cells harboring a broad spectrum of genetic alter-
nations are contained in a specific tumor. It is therefore not
surprising that enormous efforts have been expended to detect
new protein biomarkers for many diseases. These efforts have
resulted in a large number of publications that provide evidence
for biomarkers, yet very few of such proteins have made it into
routine clinical practice [15]. The limited success is a result of
different reasons including limitations of the current protein
quantitative methods (discussed below) and the lack of more
active collaborations between proteomic and clinical commit-
tees [2.5]. Nevertheless, there is a great need to validate proposed
biomarker candidates in well-designed, quality controlled stud-
ies, which require suitable and sufficient clinical specimens and
highly reproducible and quantitatively accurate analytical tech-
niques [16]. For the validation, the acquisition of personalized
proteomic expression maps containing multiple, ideally all
detectable biomarker candidates would be highly desirable,
because it would allow the nonbiased measurement of all possi-
ble biomarkers across sample cohorts, to maximize the predic-
tive power and to select the biomarker or biomarker pattern
with the best discriminant power.

Antibody-based methods: strengths & weaknesses
Traditionally, the measurement of protein biomarkers in clini-

cal samples (e.g., Prostate-specific antigen for prostate

cancer [17], CA125 for ovarian cancer [18] and hEGF receptor-2
for breast cancer [19]) has primarily relied on antbody-based
immunoassays, such as immunohistochemistry (IHC) staining
technique or enzyme-linked immunosorbent assay (ELISA).
ELISA is generally used to determine protein abundances in
bodily fluids, whereas IHC allows for determining the antigen
abundances and localizations in cells of fresh tissue sections or
immobilized biological biopsies. Antibody-based approaches are
routinely employed in the clinics because they provide conven-
ient, rapid, sensitive and high-throughput solutions for the
application of biomarkers. High-throughput assays using auto-
mated analyzers (such as Beckman Coulter Access and Roche
Elecsys Systmes, etc.) are now standard in clinical chemistry
laboratory offering high reproducibility (coefficients of variation
[CVs] for immunoassays are typically <5%).

However, antibody-based methods are accompanied with
several limitations. First, high-quality tests based on automated
analyzers are available for only a few well-established bio-
markers. Second, ELISA measurements rely on two highly spe-
cific (preferably mono-clonal) antibodies and are thus critically
dependent on the availability and quality of the antibody,
which is the reason for their costly and lengthy developmental
process. Third, it is difficult to multiplex ELISA assays for
measuring a large number of targets, due to the likely cross-
reactivity between antibodies. Fourth, the costs of applying an
ELISA kit increase linearly with the number of samples to be
tested. And the costs can be prohibitive if >5-10 proteins need
to be measured. Also IHC has its own limitations. The fixation
and tissue preservation are obligatory sample processing steps
in ITHC to make proteins/epitopes available for proper antibody
staining. These steps can possibly affect the preservation and
detection of different proteins. Moreover, IHC usually only
offers a semi-quantitative measurement for protein abundances
that are scored by expert opinion across muldple tissue sec-
tions. In light of the above, alternative protein measurement
approaches such as MS-based technologies are being developed.

Evolution of MS-based proteomic methods & their
promises for clinical research

The last decade has witnessed significant progress in protein
identification and quantification using MS-based methods [20.21).
In particular, new instrument configurations, new quantitative
approaches and optimized software tools to analyze MS-derived
proteomic data have largely improved the analytical perform-
ance of MS-based proteomics, in terms of reproducibility,
dynamic range, limit of detection (LOD), comprehensiveness
and quality of the results [7.922-24].

Shotgun proteomics, also known as discovery proteomics, is a
universally and successfully used proteomic method for identify-
ing proteins in complex mixtures (7). In this method, the enzy-
matically digested protein sample is analyzed by liquid
chromatography tandem MS (LC-MS/MS) operated in data-
dependent acquisition (DDA) mode. In this mode, peptide frag-
mentation in the mass spectrometers is guided by the abundance
of peptide ions or so-called precursor ions detected in a survey
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scan. Detected peptide ions (or a subset of
them) are then selected for collision-
induced dissociation (CID) and fragment
ion (MS2) spectra are recoded (Ficure 14).
The MS2 spectra along with the mass of
the precursor ion are then searched against
protein database to infer the peptide
sequence and protein identity. Dynamic
exclusion filtering in DDA mode excludes
the re-sampling of the same precursor ion,
thus maximizing the number of different
precursors that are selected over time. This
optimization, however, comes at the price
that precursor ions eluting at similar times
from the columns are excluded from the
analysis if their precursor mass is within
the excluded mass range. Furthermore, the
precursor ion selection is largely stochastic
following simple intensity-dependent heu-
ristics, which leads to an irreproducible
selection of precursor ions and therefore
irreproducible protein identification and
quantification results across samples [25].
New MS-based analytical strategies
with increased selectivity such as accurate
mass and time tag strategy [26], directed
MS [727] (also termed as AIMS 28], paral-

lel  reaction monitoring [29] and
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Figure 1. The MS instrumental principles of shotgun proteomics, selected reac-
tion monitoring and SWATH MS analysis. (A) The purpose of shotgun proteomics is
the generation of fragment ion spectra for the identification of the amino acid sequence
of peptides. The first analyzer (MS1) is set to scan all the precursor ions at a time and then
to select one specific precursor (based on the intensity) for fragmentation. The selected
ion undergoes collision-induced dissociation in the collision cell, and the resulting frag-
ments are analyzed by the second analyzer (MS2). The process is repeated for different
precursors, yielding the MS2 spectra (shown on the far right). (B) In SRM, precursor ions
of a specific peptide are selected in MS1. After fragmentation step, a specific fragment
ion from the target peptide (transition) is selected in Q3 and guided to the detector.
Finally, an SRM trace corresponding to the specific fragment(s) of the peptide monitored
over time is generated. (C) SWATH-MS is a data-independent acquisition method in
which the MS2 spectra generation is not guided by the real-time intensity of precursor
ions. Here, the MS2 data are acquired by repeatedly cycling through 32 consecutive

SRM [830] have emerged in recent years.
These methods attempt to increase data
reproducibility by eliminating or con-
straining the stochastic nature of precur-
sor ion selection. Among them, SRM is monitoring.
currently most widely used for clinical

proteomics. SRM is usually implemented on triple quadrupole
(QQQ) instruments where the first and third quadrupoles of the
instrument act as mass filters and selectively monitor a specific
precursor ion and one or several fragment ions unique to this
precursor ion, whereas the CID fragmentation step is conducted
in the second quadrupole. The number of fragment ions of each
type that reach the detector is counted over time, resulting in a
chromatographic traces indicating intensity profiles of the frag-
ment ion signals (also referred to as SRM transitions) over time
that can be used for precise quantification of the peptide (8]
(Freure 1B). Compared to the discovery approach, SRM is well
suited for highly reproducible quantification across many sam-
ples and in fact across different laboratories [16]. Therefore, this
method is important for biomarker validation and could serve as
an alternative to ELISA or IHC for assaying disease bio-
markers [7.16]. In fact, SRM is routinely used in the clinics for
monitoring small molecules (7.

Whereas a discovery LC-MS/MS run can identify hundreds
or thousands of proteins, SRM is currenty limited to the tar-
geted measurement of up to 100 proteins per run. To alleviate
this limitation, we recently developed a new DIA mass

25 Da precursor isolation windows (swaths) and monitoring all fragment ions. The
high resolution of MS2 spectra (10 p.p.m) ensures the specificity of

peptide identification.

MRM: Multiple reaction monitoring; MS: Mass spectrometry; SRM: Selected reaction

spectrometric technology — SWATH MS [13], which in contrast
to SRM is not based on targeted MS acquisition, but on targeted
data extraction. The method is implemented in a fast-scanning,
high-resolution quadrupole time-of-flight mass spectrometer
(TripleTof 5600™, AB Sciex). SWATH acquisition consists of
the sequential selection of sequential precursor ion mass win-
dows (normally 32 windows of 25 amu width covering 400—
1200 m/z range), fragmentation of all precursor ions selected in
each window and recording of the resulting composite fragment
ion spectra. This acquisition mode essentially converts the pepti-
des in a physical sample into a high-resolution digital map con-
sisting of MS2 ions derived from the fragmentation of all
precursor ions present in the sample in a predetermined mass to
charge window and at a certain time (Ficure 10). For the targeted
data analysis, several fragment ion chromatograms for each pep-
tide of interest are extracted from the digital maps, whereby
mass and chromatography features provide information to iden-
tify the peptides. Because of the highly accurate fragment mass
(10 parts per million [p.p.m.]) and the predicted retention time,
the relative specificity offered by SWATH MS compared with
SRM remains qualitatively the same [13].
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The need for mass spectrometric reference maps

As reviewed above, mass spectrometric methods have evolved and
matured to a level where it is possible to assess the complexity of
the human proteome [31], to uncover disease-related subproteomes,
and therefore to facilitate biomarker discovery and their validation.
The MS-based protein expression data sets, no matter whether
they are acquired by DDA or DIA mode, contain a high number
of ion traces and signals that can be used for qualitative and quan-
titative analysis. Therefore, the annotation of MS ion signals to
the corresponding peptides or proteins is essential and should be
significandy facilitated by mass spectrometric reference maps, in
which spectral libraries are meticulously compiled from a large col-
lection of previously observed and identified peptide MS2 spec-
tra [32]. The matching of acquired data sets to such reference maps
supports unbiased protein measurements and offers benefits in
speed gain and increase in sensitivity and selectivity, compared to
sequence database searching using in silico generated fragment ion
spectra [32-34]. Whereas the use of proteome-wide spectral refer-
ence maps is a convenience for discovery-type proteomic experi-
ments, it is essential prior information for targeted and SWATH
MS-type measurements.

Reference maps supporting mass spectrometric
navigation of proteomes

Definition of a mass spectrometric reference map

Mass spectrometric reference maps are defined as the collection
of fragment ion spectra of peptides corresponding to predicted
protein sequences based on the genome [35]. These reference
maps constitute highly specific protein assays including all essen-
tial coordinates of informative peptides (such as the mass, charge
state distribution and chromatographic retention time of the pre-
cursor ion as well as the mass, charge state distribution and rela-
tive intensities of the fragment ion signals). The assays that are
akin to the availability of specific antibodies for a protein sup-
porting immune reagent-based measurements, allow reproducible,
reliable, accurate quantification of each component in the com-
plete canonical proteome map or the subproteome of interest.

Generation of mass spectrometric reference maps

The generation of mass spectrometric reference maps covering a
proteome or subproteome of interest to near completion is cur-
rently attempted by in-depth sequencing of a proteome through
large scale, comprehensive LC-MS/MS-based shotgun proteomic
experiments [213536]. There are two different ways to generate
spectral libraries for reference maps. One is via deep shotgun
sequencing of natural proteins in suitable samples and another is
based on sequencing libraries of synthetic peptides (Ficure 2).

Reference maps based on shotgun sequencing of biological
samples

Shotgun proteomic analysis of biological samples identical or
similar to those that will be eventually used for targeting meas-
urements will directly generate suitable and relevant spectral
libraries to serve as reference maps. Normally, extensive fractio-
nation strategies or relative enrichment methods are used to

improve the proteome and peptide coverage (Ficure 2). High-
quality reference maps are then built by coalescing replicate
spectra of the same peptide into a consensus spectrum by using
algorithms like SpectraST [32].

Reference maps based on synthetic peptide libraries

To obtain high-quality reference spectra even for those proteins
that are difficult to detect in shotgun LC-MS/MS measure-
ments, and more importantly to avoid the identification bias in
shotgun sequencing experiments due to biological variations
(e.g., patient-to-patient variation), ‘gold standard’ reference spec-
tra have also been generated from fragment ion spectra of
chemically synthesized peptide libraries. The use of synthetic
peptides eliminates sampling bias of the shotgun measurements
and sample preparation steps and generates fragment ion spectra
of their bona fide substrates. In this regard, Picotti er al devel-
oped a high-throughput method for SRM assay development
that is based on crude synthetic peptide libraries [37] as a refer-
ence and an SRM-guided fragment ion spectrum acquisition for
each synthetic peptide [3839]. The technique is dependent on the
optimal choice of the components of synthetic peptide libraries
(Ficure 2). Ideally, such libraries consist of proteotypic peptides
(PTPs), defined as experimentally observable tryptic peptides
that uniquely identify a specific protein or protein isoform, for
every protein of a proteome [30]. Using synthetic peptide libra-
ries, spectral reference maps for 97% of the genome-predicted
proteins of the Saccharomyces cerevisiae proteome [35), 93% of
the Streprococcus pyogenes proteome [40] and 97% of the Myco-
bacterium tuberculosis proteome [41] were recently generated.

Repositories for spectral libraries in the reference map
Ideally, the thus generated spectral libraries would be publicly
accessible to support any researcher who intends to quantify
proteins in samples of his/her interest via targeting MS. Pub-
lic resources established with this goal in mind include Pepti-
deAtlas [3642], Human Proteinpedia (43, GPM Proteomics
Database [44] and PRIDE (45] etc., which support the retrieval
of peptides frequently detected by MS. PeptideAtlas [36,42,101)
is a constantly updated compendium of peptides identified in
a large number of tandem MS (i.e., discovery-type) proteo-
mics experiments. SRMAtlas [102] is a specific compendium
of targeted proteomics assays, resulting from high-quality
measurements of natural and synthetic peptides conducted on
a QQQ mass spectrometer and is intended as a resource for
SRM-based proteomic workflows. Furthermore, to consider
the detectability of the SRM assays, PASSEL was created as a
combined catalog of best-available transitions selected from
PeptideAtlas shotgun data and SRMAtlas, providing the vali-
dation information of all assays in the context of a specific
sample [46].

Established MS reference maps for clinical research

At present, MS reference maps of different biological or clinical
samples have been established or are being developed with
respect to specific clinical questions (Freure 2).
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Figure 2. The generation and targeted navigation of mass spectrometric reference maps associated with specific clinical
questions. MS2 spectra are obtained either via the deep-sequencing analysis of the real sample or by the shotgun identification the
synthetic peptides representing the proteins of interest. The MS2 information are collected as assays, yielding the mass spectrometric
reference maps. The targeted navigation can be then achieved by either SRM-based targeted profiling or SWATH MS-based global

profiling. Note that the MS assays from the reference maps are important for both the targeted measurement by SRM and the data

extraction step in SWATH analysis.

Plasma proteomic reference map via deep shotgun sequencing

Human blood plasma is a sample source of particular interest
for biomarker discovery. Blood samples can be obtained with a
minimally invasive procedure and it presumably contains pro-
teins that hold potential to uncover physiological and patholog-
ical changes caused by disease [47. However, the high
complexity and extreme dynamic range of the plasma proteome
(12 orders of magnitude) prohibit the sensitive, high-
throughput profiling of the plasma proteins in large sample
cohorts [48]. A high-quality catalog of plasma proteins detect-
able by MS is thus an important starting point for the discov-
ery and targeted measurement of blood-based biomarkers. In
2002, the Human Proteome Organization (HUPO) launched
the Human Plasma Proteome Project, which generated a total
of 889 confidenty detected plasma proteins [49). In 2011, by
combining 91 high-confidence shotgun proteomic experiments,
Farrah et al. compiled a high-confidence human plasma pro-
teome reference set that includes 1,929 nonredundant protein

sequences at an estimated FDR of 1% [s0]. Additionally, a spec-
tral counting approach was applied to roughly estimate protein
concentrations. This data set represents a useful reference
resource for biomarker discovery and SRM measurement in
plasma samples.

Global human proteome map via deep shotgun sequencing
The unambiguous identification of any protein or the whole
proteome in (clinical) tissues or cells is challenging, but would
greatly expand the information recorded for clinical research.
Using antibody-based immunoassays to detect target proteins,
the Human Protein Atlas [51] has been created to facilitate tar-
geting proteins from more than 15,000 human genes (-75% of
the human protein-coding genes, a current release of 11 March
2013 [52)).

Nowadays, the ability of MS-based proteomics to identify
complete sets of proteins expressed by human cells and tis-
sues is rapidly approaching [s3]. Two recent papers succeeded
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in characterizing the expressed human proteomes of human
cell lines with substantial depth [5455]. Both investigated
human cancer cell lines (Hela and U20S) and identified
more than 10,000 human proteins, respectively. For real clin-
ical tissue, Wisniewski ez al. applied a similar comprehensive
shotgun proteomics and quantified over 7,500 proteins
extracted from microdissected material of colorectal cancer
tissue and determined 1,808 proteins with a significant dif-
ference in abundance between colon adenocarcinoma and
normal mucosa [56]. Further the HPP of HUPO, through the
collective effort of numerous laboratories, has achieved a
cumulative coverage of the human proteome of 69% [s7], a
value that is comparable to that achieved in the PeptideAt-
las (58] and GPM database [44] where the data from multiple
measurements are integrated. These data indicate that in dif-
ferentiated human cells approximately half of the human
open reading frames are expressed. These large proteomic
data sets provide the basis for the development of assays sup-
porting targeting MS for human proteins. At the time of this
writing, the generation of mass spectrometric assays for syn-
thetic peptides representing the complete human proteome is
now in the finishing stage [39]. In this effort, PTPs for all
human proteins were extracted from the above-mentioned
data resources or computationally predicted, chemically syn-
thesized and pools of these reagents were used to generate
reference spectra on different types of mass spectrometers.
Ultimately, these efforts will soon provide a definitive and
complete mass spectral reference map for all human proteins
as a public resource. In contrast to affinity reagent-based pro-
teomic resources, MS reference maps can be shared electroni-
cally, thus avoiding the logistical difficulty of sharing
protein-specific affinity reagents.

Synthetic reference map of cancer associated proteins

The definition of a comprehensive list of proteins that are
associated with cancer is difficult at present because the
molecular mechanisms of cancer biology are far from com-
pletely understood. However, a summary list of proteins that
have been detected to be differently expressed in human can-
cers compiled from previous literature citations combined
with the ability to reliably and reproducibly quantify them in
any sample would be beneficial to fill the gap between basic
research and clinical application. Polanski ez al. prioritized
previous cancer biomarker candidates based on the frequency
of literature citations in 2007 [59] resulting in a list of
1,261 candidates. Based on this compiled list and the addi-
tion of US FDA-approved protein markers, 1,172 proteins
were selected as cancer-associated proteins (CAPs), and SRM
assays were developed for 5,426 peptides to represent them.
Using these SRM assays in clinically relevant samples,
182 proteins were detected in depleted plasma and 408 CAPs
were detected in urine, which has a narrower concentration
range than plasma [10]. The expandable reference map of
SRM assays for CAPs is a valuable resource for designing and
accelerating biomarker verification studies.

Synthetic reference map of the N-linked glycoproteome
Glycosylated proteins (glycoproteins) represent a subproteome
that is particularly relevant for clinical research because they are
usually found either secreted by tissues, thus representing good
candidates for detection in easily accessible bodily fluids, or at
the cell surface representing potential drug targets [6061].
Indeed, nearly 80% of the currenty used protein biomarkers
and drug targets in the clinics are glycosylated (62]. Further-
more, isolation techniques for N-glycosites (i.e., deglycosylated
peptides that were N-glycosylated in the intact protein) from
plasma or tissue samples have matured in the past 10 years,
such as solid phase extraction of N-linked glycopeptides
(SPEG) based on chemical immobilization of glycopeptides [63]
and lectin enrichment [64]. The captured glycopeptides can be
released via PNGase F enzymatical digestion, resulting in the
deamidated peptide form for LC-MS/MS. In particular, the
SPEG method has achieved success in both cancer biomarker
discovery and validation studies, such as prostate cancer [1265],
hepatocellular carcinoma [66] and nonsmall cell lung cancer [67).
Recently, Hiittenhain ez /. developed an SRM assay library for
2,007 humans and 1,353 murine N-glycosylated proteins. This
reference map consisting of SRM assays for 5,568 N-glycosites
is publicly available via the SRMAtlas [68], which can be used
for unbiased analysis in plasma biomarker research.

Navigating mass spectrometric maps of clinical samples
Untargeted global navigation using shotgun proteomics
With the latest advanced MS instruments, up to 20-50 precursor
ions can be selected for CID fragmentation from a single survey
scan, yielding a deep investigation of the proteome in shotgun
proteomics [69,70). However, shotgun navigation of the proteome
is performed in an untargeted fashion and results are inconsistent
as discussed above [7925]. A deeper comparative analysis of clini-
cal proteomes can be achieved by comprehensive shotgun naviga-
tion combined with extensive sample fractionation (Ficure 3),
which in turn requires a large amount of valuable clinical materi-
als and an extended experimental time [71]. Directed MS, in
which the mass spectrometer is directed to select and fragment
sets of precursor ions of interest, increases the analytical depth
and reproducibility of shotgun proteomics [7.72].

Targeted navigation of clinical proteomes using SRM

With the above-mentioned mass spectrometric reference maps
established, researchers can directly perform targeted navigation
of a priori selected clinically relevant proteins by SRM (Fiure 2,
Rigur Paner). Over the last few years, hundreds of publications
have reported achievements and promises of SRM in transla-
tional and clinical research, which concluded that targeting MS
techniques are compatible with the rigorous requirements for
clinical studies such as biomarker validation.

The performance of SRM in navigating clinical proteomes

The direct quantification of proteins in plasma by SRM is pre-
ferred because it is simple and efficient permitting high-
throughput analysis. In 2009, a muldlaboratory study was
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Figure 3. Performance profiles comparing technical advantages and disadvantages of shotgun proteomics, SRM and SWATH
MS. In the radar chart, analytical variables are presented on axes staring from the same point and each variable is represented by a
spoke. The length of a spoke indicates the magnitude of the variables. Note that SWATH-MS combines the strengths of shotgun and
SRM technologies; however, requires more powerful bioinformatic tools for data analysis.

LOQ: Limit of quantification; MRM: Multiple reaction monitoring; MS: Mass spectrometry; SRM: Selected reaction monitoring.

performed to assess reproducibility, LOD and precision of
SRM measurements of proteins in plasma. They reported an
intralaboratory CV below 25% for 9 of 10 peptides targeted in
plasma [16]. The detection boundary of SRM in unfractionated
plasma proteome was determined to be 0.3-1 pg/ml, a range
that is further supported by other studies [167374]. Because bio-
marker candidates such as tissue leakage products are usually of
low concentrations (at least nanogram per milliliter), the LOD
of SRM for measuring proteins directly in unfractionated
plasma is 1-2 orders of magnitudes above the required lev-
els (75). Consequently, researchers adopted sample preparation
strategies to reduce the complexity of plasma. These include
depletion of high-abundance proteins, extensive protein- or
peptide fractionation, targeted enrichment and isolation of sub-
proteomes or combination of these strategies. These efforts
enhanced the sensitivity of SRM assays to 1-10 ng/ml in
plasma [76]. Among these strategies, the SPEG enrichment in
combination with SRM was shown to facilitate the quantifica-
tion of N-glycoproteins over a large concentration range reach-
ing nanogram per milliliter levels in plasma [12.77].

Urine is another easily accessible bodily fluid and thus a
favored source of biomarker measurements for diagnostics pur-
poses, especially for kidney and bladder diseases. Selevsek ez al.
quantified 18 proteins by SRM in human urine samples with
estimated concentrations between 100 pg/ml and 1 pg/ml and
CVs in the range of 10% (78] similar to other reports [10].

In the case of cellular proteomes, Ebhardt er al. estimated
the LOD and dynamic range of SRM for unfractionated cellu-
lar protein extracts from a human U20S cell line. They
reported that proteins with 25,000 copies per cell were rou-
tinely detectable, whereas a lower limit was determined to be
7,500 copies per cell [79].

Taking these data together, it is interesting to compare the
different LODs of SRM measurement in different clinical sam-
ples (1 pg/ml in total plasma, 1-5 ng/ml in N-glycoproteome
of plasma, 0.1ng/ml in urine and 7,500 copies per cell in
human cell lines). At first sight, these numbers seem to diverge

significantly. However, in fact, the absolute peptide LODs
were all determined to be at low attomole range in all the stud-
ies. This demonstrates that the observed detection boundaries
may merely reflect the loading volume of the processed clinical
samples. Importantly, differences in sample complexity seem
not to significantly affect the sensitivity of SRM measurements.

Immuno-SRM for increased sensitivity

A technique that has shown potential for the ultrasensitive detec-
tion of target peptides is Stable Isotope Standards with Capture
by Anti-Peptide Antibodies (SISCAPA (s0]) coupled to SRM [s1].
In SISCAPA, polyclonal antbodies specific for a particular pep-
tide are immobilized on nanoparticles to capture the target pep-
tide along with its corresponding stable isotope-labeled standard.
The eluted peptides are then quantified by SRM. This enrich-
ment significantly increases the sensitivity, particularly for lower
abundance proteins in plasma. The reproducibility for the entire
immuno-SRM process was demonstrated to have a median intra-
and interlaboratory CV below 15% [8283]. Furthermore, com-
pared to ELISA, SISCAPA has the advantage that the specificity
of the assay is provided by MS, significantly relaxing specificity
requirements of the antibodies used [82]. Nevertheless, the genera-
tion of an acceptable antibody for each peptide might be a limit-
ing factor of this approach. In addition, cross-reactivity between
antibodies needs to be tested for multiplexed SISCAPA.

High-throughput navigation & targeted analysis by
SWATH MS

SWATH MS combines the strength of discovery proteomics to
detect a high number of analytes with the favorable accuracy,
dynamic range, sample throughput and reproducibility parame-
ters of SRM (Ficure 3). As such, this technique has the capability
to address many of the current limitations and questions in
clinical biomarker studies. For clinical specimens, such as biop-
sied tissue, plasma or urine, we propose that the application of
SWATH MS will generate a real, quantitative, digitalized pro-
teomic recording (so-called ‘SWATH maps’) as personalized

www.expert-reviews.com

817



Liu, Hittenhain, Collins & Aebersold

digital representation for each patient. These SWATH maps
can be annotated by the above-mentioned mass spectrometric
reference maps to achieve the global characterization of the dis-
ease proteome (Fcure 2, Rinr Paner). The false-discovery rate
(FDR) during this annotation is controlled by the targeted data
analysis conceptually derived from SRM using a classical target-
decoy searching strategy [14.23].

SWATH MS map in N-linked glycoproteome in human plasma
To assess the potential of SWATH MS for analyzing clinical sam-
ples, we compared SWATH MS and SRM-based quantification
of N-linked glycoproteins in human plasma. Using dilution series
of isotopically heavy labeled peptides representing plasma bio-
marker candidates, we determined that the sensitivity of SWATH
MS is generally only 2-3-times lower compared with SRM (i.e.,
about 5-10 ng/ml at protein level in the plasma). The average
CV of detectable endogenous plasma proteins was found to be
14.90% in SWATH MS and 13.38% in SRM analysis. More-
over, absolute quantification results of SWATH MS and SRM
were highly correlated (R = 0.9784) [84. Taken together,
SWATH MS coupled with targeted data extraction achieved a
slightly lower sensitivity, comparable accuracy, dynamic range
and reproducibility compared to state-of-the-art SRM measure-
ments (as summarized in Ficure 3). This means that SWATH MS
analysis, when combined with N-glycosite enrichment, provides a
reproducible, deep and quantitative digital map of the human
plasma N-glycoproteome, which will permit the concurrent quan-
tification of a significantly higher number of glycoproteins than
SRM from similar amounts of sample and in comparable time
frames [84].

The complexity and volume of SWATH data sets have led
to the development of specialized analysis software tools for
SWATH MS (Ficure 3). These bioinformatic tools are now avail-
able, such as openSWATH (Roest and Rosenberger er al.,
Manuscript submitted [103]) and SpectronautTM [104], to fulfill
the need of confident identification and quantification of pro-
teins in SWATH maps using a target extraction workflow.

Characteristics of SWATH maps

We herein list our perspectives of the key features of applying
SWATH maps to clinical research. First, SWATH maps support
high-sensitivity detection: Biomarker candidates (e.g., N-linked
glycoproteins) can be measured in clinical samples after their
enrichment in a single MS run with only a threefold reduced sensi-
tivity compared with SRM. Second, SWATH maps support accu-
rate quantification: the targeted extraction of analytes results in an
accuracy comparable to SRM if internal standards are added for
the proteins of interest. Third, SWATH maps can be generated in
a high-throughput fashion: a single injection combined with an
LC gradient of 1-2 h is sufficient to generate the map. Fourth,
SWATH maps achieve unprecedented proteome coverage allowing
the global profiling and targeted analysis of the detectable fraction
of proteomes. Fifth, these maps hold special promises to uncover
disease-associated proteomic patterns because the quantitative
information for all detectable proteins is recorded for a specific

sample type. Sixth, SWATH maps support reproducible quantifi-
cation just like the SRM technique. Finally, SWATH maps are
permanent digital maps that once acquired from different individ-
uals can be always easily and instantly re-examined for the valida-
tion of novel emerging biomarkers and new biological hypotheses.
They can be easily stored i silico, shared and cross compared.

However, we also would like to emphasize that despite all
the promises, the performance of SWATH MS in clinical
research still needs to be further evaluated. For example, based
on currently available data, SRM is still superior to SWATH
MS for the sensitive detection of a small set of target proteins
(<100). Because of the limited number of targets in SRM,
researchers can determine and report LOD/limit of quantifica-
tion for all protein targets and perform absolute quantification.
Moreover, for diseases based on single mutation, SRM might
be a more suitable method to detect and discriminate the
mutant form of peptides, because of the narrow precursor fil-
tering window in Q1 and the higher sensitivity [8s).

Improved workflows for biomarker studies driven by
mass spectrometric maps

Conventional pipeline based on shotgun proteomics
Shotgun proteomics does not require any prior knowledge of the
sample composition and has been used as a discovery tool for
screening a large number of biomarker candidates in a small set
of patient specimens (Ficure 4, Lerr). Despite the use of enrichment
procedures, isolation steps [76] and focusing on more relevant bio-
marker sources (such as cancer secretomes or proximal flu-
ids [8687]), the discovery phase by shotgun proteomics usually
yields 10-100 s candidates even after thorough statistical or bio-
logical filtering [88]. Due to the high costs that are accompanied
with the development of high-quality immuno-assays (e.g.,
ELISA kits), only a few candidates (<4-10) are usually selected
for verification in suitably powered sample cohorts. Thus, the
path from the discovery phase to the final clinical utility is long
and uncertain [2]. As a result, researchers tend to make relatively
‘safe choices’ for the verification of candidates, normally based on
the literature mining of prior knowledge or already established
immunoassays. This leads to the verification of already tested
markers rather than testing new promising markers for which no
prior knowledge is available [89]. Additionally, selecting only a
small number of candidate markers for the verification increases
the likelihood of failure. In this case, researchers would need to
choose cither to test more candidates from the discovered pool, or
to go back to the initial steps to recruit more patients or to
improve the comprehensiveness of their shotgun experiment (Fic-
URE 4, LEFT).

SRM-based alternative pipeline

The application of SRM-based targeted proteomics not only
addresses the scarcity of specific affinity reagents available for
clinical research, but also presents a compelling alternative pipe-
line for biomarker discovery and verification (Fiure 4, Mippis).
Because of the multiplexing capability of SRM measurements,
a higher number of candidates derived from exploratory studies
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Figure 4. Models of biomarker pipelines for clinical proteomics adapted for different mass spectrometric approaches. The
pipelines are based on shotgun proteomics, SRM technique and the availability of SWATH maps. Note the tendency of less dependency
on traditional antibody-based methods and more dependency on MS-based techniques along the evolution of the pipeline models.

or bioinformatic predictions from genomic data can be verified
within a reasonable time scale (<1 h per sample). Two studies
published in 2011 applied the SRM-based pipeline to aid dis-
covery and early stage of validation of biomarkers for breast
cancer and cardiac injury, respectively [90.91].

A paramount prerequisite in the pipeline is the availability of
SRM assays that as proposed in this review can now be directly
retrieved from established mass spectrometric reference maps.
In this pipeline, if the verification results are unsatisfactory,
researchers can focus on selecting more meaningful candidates
and perform another cycle of SRM experiments. Currently, the
time of measuring 100 proteins in 100 samples is about 2 weeks
in experienced labs and this time will increase linearly if either
a higher number of proteins or higher number of samples need
to be analyzed. Of course, multiple injections will also consume
more clinical material.

Novel biomarker pipeline facilitated by SWATH MS &

its advantages

We present here a novel pipeline for biomarker studies based on
the availability of the SWATH digital maps (Ficue 4, Ricar). Specifi-
cally, we propose that SWATH maps should be generated for
each clinical sample without prior judgments about proteins to be
targeted. In particular, proteomic profiles can then subsequently
be extracted in a targeted fashion using assay information derived
from mass spectrometric reference maps. Questions on how the
proteins in one disease pathway or in one specific functional pro-
tein class are regulated could be answered by interrogating the
SWATH MS records across sample sets, studies and disease phe-
notypes. Moreover, because of the theoretical presence of undis-
covered biomarkers in the total proteome, pattern recognition
algorithms or machine-learning methods could be applied to link

SWATH maps with the heterogeneous phenotypes of the samples.
Resulting models could then be validated in an independent set of
samples. Importantly, the proposed biomarker discovery pipeline
is iterative (Ficure 3) as the number of analytes between discovery
and verification phase remains the same here (or, in fact, can be
increased as new reference libraries are generated), which is a key
advantage compared with shotgun or SRM-based pipelines (92].
This means new sets of biomarkers can be always tested i silico
without reanalyzing the same physical sample. This will eventually
reduce required resources in terms of time and money for bio-
marker discovery before early-stage validation (Ficure 4, Rige).

Example: personalized SWATH digital maps for cancer
biomarker discovery

Finally, we provide a possible example of the process for
human cancer biomarker discovery that can be accelerated by
the unique features of SWATH maps. Traditionally, bio-
markers are screened between samples after cancer manifesta-
tion, often at relatively late stages in the cancer development
after symptoms have occurred (Ficure 5, Urrer Paner). Moreover,
clinical samples need to be stored appropriately (e.g., in —
80 degree) over a long time and possibly aliquotted to mini-
mize the number of freeze-thaw cycles. The challenges of
maintaining suitably annotated samples in biobanks also
increases the difficulties to monitor temporal profiles of bio-
markers. In contrast, if SWATH maps are immediately
acquired after collection, they can be matched and compared
between each other, thus allowing for interrogation of diagnos-
tic profiles (Ficure 5, Lower Paner). This feature will also facilitate
the longitudinal profiling of the proteome (e.g., the cancer
staging in one patient) and the retrospective identification of
biomarkers regulated at the tumor inception stage.
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Figure 5. Comparison of the conventional and the new biomarker pipeline assisted by SWATH maps for human cancer. The
upper panel indicates the usage of biomarkers in the longitudinal process such as cancer staging (dysplasia to stage IV). Note that, as
illustrated in lower panel, once the SWATH map is acquired, it is a permanent record that allows for iterative in silico interrogation for

diagnostic profiles.

Expert commentary

It has been pointed out that >75% of protein research still
focuses on the 10% of proteins that were known and the subject
of most protein-based studies before the genome was mapped.
This is largely due to the lack of high-quality tools for systemati-
cally investigating newly discovered proteins or proteins pre-
dicted from the genome sequence (89].

Shotgun proteomics is a routine and mature method to
identify and profile peptides and proteins in clinical samples [93).
It is still the method of choice for the characterization of the
novel protein variants associated with diseases such as those
forms resulted from SNPs [94], alternative splicing [95] and post-
translational modifications [96]. Furthermore, label-free quantifi-
cation in shotgun experiments can be easily applied to clinical
tissues and biofluids [97].

The reference mass spectrometric maps provide benchmarks
for proteome identification and quantificadon by any MS
strategy. The assay coordinates in these maps not only facili-
tated SRM measurements and targeted analysis of SWATH
data set as we reviewed, but also enhance the protein identifi-
cation in shotgun proteomics [32. To maximize the quantita-
tive benefits from SWATH maps, a rigor and thorough
experimental design, with various controlling steps during data
acquisition, is needed. Based on our experience, we recom-
mend a constant set of internal standards (e.g., a mixture of

heavy isotopic peptides corresponding to certain endogenous
proteins in different sample types) should be spiked into the
sample in same amount. These standards can serve as a bench-
mark for protein quantification and for normalization of run-
to-run variation. Moreover, inclusion of several suitable exter-
nal intact proteins, for example, from other species allows
accounting for variation in protein digestion, whereas the same
representative control sample repeatedly measured between
sample batches allows to control data quality over long
time periods.

Five-year view

In the near future, MS spectral libraries for representative pepti-
des covering the entire human proteome will be available. Also,
multiple incremental improvements at each level of MS-based
proteomic research will soon enable complete proteome analysis
of human samples, with profound impact on both biology and
clinical research. The human proteomic research focus will
undergo a gradual, though perhaps not complete, switch from
protein identification to quantification for specific biological
and clinical questions. More reference mass spectrometric maps
will be established with respect to particular scientific interests,
including completed maps at species level (e.g., human species,
animal models like mouse, important pathogens and viruses)
and high-resolution maps for specific functionally related
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subproteomes (protein complexes, transcription factor class, kin-
ases and substrates).

For clinical research, the MS quantification method of
choice must be simple, robust, low cost and compatible with
the available clinical material. These needs will catalyze a
shift from labeling methods (such as SILAC [98] or even
iTRAQ [99] to label-free approaches. Furthermore, since clin-
ical materials are precious and proteomics increasingly
becomes capable of analyzing in vivo samples, the issue of
handling and analyzing very small tissue amount will come
to the fore. In the next few years, another emerging applica-
tion of targeted proteomics will be the linkage analysis
between protein expression and genetic variations, for exam-
ple, QTL analysis. This type of analysis is crucial to uncover
molecular mechanisms underlying complex traits, such as
those associated with common diseases like diabetes or can-
cer [9.35]. We also expect a much wider application of DIA
methods such as MSY [100] and SWATH MS in clinical
research, because of their unique advantages of monitoring
all protein species detectable in a sample at constant sensitiv-
ity and reproducibility across large sample cohorts. In

particular, SWATH maps will be acquired from tissues and
plasma, providing a personalized proteomic blueprint for
iterative biomarker studies and eventually for patient-tailored
therapies.
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Key issues

e The clinical needs of personalized medicine and unbiased biomarker discovery drive the high-throughput, multiplexed, quantitative and
cost-effective investigation of clinical proteomes. The better annotation of these proteomes benefits greatly from mass spectrometric

reference maps.

Mass spectrometric reference maps consisting of assays for targeted quantification of PTPs are established or under development such

as those of plasma proteome, N-linked glycoproteome, CAPs sets and even the human global proteome.

The mass spectrometric reference maps are generated by either deep shotgun sequencing of biological samples or by chemically

synthesizing a suitable set of peptides that uniquely represent each component in the system. All assays are made publicly accessible

through websites such as PeptideAtlas and SRMAtlas.

however, from the high cost required for their development.

Traditional antibody-based protein measurements are the method of choice if a validated assay has been developed. They suffer,

Shotgun proteomics-based validation, although enabling global protein identification and biomarker screening in unbiased way, mainly

suffers from an attrition of proteins detected and quantified between samples.

SRM-based targeted analysis of proteins in complex samples offers stable, sensitive, quantitative and reproducible quantification. It
achieves LOD in the low attmole range in different clinical samples and even 100-1000 lower by utilization of peptide antibody-based
enrichment. The SRM-based biomarker discovery pipeline has been widely and successfully used in clinical proteomics. The pipeline is
now significantly accelerated by mass spectrometric maps generated for clinical proteomes

SWATH MS technology was developed to address the problem of low analyte throughput in SRM analysis. As a DIA acquisition
method, SWATH MS generates a complete recording of the fragment ion spectra of all analytes detectable in a clinical sample in
2-3 h. SWATH MS coupled with targeted data extraction achieved a slightly lower sensitivity, comparable accuracy, dynamic
range and reproducibility compared to state-of-the-art SRM measurements, and therefore combines the strengths of shotgun
and SRM analysis.

The digitalized SWATH maps generated by SWATH MS can be annotated using mass spectrometric reference maps to identify and
quantify the global detectable proteome across samples. The SWATH map represents a fast, deep, reproducible and most importantly
permanent proteomic recording which promises to avoid sample storage and to support the iterative biomarker discovery and personal-
ized proteome phenotyping.

We propose that mass spectrometric reference maps and SWATH MS technology will be widely applied in clinical research and the
SWATH digital map-assisted biomarker discovery pipeline will to some extent replace the current shotgun or SRM-based pipelines.
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