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Abstract

Single biomarker detection is common in clinical laboratories due to the currently available
method spectrum. For various diseases, however, no specific single biomarker could be identified.
A strategy to overcome this diagnostic void is to shift from single analyte detection to multiplexed
biomarker profiling. Mass spectrometric methods were employed for biomarker discovery in body
fluids. The enormous complexity of biofluidic proteome compartments implies upstream
fractionation. For this reason, mass spectrometry (MS) was coupled to two-dimensional gel
electrophoresis, liquid chromatography, surface-enhanced laser desorption/ionization, or capillary
electrophoresis (CE). Differences in performance and operating characteristics make them
differentially suited for routine laboratory applications. Progress in the field of clinical proteomics
relies not only on the use of an adequate technological platform, but also on a fast and efficient
proteomic workflow including standardized sample preparation, proteomic data processing,
statistical validation of biomarker selection, and sample classification. Based on CE-MS analysis,
we describe how proteomic technology can be implemented in a clinical laboratory environment.
In the last part of this review, we give an overview of CE-MS-based clinical studies and present
information on identity and biological significance of the identified peptide biomarkers providing
evidence of disease-induced changes in proteolytic processing and posttranslational modification.
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Introduction

Biomarkers are molecules being used as indicators of pathological changes, disease states,
or drug responses. Many of these are proteins and peptides, which are the exclusive focus of
this review. For clinical laboratory diagnosis, the molecular structure and biochemical
characteristics of a biomarker are only of secondary interest. The collection of clinical data
is of greater importance, allowing exact specification of diagnostic and prognostic
capabilities of biomarkers. Specificity for a particular disease state, time of occurrence,
abundance, accessibility, resistance to metabolic decay, and protease degradation are only
some factors that must be taken into account when evaluating a biomarker. This evaluation
process inevitably leads to the imposition of restrictions on the use of a biomarker, e.g.
indication of the disease only at an advanced state.

Most of the analytes currently used in the clinical laboratory for screening and diagnostic
purposes have been discovered after extensive physiological and biochemical
characterization of diseases. This tedious and laborious procedure resulted in the
identification of single markers with often moderate diagnostic value, mostly due to low
specificity. For example, prostate-specific antigen (PSA) is currently widely used as a
marker for prostate cancer. Its prognostic relevance, however, is the subject of ongoing
debate due to a lack of specificity when PSA levels are only moderately increased (4-10 ng/
mL). This kind of uncertainty not only results in unnecessary biopsies, but also in higher
rates of false-positive prostate cancer diagnosis [for review seel]. As another example, early
detection of renal impairment, which is of vast importance for the initiation of
renoprotective intervention, mainly relies on the detection of microalbuminuria. The
significance of this marker is underlined by the observation of Mogensen? that glomerular
filtration rate (GFR) and serum creatinine levels as alternative estimates of kidney function
did not change within the microalbuminuria range. However, microalbuminuria is also found
in apparently healthy individuals and cannot be utilized as a predictive marker of renal
disease.3 These two examples underline the need for other more accurate biomarkers in
order to overcome the limitations of today’s available diagnostic strategies.

To address this diagnostic challenge, the question arises of whether screening for a single
marker can fulfill the requirements of reliably detecting a disease as early as possible,
unambiguously distinguishing it from other pathological conditions, and monitoring the
efficacy of therapy. An alternative strategy, instead of trying to find this “ideal diagnostic
marker,” is identification of several markers, which may not be optimal for use as single,
stand-alone markers, but work in concert, and subsequently combining these to a disease-
specific pattern.# Over the past few years, a number of different proteomic technologies have
been introduced in clinical investigation in order to establish disease-specific marker
patterns for clinical diagnosis and therapeutic monitoring as an alternative to single-
biomarker-based approaches. It appears now that the multi-marker approach is generally
being accepted, but it also comes with several challenges that were either not known or not
fully appreciated and therefore disregarded in the beginning of the proteomics era. As
outlined in the recently published suggestions for guidelines for clinical proteome analysis,
the general criteria that are applied to a biomarker to be used for clinical assessment (e.g.
known identity, reproducible detection, known deviation) also apply to the single biomarkers
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in a multi-marker panel.> The initial enthusiasm and subsequent failure to deliver valid
results were mostly a consequence of the over-interpretation of data, the use of inappropriate
technologies and statistics, and a lack of knowledge, which was simply not available a few
years ago. It is now evident that an ill-defined “pattern” does not constitute a multi-marker
panel and cannot serve as a clinical diagnostic tool.

Selection of sample source

In principle, proteomic profiling can be carried out using tissue extracts, cell lysates, or body
fluids (such as blood, urine, cerebrospinal fluid, and saliva) as biological materials.

Due to close proximity to the primary site of the pathological occurrence, affected cells and
tissues should contain the highest amounts of biomarkers. This property makes them an ideal
source for biomarker definition. Most of the tissues, however, are not easily accessible, and
their sampling depends on invasive methods. The same issue has to be considered when
collecting samples from cerebrospinal, synovial, and body cavity fluids. The poor
accessibility of tissue sites is reflected by the fact that, to date, proteomic studies using tissue
samples are rare.%” However, as outlined recently by Lescuyer et a/8 such approaches may
nevertheless be more successful than serum- (or plasma-) based approaches, which, as the
authors point out, have not resulted in measurable diagnostic success to date.

Malignant transformation and increased death of cells in disease-affected tissues and organs
is most commonly associated with diffusion of tissue- and organ-specific proteins into the
extracellular space and hence into the blood circulation. The role of blood as a transport
medium for molecules to and from tissues, together with the ease of sample collection,
makes blood an attractive source for biomarker discovery at first glance. Unfortunately, there
are a number of problems to overcome before blood can be effectively used for clinical
proteomic research.9-11 Complete identification of the human plasma proteome is currently
impossible due to the high dynamic range between low-level and high-abundance proteins.
With the removal of highly abundant proteins, most notably albumin, this dynamic range can
be reduced, but this removal creates new challenges, such as the loss of low-abundance
proteins by their binding to albumin or to the resin of the subtraction column. As reported by
Kolch er al12 persistent proteolytic activity in the blood sample is another source of
experimental inaccuracy, resulting in an increase in polypeptide fragments of the serum
during clotting time, making meaningful comparison of serum proteome or peptidome
profiles between individual samples even more challenging. These reports and
considerations suggest that, while blood is certainly the richest source for biomarkers, it is
highly unlikely that these can actually be identified using current technologies.

Via proteolytic degradation, protease-resistant, and therefore relatively stable, peptide
fragments are generated that traverse epithelial barriers and pass into the urine by glomerular
filtration. Although peptides and small proteins of the blood that enter the lumen of the renal
tubule are, for the most part, reabsorbed by proximal tubular cells, a small quantity escapes
this process and is excreted into urine. As a consequence, urine can be used as a biomarker
source for various diseases if the detection method is sensitive enough and if the
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interpretation of experimental data is not confounded by the proteolytic processing of the
target markers.

In contrast to serum or plasma, urine as sample matrix provides several advantages. First, it
is non-invasively accessible so that it can be obtained in large quantities whenever needed.
Second, urine is relatively stable in its composition if handled properly. As reported by
Schaub et a/13 this is also the case after long storage times. The higher stability of urinary
peptides may be in part explained by the completion of endogenous proteolysis at the time
of urine voidance. Third, since urine originates as the ultrafiltrate of plasma, with ~1000-
fold lower protein concentrations,4 the composition of the urinary peptidome is highly
susceptible to changes caused not only by renal, but also by a wide range of non-renal
diseases including cardiovascular, autoimmune, and infectious diseases as well as certain
types of cancer.1® Finally, urine is enriched in low-molecular-weight proteins and peptides,
which can be transferred without an initial protease digestion step directly to protein mass
spectrometry (top-down MS).

At this point, it is worth mentioning several sources of difficulties encountered when dealing
with urine. As demonstrated by Kolch et a/12 the peptide composition of urine changes
rapidly during the day and is affected by many factors, including variations in fluid intake,
exercise, diet, circadian rhythms, response to hormones, to name just a few. Hence, to ensure
the reliability of proteomic profiling, this biological variability should be kept to a minimum
by the inclusion of statistically relevant numbers of samples, the selection of adequately
matched case and control groups, and the use of standardized sample collection and
preparation procedures.

Proteome analysis is best carried out using midstream samples of second morning urine.
Nevertheless, exceptions exist. In a clinical trial pertaining capillary electrophoresis (CE)-
MS-based prostate cancer diagnosis, Theodorescu et a/.16 identified first void rather than
midstream urine as a rich source for prostate cancer-specific urinary biomarker peptides.

Another factor with an impact on protein and peptide composition of urine is aging. Ziirbig
et al 1" found 325 of 5,000 CE-MS-identified peptides to be age-dependently regulated.
Whereas the majority underwent changes in conjugation with pre- and peri-pubertal renal
development, 49 peptides were related to aging in adults. Most of the latter are fragments of
different types of collagens. Their down-regulation can be interpreted as morphological
evidence for the previously described decrease in kidney function, 7.e. decline of GFR and
reduced capacity of urine concentration.18 In consequence, where pathophysiological
conditions are restricted to a particular age group, /.e. chronic kidney disease (CKD), age-
matched controls must be used for unbiased disease marker discovery.

Besides keeping non-disease-related variability of urine samples in the initial biomarker
discovery phase minimal, it is of equal importance to vigorously evaluate application-
specific characteristics such as biomarker stability or insensitivity to interferents in a later
validation phase. Only biomarkers that pass this strict validation will enable appropriate
classification accuracy over a broad range of samples in a clinical laboratory setting.
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Separation technologies coupled to MS

Two-dimensional separation of proteins according to their isoelectric point and molecular
weight in sodium dodecylsulfate polyacrylamide gels (SDS-PAGE), first described by
O’Farrell, 19 provided the experimental basis for the first proteomic analyses. It soon became
apparent that, besides high-resolution protein separation, the unambiguous identification of
the proteins in the gel spots is a critical task. Initially, proteins excised from the gel were
examined by Edman degradation, but this was often unsuccessful due to a blocked N-
terminus.20-21 Therefore, whenever possible, detection was performed by nitrocellulose
transfer and staining with specific antibodies according to the method used by Burnette.22

Subsequently, several technologies emerged that improved the efficacy of proteome analysis.
Electrophoretic and chromatographic separation technologies, such as two-dimensional
electrophoresis (2DE), liquid chromatography (LC), surface-enhanced laser desorption/
ionization (SELDI), and CE, were developed and were coupled to mass spectrometers with
different ionization sources, /.. matrix-assisted laser desorption/ionization (MALDI) and
electrospray ionization (ESI), and analyzing systems, /.e. quadrupole, time-of-flight (TOF)
and fourier transform ion cyclotron resonance (FT-ICR). As an alternative to these MS-
based methods, protein-detecting microarrays have emerged due to advances in recombinant
antibody engineering and automated spotting techniques for biomolecule immobilization
onto solid supports.23:24

We will briefly outline the main characteristics of the different technological platforms and
then focus on CE-MS. For a more detailed review on the technologies, we refer the reader to
Reference 4.

Two-dimensional gel electrophoresis followed by mass spectrometry

In 2DE fractionation, proteins are first resolved by electrofocusing according to their
isoelectric point followed by the orthogonal separation afforded by SDS-PAGE. MS
detection of proteolytic digests has become the method of choice for protein identification
from the 2D gels: tryptic digestion of excised gel spots, extraction of the proteolytic
fragments, and, as soon as exact mass information of at least three fragment ions is
available, comparison with public database records provided, for example, by the National
Center for Biotechnology Information. Matches can subsequently be verified by tandem
mass spectrometric (MS/MS) sequencing or immunoblotting.

Gel-to-gel variability compromising comparison between samples can be prevented to some
extent by two-dimensional differential in gel electrophoresis (2D-DIGE),2> which enables
simultaneous resolution of two differentially labelled samples within the same 2D gel.
Nevertheless, comparison of several different experiments remains a challenge. Furthermore,
the approach is too time-consuming to be applied in a clinical laboratory setting. Hence,
potential biomarkers defined by 2DE-MS have to be transferred to an application platform,
where they need to be validated. Despite these limitations, 2DE-MS remains a commonly
used technique for comparative analysis of large proteins and definition of potential
biomarkers above 10 kDa molecular mass.1®
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Liquid chromatography coupled to mass spectrometry

LC represents a high resolution separation method for proteins and peptides prior to MS
detection. A great variety of LC columns suitable for e.g. reversed phase, ion exchange, or
size exclusion chromatography, are available that enable separation of large amounts of
analytes, and these can be combined with virtually any mass spectrometer. In recent years,
LC-MS was further extended to multi-dimensional protein identification by sequential
separation with different separation media. Most important in this field is multidimensional
protein identification technology, which uses cation exchange prefractionation followed by
reversed phase separation and MS/MS detection.26 A major disadvantage of this method is
that it generally takes a considerably long period of time to analyze one sample, making its
use for high-throughput screening of hundreds of samples rather difficult. Furthermore,
comparative examination of datasets obtained from multi-dimensionally separated samples
also still represents a substantial technical challenge.2” LC-MS has proven its usefulness as a
research platform for the identification of potential biomarkers in an initial discovery
phase.28:29 As is the case for 2DE, the identified biomarkers must then be transferred to
other assay systems in order to allow their rapid laboratory detection. A more detailed
description on the opportunities and limitations of LC-MS is provided by Nagele et /3% and
Qian et a/3!

Surface-enhanced laser desorption/ionization coupled to mass spectrometry

SELDI uses selective adsorption of proteins to different active surfaces, e.g. hydrophilic
matrix, reversed phase material, or affinity reagents, such as lectins or antibodies, to reduce
the complexity of a biological sample. Matrix material absorbs energy and allows laser
ionization for MS detection. SELDI has been used for the tentative identification of potential
biomarkers in a variety of diseases.32-34 The advantages of SELDI are that it represents an
easy-to-use system with a high automation grade and high-throughput capabilities and low
sample volume requirements. Limitations include that proteome profiles generated by
SELDI are influenced by a variety of factors such as the type of surface coating, pH and salt
condition, and protein concentration of the sample, which makes standardization difficult to
perform.13:35-37 For a recent description of SELDI technology the interested reader is
referred to Poon.38

Capillary electrophoresis coupled to mass spectrometry

CE separates analytes from a complex mixture with high resolution based on differential
migration through a liquid-filled capillary column in a strong electric field. By on-line
coupling of CE to an electrospray, (ESI-TOF-MS), analysis of several thousand polypeptides
within a time range of 45 to 60 min can be performed. CE and LC are similar with respect to
resolution and compatibility with mass spectrometers. The advantages of CE over LC are
that CE can operate at lower flow rates, which improves sensitivity, that no buffer gradients
are required for separation, and that migration of analyte can be controlled by varying the
electric field strength.3% Moreover, the capillary can be reconditioned with NaOH, enabling
efficient cleaning after each run.

CE-MS is limited in the separation of larger proteins (above 20 kDa), which tend to
precipitate at low pH. However, sensitivity to analyte precipitation is generally less an issue
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in CE compared to LC. Another limitation is the small sample volume that can be applied
onto the capillary, which hampers CE-MS/MS applications, but due to the high sensitivity of
mass spectrometers in the low fmol range, is of very little concern in CE-MS. With these
restrictions kept in mind, CE-MS has developed into a stable and versatile platform for
peptidomic profiling.

Adaptation of CE-MS for clinical diagnosis

In order to ensure reliability of multivariate analyses, robustness over a wide range of sample
sizes, in addition to high analytical sensitivity, was an important factor that first required
intense optimization before clinical studies could be initiated. In this early development
phase, on-line coupling of CE to MS necessitated substantial modifications to the
established CE and MS protocols, which are summarized in Figure 1 and will now be
discussed in brief. With respect to clinical application, CE-MS was optimized to generate
patient-specific proteome profiles, such as the one presented in Figure 2, in conveniently
short measurement times for subsequent automated comparison with diseased and control
reference patterns.40:41

Due to interference with CE separation and MS detection, salts and detergents should be
removed to a large extent from the sample prior to injection into the CE capillary.*2
Typically, the mobile phase is an aqueous solution supplemented with methanol and formic
acid. Methanol in a final concentration of 20-50% increases ionization efficiency and
stabilizes the electrospray due to its low vaporization flux. The addition of 0.5% formic acid
reduces the pH of the solution to ~2.2, enabling efficient generation of the positively charged
peptides required for migration and subsequent ionization. Another beneficial impact of the
low pH is that bare fused silica columns become fully protonated during electrophoresis,
resulting in effective suppression of electroosmotic flow disturbances, normally caused by
the bare silica capillary wall. This is important as it eliminates the need for special capillary
coatings, which were found to be susceptible to obstruction by continuous exposure to
biological fluids.12

As the entire mass-to-charge range of the CE-separated analytes should be continuously
monitored during sample analysis, the ability to perform fast and sensitive scanning in full-
scan mode represents an important criterion for the selection of an appropriate mass
spectrometer. Due to lower scan speeds of currently available ion trap and FT-ICR-MS
instruments, ESI-TOF-MS is considered to best fulfill the requirements of combining
reasonable resolution and mass accuracy with fast scanning speed and adequately high
sensitivity.43

High electric field densities are required to simultaneously achieve high resolution and fast
separation of analytes in CE. In order to prevent interference with the downstream
electrospray ionization process, the electrical circuits of CE and ESI must be separated from
each other. This is ideally achieved by grounding of the ESI-needle and the introduction of
an MS internal anode for the setting up of a separate low-current MS electrical circuit.12 In
the context of CE-MS interfacing, it is worth mentioning that sheath flow coupling** better
fulfills stability requirements needed in a clinical setting than sheathless systems. The latter
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uses the outer coating of the capillary as one of the two electrical poles.*® In sheath flow
systems, a sheath liquid circumflows the capillary end and closes the electrical circuit. The
stability improvement of the sheath flow method outweighs a generally lower sensitivity of
analyte detection, the severity of which can be reduced by keeping the sheath flow rate to an
absolute minimum.12

In a typical run, 100 nL of sample are injected into the CE system. Separation is performed
with 30 kV on the injection site. Due to the pH gradient, the ionized polypeptides and small
proteins in the sample are initially focused before electroosmotic flow driven migration
starts. To achieve highest signal intensities, the sheath flow rate is set to an absolute
minimum of 100-1000 nL/min, while the nebulizer gas is turned off during acquisition.
From first attempts to calculate peptide masses in complex mixtures, it became apparent that
high signal intensities are more essential for convenient signal deconvolution than the
perfect resolution of analytes. In this respect, it is worth mentioning that the detection limit
of the CE-MS system was determined for 3 kDa peptides to be ~1 fmol.#® Under the applied
operating conditions, 7 fmol of each of a set of different standard proteins and peptides
results in signals with signal-to-noise ratios between 50 and 500.40

After completion of CE-MS assembly and optimization, a series of experiments was
initiated with human urine as sample material to validate the analytical performance of the
CE-MS platform. In these proof-of-principle experiments, mass accuracy of the CE-TOF-
MS method was determined to be <25 ppm for monoisotopic resolution and <100 ppm for
unresolved peaks (z>6). Moreover, a resolution above 8,000 ensured the detection of
monoisotopic mass signals for z<6.

Proteomic data mining

Due to the large amount of information provided by a single CE-MS run, which consists of
~1,200 individual spectra, adequate software solutions are required to correctly interpret and
process proteomic data. Some features that must be implemented in the software include the
ability to determine the charge of a particular peak, to identify and combine peaks of the
same mass, but different charge states, and to perform efficient normalization of migration
times and amplitudes to compensate for differences between individual measurements.

MosaiquesVisu software (http://www.proteomiques.com) was used for data evaluation.*’
MosaiquesVisu employs a probabilistic clustering algorithm and uses both isotopic
distribution and conjugated masses for peptide charge state determinations. The total number
of distinct peptides resolved from a urine spectrogram by this software ranges from 900 to
~4,000 in healthy individuals. Subsequently, all peptides identified in the CE-MS spectrum
of a particular urine sample were deposited in a Microsoft SQL database. In this database,
peptides are defined by molecular mass, CE migration time and signal intensity providing a
unique identification mark.

Comparative analysis of marker expression is only possible if peptides can be identified with
a high level of confidence in consecutive samples. In this respect, efforts were undertaken to
develop a reliable normalization and calibration procedure for CE retention times and MS
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signal amplitudes on the basis of 200 peptides found in more than 1,000 samples with
frequencies above 90%.4648 After normalization of the CE parameters, a clustering
algorithm is applied to combine identical peptide entities to a proteomic pattern. In this latter
process, the maximum allowed mass deviation is set relative to the molecular mass of the
peptide, reasonably due to peak broadening at higher migration times. In the clustering
algorithm, mass deviation limits are set from +50 ppm for 800 Da peptides to £75 ppm for
15 kDa peptides. The CE migration time deviation is linearly increased over the entire
electropherogram from 2 to 5%. Finally, to compensate for mass inaccuracies caused by the
deconvolution, normalization, and clustering processes, the TOF-MS-derived masses are re-
calibrated by linear regression fitting to FT-ICR-MS precisely determined reference masses
derived for 80 of the 5,000 in the SQL database annotated peptides with mass deviation <0.5

ppm.

After initial processing of peak spectra to identify protein or peptide targets, the next step is
to use the compiled datasets for the conduction of comparative studies on the basis of
multivariate statistical analyses. The classification methods may be based on logistic
regression analysis*® or support vector machine (SVM).50 As with any classification
procedure, these methods have their own advantages and drawbacks. It should be noted,
however, that neither of these supervised learning methods include a variable selection
procedure per se. In this context, statistical evaluation of the different peptides may be seen
as the best-suited tool at the present time for reducing the high dimensionality of the
problem. Nevertheless, a given biomarker showing statistical significance does not
automatically perform well as a class-discriminating item. The statistical analysis must
correct for multiple testing artefacts inherent to such an analysis.

In this context, Bonferroni corrections, and their relatives such as the Holm procedure, are
the most widespread approach to control experiment-wide false positive rates.>
Distribution-free resampling methods, like these from Westfall and Young,>? are also
popular approaches. A major drawback of these procedures is that they may lack sufficient
statistical power. This has led Benjamini and Hochberg to introduce a false discovery rate
that conserves sufficient statistical power of looking for biomarkers that are differentially
expressed between two samples when subjected to two different treatments (e.g. disease/no
disease).53

Finally, the importance of using proper statistics and validation of the generated classifiers in
a blinded study group must be emphasized. If this practice is not strictly followed, the data
obtained will likely hold no value and will be proven invalid in the next set of experiments,
as was the case in a study of SELDI-TOF-MS whole-serum proteome profiling for prostate
cancer detection by McLerran et a/>*

Clinical validation

The performance of the biomarker(s) defined to correctly identify samples of healthy and
diseased subjects may best be expressed as a receiver operating characteristic (ROC) plot, as
this will indicate the degree of overlap between the two groups by plotting the sensitivity
against 1-specificity at each level.5> ROC plot analysis is the method of choice since it has
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the remarkable property to be independent of the prevalence of the disease in the sample
cohort.

After identification of candidate biomarkers in a training set of well-defined samples, it is
imperative to validate their discriminating and prognostic value by applying them to a
second blinded sample collective, which ideally should include diseased patients, healthy
individuals, and, if necessary, patients with other related diseases. In addition, the validation
process should also answer the question of how adequately the biomarker is able to
discriminate between the disease of interest and all other diseases and health conditions. For
example, heat shock proteins (HSPs), in particular HSP70, described by some authors as
biomarkers for certain types of cancer,?6-8 are frequently released by affected cells after the
onset of other, non-cancer-associated stimuli such as oxidative stress, heavy metals, hypoxia,
acidosis, tobacco smoke, and metabolic poisons.>® In most of the cases, it is therefore
difficult to specify the cause of HSP up-regulation. On the other hand, a differentially
excreted albumin-derived peptide may serve as a useful biomarker due to its uncommon
occurrence as a degradation product of a disease-specific protease.

Finally, the identified biomarkers should be further characterized, e.g. by subjection to MS-
based sequencing methods, in order to identify their protein provenance and gain new
insights into the underlying disease mechanisms.

Biomarker identification

Separation technologies coupled to MS can make use of top-down or bottom-up approaches
for protein or peptide identification. In a typical top-down experiment, intact proteins and
peptides are subjected to analysis by MS/MS. In bottom-up analyses, proteins are digested
by proteases, and the generated peptides are analyzed by MS/MS. Whereas the latter method
is best suited for the identification of large proteins, the former is more applicable for
peptides and small proteins less than 10-20 kDa and gives a more accurate definition of the
potential biomarkers. As outlined recently, any biomarker should be defined by its accurate
molecular composition.5°

The identification of a theoretical protein based on a few tryptic fragments may be quite
misleading, as it generally does not account for post-translational modifications (PTMs).
However, these may in fact confer “biomarker quality” to the protein; glycated albumin may
serve as a biomarker for diabetes, while albumin precursor, which would be defined as a
biomarker based on several tryptic peptides, certainly does not.81 If albumin precursor was
defined as a biomarker for diabetes based on a top-down 2DE- or LC-MS/MS approach, and
an antibody was raised against it, then the subsequent validation of the results using an
alternative technology for clinical application would have failed, due to the inaccurate
definition of the original biomarker.

With the exploitation of top-down strategies for CE-MS, LC-MS, and SELDI-MS, the low-
molecular-mass range of the proteome, also sometimes termed peptidome, came into focus
as the source of information. The peptidome consists of all naturally occurring peptides,
many of which are the products of proteolytic degradation. The rationale behind performing
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peptidomic analysis is provided by the finding that many disease states are reflected by
changes in the peptide composition of biological fluids. As suggested by Haubitz et a/52
Villanueva er a/.53 or Rossing er a4 some of these diagnostically relevant peptides are
produced by (disease-) specific proteases. These proteases, and in particular their increased
activity, may be more readily assessed by analysis of their reaction products, the specific
proteolytic fragments generated, than by direct identification of the proteases themselves.

It appears that the top-down approaches are currently better suited for clinical applications
than the bottom-up ones. This is in part due to the more accurate definition of biomarkers,
including PTMs, and the higher resolution obtained in the top-down approach (while
distinguishing between e.g. 4,700 and 4,701 Da can easily be accomplished, it is almost
impossible to distinguish between 60,000 and 60,001 Da), as well as the higher throughput,
producing larger numbers of independent samples for statistical analysis, a prerequisite in a
multiple parameter setting. Hence, while the high-molecular-weight proteome, currently
analyzed generally via the bottom-up approach, may hold more information than the low-
molecular-weight proteome/peptidome, its information appears to be generally not
accessible in a statistically sound approach. In contrast, the low-molecular-weight proteome/
peptidome can be assessed in a statistically meaningful way, owing mainly to its lesser
complexity. From a practical, application-driven view, the deciphering of the low-molecular-
weight proteome/peptidome using top-down approaches should be the centre of interest for
clinical proteomics studies.

Since CE-MS can be used both as discovery as well as application platform, the amino acid
sequence of a peptide biomarker is not absolutely required for CE-MS-based clinical
diagnosis. Nevertheless, in order to gain more insights into disease processes, top-down
peptide sequencing strategies were applied to obtain the amino acid sequence of peptides of
interest. For verification of sequence authenticity, the number of basic and neutral polar
amino acids of the database-obtained sequence candidates was correlated with their expected
position in the CE-MS spectrogram.®® This assignment is possible, since the peptides are
arranged in the latter in distinct charge-specific lines. This is indicated in the contour plot of
Figure 3. The line marked with z=1 contains peptides with no arginine, histidine, and lysine
residue in their sequence, and only the N-terminal ammonium group is positively charged.
The other lines represent peptides with one, two, or more basic amino acids (z=2; z=3; z>3).
This charge-specific arrangement of peptides in the CE-MS spectrogram serves as a second
independent identification mark in addition to the ESI-MS-determined molecular mass. This
facilitates identification of target peptides after subjection of the sample to LC-MS/MS for
sequence analysis. For further, more detailed, discussion, e.g. on the advantages and
limitations of the different peptide sequencing platforms, the reader is referred to Zirbig et
al.8

Biomarker quantification

In the past, one major limitation of all proteomic methods with respect to their clinical
applicability was the inability to specify the amount of a particular protein or peptide present
in a given sample. To solve this problem, several MS-based quantification strategies have
been developed in the last few years, many of which are based on the use of isotope-coded
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affinity tags.%6 These techniques, however, are time consuming, error prone, and cost
expensive. As a consequence, further efforts have been made to develop simple and more
straightforward quantification strategies based on signal intensity/ion counting.5” While
these measures, in contrast to stable isotope-labelled internal standards,®® do not permit
absolute analyte quantification, they were specially adapted to perform relative
quantification with acceptable deviation characteristics (10%,5° and own observation). In
recent experiments, we were able to show that both absolute and relative quantification give
highly similar results, with a slightly better performance of the ion-counting approach.”®
These findings provide the rationale for us to establish a universally applicable relative
quantification procedure by the selection of a set of naturally occurring, highly abundant
collagen fragments as internal standards in near future.

Establishment of a low-molecular-weight proteome database

On the basis of CE-MS measurements, a database was established specifying more than
5,000 different polypeptides that were found in more than 20% of the currently analyzed
3,900 human urine samples. In this database, peptides are unambiguously characterized by
their molecular mass, CE migration time, and average MS signal intensity. The storage of
CE-MS-specific peptide parameters was driven by the need to efficiently and reliably
retrieve all required information for the development of disease-specific peptide marker
patterns and to quickly compare individual patient profiles against the same. For patient
classification, no additional information other than the CE-MS parameters is required.

Since the identified peptides represent end products of specific metabolic pathways, they are
biologically relevant. The composition of the peptide termini can potentially provide
information on the identity of e.g. disease-associated proteases,53 whereas PTMs may offer
clues to the translational capacity and function of cells.”1~73 Therefore, it can be stated that
the data stored in the database represent a comprehensive description of the urinary low-
molecular-weight proteome. In order to make this, important from a (patho)physiological
point of view, information available, the amino acid sequence of all relevant peptides has to
be reliably determined by MS/MS sequence analysis.5® As a result of these efforts, 443
naturally occurring urinary peptides have been identified to date by their amino acid
sequence.” As presented in Figure 4, most of them are fragments from different types of
collagens, predominantly type I; common blood proteins, like alpha-1-antitrypsin;
hemoglobin, serum albumin, fibrinogen; and the major urinary protein uromodulin.
Additional, less common, protein fragments include osteopontin, clusterin, epithelial
cadherin, proSAAS, and gelsolin. Although these native peptides are not accessible to
bottom-up sequencing, many of the precursor proteins were identified in urine by other
research groups using this strategy.’>:76

The fact that the database in its current state contains sequences from only 9% of the 5,000
urinary peptides detected by CE-MS together with the restricted types of PTMs that have
been identied so far, namely proline and lysine hydroxylation and methionine oxidation,
reveals that improved MS-based methods for better identification and characterization of
peptides carrying modifications are required to extend the informational content of the
peptide database.
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The organization of proteomic and clinical data in the low-molecular-weight urinary
proteome database is shown in Figure 5. A major advantage of the database system is that,
with the help of appropriate software, patient groups can be selected retrospectively for
inclusion in a comparative study on the basis of the recorded clinical data and by a direct
linkage to the patient’s proteomic profile.

Clinical application of CE-MS

In 2003, CE-MS reached a level of maturity that allowed its use in clinical studies. First
efforts in this direction were mainly focused on methodological aspects such as the
development of appropriate study designs; the establishment of advanced methods for signal
detection, processing, and normalization; or the selection of adequate statistical methods
resulting in the formulation of guidelines for the conduct of clinical proteomic studies.’
After several pilot studies resulting in the generation of discriminative pattern for a variety
of chronic renal diseases, the focus moved to large-scale clinical trials including large
cohorts of patients with various related diseases separated into training sets for biomarker
identification and reference or blinded test sets for subsequent validation. An overview of all
these studies is given in Table 1. Some of these studies will now be described in more detail,
with particular emphasis on the identity and significance of the selected urinary peptide
biomarkers.

Urinary biomarkers for renal diseases

In an attempt to define urinary polypeptide markers specific for membranous
glomerulonephritis (MGN), Neuhof ef a/. used SELDI and CE-MS as proteomic
platforms.3> Analysis of identical urine samples resulted in the definition of three potential
biomarkers by SELDI and 200 potential biomarkers by CE-MS analysis, demonstrating the
greater potential of the latter platform.

CE-MS analysis of samples from patients with various types of CKD, indicated that marker
panels consisting of 20 to 50 urinary polypeptides allow diagnosis and discrimination of IgA
nephropathy (IgA-N), focal-segmental glomerulosclerosis (FSGS), MGN, minimal-change
disease (MCD), and diabetic nephropathy (DN).41:62.77-80 For petter illustration, the
established biomarker patterns for the diagnosis of CKD in general and DN and IgA-N in
particular are presented in Figure 6.

In these studies, several of the disease-associated peptide biomarkers could be identified by
sequence analysis. Biomarkers for the above-mentioned renal diseases are mainly fragments
from different types of collagens, serum albumin, alphal-antitrypsin, and
uromodulin,”9.81.82

Increased detection of albumin-derived peptides indicated that albumin fragments serve as
earlier markers of renal impairment than the parental protein itself.83.84 Whereas leakage of
the latter across the glomerular wall is a rather late event, an inflammation-induced increase
in proteolytic activity and an enhanced escape of albumin fragments from proximal tubular
reabsorbtion resemble preceding stages of the pathological process.8°:86
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Another intriguing observation is a gradual decrease in specific collagen fragments in the
course of diabetes to DN. This is in good correlation with a decrease in elastase activity
leading to increased renal extracellular matrix (ECM) deposition87:88 and the observation
that thickening of the ECM is one of the earliest detectable morphological changes in
diabetes.89

Identification of various alphal-antitrypsin fragments specifically in IgA-N-affected patients
indicates that differentiation of CKD into various subforms can be conveniently performed
by analysis of the urinary proteome. The crucial role of alphal-antitrypsin peptides in IgA-N
is also supported by recently published findings.%® Using 2-DE, the authors identified lower
isoforms of albumin and alphal-antitrypsin in the renal tissues of patients with IgA-N that
were absent in normal controls, which they suggested are cleavage products of proteinase
attack. Thus, it can be hypothesized that urinary detection of alphal-antitrypsin in IgA-N
patients is the consequence of a disease-specific imbalance between serine proteases and
their tissue inhibitors,91-94

Rossing et a/.81 demonstrated in a randomized double-blinded study that treatment of
macroalbuminuric patients with the angiotensin Il receptor blocker candesartan had
significant impact on the expression of 15 of the 113 urinary peptides indicative for DN.
Eleven of these candesartan-sensitive DN-specific biomarkers could be identified as
fragments from serum albumin, uromodulin, and types of collagens.

In clinical studies from Mischak et a/%5 and Meier et a/.9 CE-MS spectra from patients
with type 1 or 2 diabetes with/without macroalbuminuria and healthy volunteers were
analyzed to create stage-specific polypeptide patterns. In patients with type 2 diabetes and
unchanged albumin excretion rate, the detected peptide pattern differed significantly from
that in patients with high-grade albuminuria. Comparable results were obtained for patients
with type 1 diabetes and renal involvement, suggesting that the urinary proteome contains a
much greater variety of polypeptides than previously demonstrated. These results were
recently confirmed by a study from Rossing e a/. involving 500 case and control samples.82
In this study, the authors demonstrate the efficiency of urinary peptidome profiling by CE-
MS to detect both diabetes and DN and to predict the development of DN in a blinded,
prospective manner.

By CE-MS analysis of urine samples of type 1 diabetic patients enrolled in the Coronary
Avrtery Calcification in Type 1 Diabetes (CACTI) study®’ who later developed a
cardiovascular event, Snell-Bergeon er a/.% prospectively investigated arteriosclerosis risk
factors and renal dysfunction in this well-characterized patient cohort. Therefore, this study
provides a good example of how different biomarker models can be combined to gain a
detailed picture of the patient’s current and future health status.

Wittke et a/%9 used CE-MS to analyze urine samples from patients with different grades of
subclinical or clinical acute allograft rejection and urinary tract infection and without
evidence of rejection or inflammation. Substantial differences were found between patients
with transplanted kidney and patients with native kidney, most likely due to treatment with
the immunosuppressive calcineurin-inhibitor cyclosporin A. Additional biomarkers were
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identified that allow differentiation between infection and acute rejection. Most important,
the results were not confounded by acute tubular lesions, tubular atrophy, tubulointerstitial
fibrosis, calcineurin inhibitor toxicity, proteinuria, hematuria, allograft function, or different
immunosuppressive regimens.

As the number of individual proteome profiles stored in the low-molecular-weight urinary
database increased rapidly over the years, proteomic analysis became more and more refined
to detect even slightest changes between different, presumably related, disease conditions.
This point is best illustrated by a recent study of Haubitz et a/. (manuscript submitted) in
which biomarkers for the renal manifestation of anti-neutrophil cytoplasmic antibody
(ANCA)-associated vasculitis (AAV) were identified in urine samples from 18 patients with
active renal AAV. In the first step of the evaluation, urinary peptide profiles of the AAV
patients were compared with those of 200 healthy controls and those of 225 patients with
other glomerular diseases, such as FSGS, DN, IgA-N, MCD, and MGN. From a total of 113
potential vasculitis biomarkers, 18 were selected by take-one-out cross-validation and
combined to an AAV-specific discriminatory biomarker model that allowed classification of
a 40-sample blinded test set with 94% sensitivity and 93% specificity in both SVM- and
linear combination-based regression models. Most notably, only three of the 18 IgA-N
patients included in the study scored positive, providing evidence for the ability of the AAV-
specific model to exclude other forms of vasculitis.

To further examine specificity, more patient groups like those with cytomegalovirus
infection after renal transplantation, nephrolithiasis-induced microhematuria, bladder or
renal cancer, hypertension, and type 2 diabetes were investigated and reported specificity
values greater than 90%. In a second step, a search for biomarkers indicative for therapy was
initiated by the comparison of the 18 active AAV patient profiles with 19 profiles from those
AAV patients who had undergone disease treatment and had been under stable remission for
more than 18 months. From the 266 peptides found to be affected by immunosuppressive
treatment, 122 were also observed to be significant in the AAV-indicative model. All 122
biomarkers were combined to a marker set for disease activity. Some of the relevant markers
could be sequenced. Besides up-regulation of alphal-antitrypsin and albumin fragments and
down-regulation of collagen fragments, the most intriguing finding is the appearance of
several C- and N-terminal haemoglobin fragments. In this context, it was speculated that the
latter emerge as consequence of increased protease activity after activation of neutrophiles
by ANCA.100

Besides diagnosis and therapy monitoring, the studies of Decramer er a/.101:102 provide a
striking case for the potential of urinary proteomics for accurate estimation of prognosis.
The authors used CE-MS-based urinary proteome analysis for the definition of specific
biomarker patterns indicative of different grades of ureteropelvic junction (UPJ) obstruction,
a frequently encountered pathology in newborns. In this study, newborns with different
stages of UPJ obstruction were divided into non-operated and operated groups based on the
grade of hydronephrosis and the thresholds of renal pelvic diameter and together with age-
matched non-diseased controls used as training sets for UPJ obstruction-specific biomarker
definition. A UPJ obstruction-specific hierarchic disease model was established and
subsequently used for the classification of a clinically non-classifiable group of newborns.
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From the clinical outcome of the latter group, it could be deduced that prediction of the
clinical outcome was possible nine months in advance with 94% precision.

A peptide fragment of the proprotein convertase subtilisin/kexin type 1 inhibitor (ProSAAS),
which is known as a 26 kDa neuroendocrine protein with prohormone convertase 1
inhibition activity,193 was found by amino acid sequence analysis to be differentially down-
regulated in newborns with severe UPJ obstruction.192 This finding is in line with recent
data from animal studies indicating ureteral obstruction being linked to activation of the
renin-angiotensin system.104

Urinary biomarkers for urological disorders

Theodorescu et a/*8 described the detection and validation of biomarkers of urothelial
carcinoma using CE-MS. A bladder cancer-specific biomarker pattern was established by
initial definition in a training set composed of 46 patients with urothelial carcinoma and 33
healthy subjects and further refinement using CE-MS spectra of 366 urine samples from
healthy volunteers and patients with malignant and nonmalignant genitourinary diseases. By
this two-step biomarker discovery approach, the authors established a prediction model
composed of 22 urinary peptides, which, when applied to a blinded test set containing 31
urothelial carcinoma patients, 11 healthy individuals, and 138 non-malignant genitourinary
disease patients, correctly classified all urothelial carcinoma patients and all healthy
controls. Differentiation between bladder cancer and other malignant and non-malignant
diseases (such as renal nephrolithiasis) was accomplished with 86 to 100% specificity.

In an effort to identify stage-specific urinary peptide biomarkers for bladder cancer, Schiffer
et al. (manuscript submitted) established a biomarker set composed of four peptides. Given
an estimate that 30% of tumors at initial presentation have invaded the bladder muscle,10°
the staging model allowed prognosis of the progressive muscle invasive form with a negative
predictive value of 77% and a positive predictive value of 90% in a blinded test set
composed of 130 biopsy-proven carcinoma patients.

A MS-based strategy was developed for the definition of urinary peptide biomarkers that are
indicative for prostate cancer (PCa).*8 Urine samples from 47 patients who underwent
prostate biopsy were analyzed. On the basis of prostate biopsy, 26 patients in this group
were diagnosed as suffering from PCa and 21 as afflicted with benign prostatic hyperplasia
(BPH). In this set of well-characterized patient samples, the data indicated several
polypeptides, allowing prediction of PCa with sensitivity and specificity values >90%. To
confirm these findings, a blinded prospective study was subsequently initiated. In this
follow-up study, proteomic profiling with the defined biomarker showed increased numbers
of false-negative diagnoses when discrimination of malignant and benign forms of PCa in a
blinded manner was attempted. Efforts were undertaken to discover the cause of the
inconsistency of the results. Due to several reports describing the occurrence of polypeptides
in urine that originate from prostatic fluid,196-108 it was concluded that the absence of
prostatic peptides in some of the collected midstream urine samples is responsible for the
increased false-negative rates. Consequently, first voided urine was tested as sample material
and found to be a better source for the definition of PCa-specific biomarkers than midstream
urine.
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After refinement of the PCa-specific biomarker pattern using urine samples from 54 PCa and
62 BPH patients, a model with ten potential biomarkers in combination with age and
percentage of free PSA resulted in the accurate prediction of 89% (32/36) of the PCa and
67% (16/24) of the BPH patients included in a blinded set of patient samples.16 In the latter
study it was found that the majority of identified biomarkers were down-regulated in PCa
patients. This observation was attributed to the activity of as yet unknown proteases as a
consequence of malignant transformation of the prostate. MS sequencing led to the
identification of Na* K*-ATPase gamma chain, collagen alpha-1 type 11, collagen alpha-1
type I, and psoriasis susceptibility 1 candidate gene 2 protein-derived peptides as being
significantly reduced in their excretion levels. Na*,K*-ATPase was described by Duran et
al109 as required by the prostate for the production of citrate, the latter being an important
constituent of the seminal fluid. More interestingly, reduced amounts of the targeted

Na* K*-ATPase gamma chain-derived peptide in the urine of PCa patients is in accordance
with a previously reported down-regulation of the Na*,K*-ATPase complex in the membrane
of androgen-dependent human prostate cancer cells when these were cultured in the
presence of androgens.109.110

Collagen alpha-1 type 111 and collagen alpha-1 type | are substrates of matrix
metalloproteinases (MMP), a group of zinc finger endopeptidases described by Brew et
al111 as differentially regulated in a variety of cancers. For the psoriasis susceptibility 1
candidate gene 2 protein, also designated as small proline-rich protein 1 (SPR1), in vitro
data exist for its specific down-regulation in lung cancer. Using reverse transcriptase
polymerase chain reaction (RT-PCR), DeMuth et a/112 reported a complete loss of SPR1
gene expression in malignant human bronchial epithelial cell cultures, which is normally
required by this cell type for terminal differentiation. Lau et a/113 observed a gradual
decline of SPR1 expression during the progression of carcinogenesis in cells of a simian
virus-transformed epithelial and a lung carcinoma cell line. In conclusion, it can be deduced
from the results of the proteome studies that prostate cancer can be detected by CE-MS
urinary peptide profiling due to the disappearance of several prominent peptide signals,
which could, in part, be attributed to a down-regulation of certain prostate proteins.

Application of urinary proteome analysis to non-renal diseases

Clinically important examples of urinary proteome analysis in non-renal diseases include the
clinical follow up of patients after allogeneic hematopoietic stem cell transplantation
(HSCT)114.115 and non-invasive diagnosis of coronary artery disease (CAD).116.117

For the diagnosis of graft-versus-host-disease (GVHD), urine samples from 40 patients after
HSCT (35 allogeneic, five autologous) and five patients with sepsis were collected during a
period of 100 days with a maximum of ten samples per patient. A pattern consisting of 16
differentially excreted polypeptides indicated early GVHD. The pattern of markers
discriminated patients with early GVHD from patients without complications with 82%
specificity and 100% sensitivity.114 A subsequent blinded multicenter validation study of
100 patients with more than 600 samples collected prospectively confirmed the results.115
Three polypeptides of the GVHD pattern could be successfully sequenced. The sequence
information obtained revealed reduced levels of a peptide derived from collagen-1 type |
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chain and increased levels of two peptides from collagen-1 type Ill. In accordance with these
findings, Pihusch et a/118 reported elevated serum levels of procollagen type 111 peptide,
being previously described as a sensitive marker of inflammation and fibrinogenesis in
hepatic GVHD.119

For non-invasive CAD diagnosis, Zimmerli et a/116 and von zur Muhlen!19 examined
patients undergoing coronary artery bypass grafting or patients after acute coronary
infarction. In the former study, urine samples from 88 patients and 282 controls were
analyzed using CE-MS to identify CAD specific biomarkers. Fifteen peptides could be
defined in the training set and were combined to a characteristic CAD signature panel. Five
peptide biomarkers could be identified as collagen type | and type Il fragments. Whereas
the collagen-derived peptide biomarkers for CKD (see above) are generally down-regulated,
all sequenced collagen fragments were found significantly up-regulated in CAD samples. On
the basis of recently published results on increased circulating levels of collagenases, such as
MMP-9, in patients with stable angiographic coronary atherosclerosis'20-121 or intermittent
claudication,122 CAD-specific up-regulation of collagen fragments was interpreted to be a
consequence of elevated collagen degradation. A finding that further supports this
hypothesis is that elevated MMP-9 activity has been found in unstable plaques, suggesting a
crucial role in plague rupture. 123124

In a blinded assessment of more than 200 samples, specific urinary biomarkers identified
CAD patients with 98% sensitivity and 83% specificity. Some of these peptides significantly
changed towards “normal” in correlation with the level of physical activity after therapeutic
intervention. Furthermore, these data provide evidence for association between
arteriosclerosis risk factors and renal dysfunction.12

The prognostic value of the CAD model was recently demonstrated by Snell-Bergeon et
al%8 In their longitudinal study carried out on retrospective samples of 19 type 1 diabetic
patients derived from the CACTI study population, who were clinically asymptomatic for
CAD at the date of enrollment but later developed CAD, the cardiovascular event could be
predicted 1.4 + 1.3 years in advance (range 0.2-4.5 years). These data demonstrate, for the
first time, that biomarkers can predict the risk for future CAD events.

Adaptation of CE-MS for clinical routine

CE-MS, like no other proteomic platform, combines advances in CE separation and MS
detection useful for both biomarker discovery and classification of patient samples with
established biomarker sets. The clinical studies described in this review can be seen as proof
of the principal applicability of this technology in a clinical laboratory setting. A prominent
example for large-scale use of CE-MS beyond the stage of clinical trails is a GVHD
screening of HSCT patients, which provides the basis for preemptive steroid therapy of
patients before the onset of clinical signs.11°

Of great importance for clinical application of CE-MS is the ability to deduce the amount of
a protein or peptide from the CE-MS spectrum of a clinical sample. Recently, a strategy was
developed by Jantos-Siwy er a/.7° that allows relative quantification of a urinary biomarker
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by referencing a set of 29 endogenous peptide standards. The latter were selected due to
their high abundance and low signal amplitude variability in more than 1,000 urine samples.
This method was compared to signal normalization by the addition of isotope-labelled
calibrants and found to result in highly comparable quantification results as indicated by
slopes and R? values of 1 in linear regression analyses. One advantage of this method is that
biomarker excretion can be quantified even in cases where no sequence information is
available, as essentially required for synthesis of an isotope-labelled biomarker in absolute
quantification. Moreover, the established single-step procedure for calculation of a
biomarker’s relative abundance allows both correction of analytical variances during
proteomic profiling and correction for different dilution levels of individual urine samples.

In order to bring CE-MS a step closer to clinical use, the CE-MS platform was validated
with respect to a system’s performance and diagnostic accuracy. In addition, the influence of
temperature, time course, storage, and preparation conditions on the analytical performance
of the biomarker were extensively investigated. Analytical validation was performed in the
context of CE-MS-based diagnosis of muscle-invasive bladder cancer (Schiffer et al.,
manuscript submitted). Statistical analyses using the Mann-Whitney U test for median
comparison and the F-test for comparison of deviations were performed on the classification
score of the corresponding peptide biomarker panel. The latter parameter decisively reflects
overall variability since it is influenced by all data recording and processing steps, including
CE separation, MS detection, mass deconvolution, clustering, peak normalization, and
sample classification.

In conformity with guidelines EP7-A2 and #135 of the FDA (www.fda.gov), intra- and inter-
sample variations were assessed by processing three individual urine samples in 15
replicates, whereas intermediate precision was addressed by preparation of one urine sample
by two operators independent from each other at 15 different days and measurement on two
different CE-MS devices. Stability of urine samples was assessed at room temperature and
4°C over a time range of 24 h and after three frost/defrost cycles. Post-preparative stability
was investigated by repeated measurements of a prepared sample over 24 h at 4°C in an
autosampler. Reliability of classification was determined by monitoring the classification
results of two male and two female healthy probands over a time course of one month. The
duration of this observational period takes into account variations in work-life balance or, for
the females, in menstrual cycles. In all of these control experiments, the interquartile ranges
were observed to lie in the FDA-approved range, which indicates appropriateness for routine
clinical application in the case of bladder cancer staging.

Despite these improvements, further optimization can be done to better meet laboratory
requirements. Challenging tasks include the development of new capillary coating protocols
for higher signal resolution, faster migration, and more sensitive detection; or the
optimization of coupling geometry to achieve constant sheath flow soaking and to avoid the
destabilizing effects of inconsistent sheath flow pumping, to name just a few.
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Pathophysiological role of biomarkers

Albeit the majority of potential urinary biomarkers described to date have not been
sequenced yet, informative sequences are available for more than 400 different urinary
peptides.” Not unexpectedly, most of these peptides are derived from the most abundant
proteins in the blood and urine: albumin, beta 2-macroglobulin, uromodulin, and collagen,
mainly types I, I1, and I1l. Consequently, a valid question is whether peptidomics is not just
another way to measure glomerular injury, which could probably be assessed with similar
precision, but less effort, by measuring albuminuria.}26 However, the fact, that differential
diagnosis based on urinary proteome analysis is possible462:77:82 and that patients in
complete remission without albuminuria still exhibit apparently disease-specific changes in
urinary polypeptides*! strongly suggests that these peptides contain clues to the underlying
pathogenesis and are not merely degradation products. It is tempting to speculate that the
disease-specific peptides may be indirect indicators of the activity of disease-specific
proteases, as recently suggested by Haubitz.”” This hypothesis is further strengthened by
work published by Nemirovskiy er a/127 in which the presence of specific collagen
fragments correlated with the disease-specific activity of MMPs.

While the evidence is still scarce, it is an attractive hypothesis that urinary peptides of
diagnostic value are not merely degradation products of abundant larger proteins, but a result
of distinct, disease-specific processes, in many cases due to significant changes in the
activity of proteases. This assumption is supported by sometimes apparently unrelated
findings; for example, the increase of collagen and ECM in patients with diabetes and DN
has been established by a variety of methods. Our recent findings that collagen fragments are
significantly reduced in diabetic urine8? fits into this scenario and further supports the
hypothesis that both reduced activity of proteases and protection of the ECM from
proteolysis by advanced glycosylation end products may be key pathological changes in
diabetes mellitus.54

A similar scenario may be applicable to albuminuria. Consequently, an albumin-derived
biomarker is not simply “an albumin fragment,” but rather a specific fragment, defined by its
specific C- and N-terminus. The presence of specific urinary fragments of albumin and
alpha-1-antitrypsin associated with nephrotic syndrome in CKD has recently also been
described by Candiano et a/.128 Unfortunately, such essential detailed information is
frequently absent (e.g. see the recently published database of urinary proteins’6). A
thoroughly performed examination of the sequences of the urinary peptides and a
comparison with protease specificities may strengthen the above hypothesis and lead to a
better insight into regulation and the pathophysiological role of specific proteases in various
diseases.

Conclusion

To date, separation technologies coupled to MS appear to be the preferred option for a
generic approach to identification and evaluation of biomarker profiles in individuals. The
currently available separation techniques 2DE, LC, SELDI, and CE differ, however, with
respect to high throughput, robustness, accuracy, and reproducibility. It appears that CE-MS
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fulfills the requirements for broad application in routine clinical practice, as indicated by the
validation of GVHD, renal disease, and prostate- and bladder-cancer specific marker
patterns in hundreds of patient samples under identical conditions using the same CE and
MS platforms,16:46.74.82,101 |t myst be stated, however, that future implementation of
proteome profiling in laboratory diagnosis relies on more than just technological
advancements. Of equal importance are concerted efforts to develop global standardization
procedures for the planning, conduction, and reporting of clinical proteomic studies. By the
adoption of standardized methods in the identification of disease-specific biomarker
patterns, the information provided by proteomic platforms will bring clinical chemists a step
closer to the ultimate goal of capturing all critical pieces of information of a particular
disease in one single diagnostic step.

To enable widespread use of proteomics in a clinical diagnostic laboratory, complete CE-MS
systems, together with software that enables proper evaluation of samples, must be available.
Unfortunately, to date, no vendor is able to offer such a system, which effectively prevents
routine application of the technology. However, it is anticipated that increased demand will
result in the development and subsequent availability of a “turn-key” CE-MS system for
clinical application.

The foreseeable, above-mentioned developments hopefully will result in the integration of
MS-based proteomic methods into the armamentarium of clinical laboratories.
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Abbreviations

2D-DIGE two-dimensional differential in gel electrophoresis
2DE two-dimensional electrophoresis

AAV ANCA-associated vasculitis

ANCA anti-neutrophil cytoplasmic antibody

BPH benign prostatic hyperplasia

CACTI coronary artery calcification in type 1 diabetes

CAD coronary artery disease
CE capillary electrophoresis
CKD chronic kidney disease
DN diabetic nephropathy
ECM extracellular matrix
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ESI
FSGS
FT-ICR
GFR
GVHD
HSCT
HSP
IgA-N
LC
MALDI
MCD
MGN
MMP
(MS/)MS
PCa
PSA
PTM

ProSAAS

ROC
SDS-PAGE
SELDI
SPR1

SVM
RT-PCR
TOF

UPJ
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electrospray ionization

focal-segmental glomerulosclerosis
fourier transform ion cyclotron resonance
glomerular filtration rate

graft-versus-host disease

allogeneic hematopoietic stem cell transplantation
heat shock protein

immunoglobulin A nephropathy

liquid chromatography

matrix-assisted laser desorption/ionization
minimal change disease

membranous glomerulonephritis

matrix metalloprotease

(tandem) mass spectrometry

prostate cancer

prostate-specific antigen

posttranslational modification

proprotein convertase subtilisin/kexin type 1 inhibitor, a member of the
subtilisin-like proprotein convertase family

receiver operating characteristic

sodium dodecylsulfate polyacrylamide gel electrophoresis
surface-enhanced laser desorption/ionization

small proline-rich protein 1, a squamous differentiation marker
support vector machine

reverse transcriptase polymerase chain reaction

time-of-flight

ureteropelvic junction
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Figure 1.

Page 31

Schematic representation of on-line coupling of CE for peptide m/z separation and MS for
mass detection, which is accomplished by a coaxial sheath-flow system. In the established
setting, the nebulizer gas can be turned off during acquisition without disturbing ion spray

stability.
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A: raw peptide profile B: CAD pattern

Figure 2.
CE-MS data from an individual urine sample. In A, all relevant peptides in the sample are

shown. In B, peptides are presented that form a coronary artery disease (CAD)-specific
marker pattern. Based on the CE-MS analysis, the patient presented here scored positive for
CAD. X axis: CE migration time [min], y axis: log molecular mass [kDa], and z axis:
relative ion signal.
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Contour plot showing the organization of peptides in the CE-MS spectrogram in distinct
charge-specific lines. The membership to a certain charge line allows reliable prediction of
the number of basic amino acids and therefore has considerable predictive value for peptide

identification in other MS systems.
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"::ji’i;;:f protein name gene symbol ":;;::’e:f protein name gene symbol

167 Collagen alpha-1(l} chain Col1A1 1 Apolipoprotein A-ll APDAZ
76 Collagen alpha-1(lil) chain Col3A1 e Sl unean sk HSPG2
27 Collagen alpha-2 (1} chain COL1A2 1 Collagen alpha-1 (XIX) chain coL19A1
24 Alpha-1-antitrypsin SERFINA1 1 Collagen alpha-1 (XV) chain COL15A1
20 Hemoglobin subunit beta HBB 1 Collagen alpha-1 (XVIl) chain COL17A1
19 Uromodulin UMoD 1 Collagen alpha-1 (XXI1) chain coL22a1
17 Hemoglobin subunit alpha HBAT, HBAZ2 1 Collagen alpha-2 (VIll) chain COLBAZ2
16 Serum albumin ALB 1 Collagen alpha-3 (IX) chain COLBA3
14 Fibrinogen alpha chain FGA 1 Complement factor B CFB

12 Beta-2-microglobulin B2M 1 Cystatin-B CSTB

3] Polymeric-immunoglobulin receptor PIGR 1 Fibrinogen beta chain FGB

3 Alpha-2-HS-glycoprotein AHSG 1 Filaggrin FLG

3 Apolipoprotein A-| APOAT 1 Gelsolin GSN

3 Collagen alpha-1 (Il) chain COL2AT 1 Hemoglobin subunit delta HBD

3 2’;‘3:’;:::131“"‘;“@ progesterone receplor  pagiscy 1 Histone H2B type 1 HIST1H2B
3 QOsteapontin SPP1 1 lg kappa chain C region IGKC

3 Transthyretin precursor (Prealbumin) TTR 1 Ig kappa chain V-lll region none

2 Alpha-1-microglobulin AMBP 1 Ig lambda chain C region IGLCT

2 CD99 antigen CcDga 1 Josephin-1 JOSDT
2 Clusterin CLU Liprin-beta-2 PPFIBF2
2 Collagen alpha-1 (XVIll) chain CcoL18A1 1 Microfibrillar-associated protein 5 MFAPS
2 Epithelial-cadherin CDH1 1 Meurosecretory protein VGF VGF

2 Insulin; includes C peptide INS 1 Peptidoglycan recognition protein PGLYRP1
2 Insulin-like growth factor Il IGF2 1 EEBESZ'CTED: sirvilar to Cyclin G- associated GAK

2 ProSAAS PCSKIN 1 Psoriasis susceptibility 1 candidate gene 2 protein  PSORST1C2
2 Prostaglandin-H2 D-isomerase PTGDS 1 PX domain-containing protein kinase-like protein PXK

2 fr?;i:m.fpotassium-transpom’ng AlPase gamina FXYD2 1 Secreted and transmembrane protein 1 SECTM1

1 Alpha-1-acid glycoprotein 1 ORM1 1 Zinc finger CCHC domain-containing protein 3 ZCCHC3

1 Alpha-1B-glycoprotein A1BG 1 Zinc finger protein 653 ZNFB53

1 Antithrombin-ll SERPINCT

Figure 4.

List of all currently sequence-identified native human urinary peptides defined by their
protein precursor. Given are the numbers of sequenced peptides for a particular protein, the
SwissProt protein name for Homo sapiens, and the gene symbol. Additional information,
like all peptides amino acid sequence, is accessible from the Mosaiques homepage, located
at http://mosaiques-diagnostics.de/diapatpcms/mosaiquescms/front_content.php?idcat=257/.
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Establishment of a database as a core information system of patient proteome and clinical
data. Storage and retrieval of peptide profiles, peptide sequences, and patient clinical records
allowing sample selection and differential proteomic profiling for the purpose of biomarker
discovery and patient classification.
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Figure 6.
Performance characteristics of urinary peptide patterns for the diagnosis of chronic kidney

disease (CKD), diabetic (DN), and IgA nephropathy (IgA-N). The compiled peptide patterns
of healthy controls (NC) and patients consist of 20 to 100 single measurements. Besides
biomarkers indicative for CKD present in both DN and IgA-N patients, other markers could
be identified that are either specific for DN or IgA-N, allowing their differentiation. X axis:
CE migration time [min], y axis: log molecular mass [kDa], and z axis: relative ion signal.
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