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PROTEOMICS FOR DIAGNOSTIC

APPLICATIONS
The Convergence of Technology and the Resulting Challenges

Gordon R. Whiteley
National Cancer Institute - Frederick, Gaithersburg, MD, USA

Abstract: The emergence of proteomics in the post-genomic era has led to a resurgence
in the study of and use of proteins for disease diagnosis. While the number of
new protein markers has declined over the past 5 years, the use of new and
exciting tools such as mass spectrometry, separation techniques and
bioinformatics has fueled a search for markers and diagnostic patterns of
markers that show great promise. The complexity of validation of these
markers and panels of markers is a considerable challenge but the potential
exists for the laboratory diagnosis of diseases for which there is no currently
available lab test. This new era of proteomic diagnostics will continue to
revolutionize our diagnostic arsenal and improve patient outcomes.
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1. INTRODUCTION

The use of proteins for diagnosis of disease has been in practice for many
decades. During the last half of the last century, numerous new markers for
disease were discovered in blood. Originally, these were detected by
immunological techniques such as immunodiffusion, radioimmunoassay
(RIA), hemagglutination, precipitation techniques and enzyme linked
immunosorbent assay (ELISA). There were several significant discoveries
that advanced this field. The development of the monoclonal antibody by
Kohler and Milstein' gave the specificity to diagnostic immunoassays that
was only dreamed of in earlier years. Innovative techniques such as the use
of fluorescent substrates and electrochemiluminescence have further
enhanced sensitivity of immunoassays. Discovery of new proteins expanded
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the list of analytes being approved for use in the diagnostic lab. Some of
these such as CEA were initially greeted with very high hopes for their
diagnostic capabilities but proved to be less specific than originally hoped
and their approved use has been limited. Others such as troponin have
proven to be extremely powerful diagnostic tools.

Over the past few years, the discovery and approval of new biomarkers
has diminished dramatically. Even with detection technologies that are
sensitive the approval of new analytes for diagnosis by the FDA has declined” as
shown in Figure 21-1.
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Figure 21-1. The declining rate of introduction of new protein tests. The data are plotted to
indicate the rate of introduction of new protein analytes in FDA-approved clinical tests
(From: N.L. Anderson, N.G Anderson, MCP 1(11), 845-67, 2002).

This decline could be due to several factors: the discovery of the high
abundance disease markers is probably nearly complete, the diseases now
being researched are more complex and will require a series of markers for
diagnosis or we are looking in the wrong place in serum for the presence of
these markers or a combination of the above factors.

In the past few years, there have been significant advances in many
scientific areas that have led to the new field of proteomics. These advances
in the areas of computer science and computing power, computerized
databases and database management, separation technologies, biology, and
mass spectrometry to name a few have come together to provide tools that
are leading to a new wave in disease diagnosis and management. It is the
convergence of these diverse technical areas that has demonstrated the
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possibilities this technology can yield for disease diagnosis through an
identification and understanding of the source and function of new disease
markers previously overlooked because of their lack of sensitivity and or
specificity or fraction in the serum or tissue.

The progress of the 13 year long human genome project’ led naturally to
the study of the products of the genes — the proteins. Although some of the
techniques used in proteomics had been developed years before and the term
‘proteomics’ had been coined originally in 1994, it was not until 1999 that
the term became commonly used in literature®. Proteomics was defined as
referring “to the study of the proteome using technologies of large-scale
protein separation and identification”. One popular separation technique had
been described in the mid 1970’s and this was 2 dimensional or 2D gels’.
The use of 2D gels for protein separation followed by digestion of the proteins
into fragments and then analysis of the fragments by mass spectrometry gave
an identification of proteins through peptide mass fingerprinting. At the
time, there was also talk of making an entire catalog of proteins in the same
way the human genome project had made a catalog of genes. However, the
challenge remained to identify proteins that were expressed in disease and
not in unaffected groups.

In the mid 1990’s, the technique of laser capture microdissection was
described’. This allowed for the separation of diseased cells from neighboring
normal cells in tissue and a comparison of these two groups of cells could be
done in order to determine if the protein content had changed and certain
pathways had been triggered disease. The separation was done using a laser
activated adhesive coated film that was placed over a tissue section. The
cells were examined by a pathologist and diseased cells identified. A laser
was then fired that activated the adhesive properties of the coated film and
the cells were physically lifted from the slide. The process was then repeated
on a second piece of adhesive film but normal cells were picked this time
providing a control that matched the diseased cells in every way except for
the protein content that had been activated.

Another key development at about the same time was the commercialization
of the surface enhanced laser desorption ionization (SELDI) technology by
Ciphergen (www.ciphergen.com). This technology is based on the fractionation
of serum on the same surface that is used as the target for matrix enhanced
surface desorption ionization (MALDI). The protein arrays consist of a metal
surface that has been coated with active binding groups. The variety of
groups (anionic exchange, cationic exchange, metal binding surfaces) allows
for binding of different fractions from the serum and unbound fractions are
then washed away. An energy absorbing matrix is then added directly to this
surface and it is then used as the laser target in a mass spectrometer that has
been specifically developed to handle these arrays. The surfaces are configured
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on arrays — 8 spots to an array and a bioprocessor holds12 arrays to give the
configuration of a 96 well microtiter plate. This configuration is one familiar
with biologists and one that has several robotic and other tools available for
sample processing. The arrays are then fed into a low resolution but high
sensitivity mass spectrometer that is easy to operate and has software that
makes interpretation familiar with not only spectral views but also a ‘gel’
view that displays data in a manner familiar to biologists. Thus the tools
available to biologists now included mass spectrometry.

2. DISCOVERING NEW APPLICATIONS

With these advances came an explosion of potential diagnostic tests
analytes, test principles and procedures. One of the earlier publications
described the combination of laser capture microdissection and SELDI to
demonstrate differences between cancer cells and neighboring normal cells
in tissue sections’. In this publication, tissue sections had been stained and
were microdissected into a lysis buffer. An aliphatic reverse phase SELDI
biochip was used to capture proteins from solubilized cancer cells or
solubilized control normal cells. The proteins were then crystallized with
matrix and mass spectrometry spectra were gathered. A comparison of the
spectra from the tumor cells as compared to the normal cells clearly showed
differences in up regulation and down regulation of several proteins. This
was observed in several conditions including colon cancer, liver cancer, and
in prostate cancer where differences were seen when comparing normal
cells, prostatic intraepithelial neoplasia cells, tumor cells and stromal cells.
The suggestion was made here that protein fingerprinting of early disease
lesions was possible based on the differences seen in both spectral and gel
views of these cells.

The next step in the process was to extend this finding into looking for
these differences in serum. In 2002, the first publication to suggest that
serum might indeed carry these differences and these could be observed by
mass spectrometry was published®. In this publication, a series of sera from
ovarian cancer patients and cancer free women were examined by SELDI
and the resulting spectra were used to train a computer algorithm to
recognize the differences between the two groups. The pattern was then
used to classify 116 additional patient samples — 50 with cancer and 66 from
cancer free women including several with benign disease such as ovarian
cysts. The results of this study were remarkable giving a 100% sensitivity
including 18 patients with stage I disease and 95% specificity. This study
was followed by similar findings in a wide range of diseases including
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prostate cancer’, breast cancer'’, renal cancer'’, pancreatic cancer'?, and
ovarian cancer. In addition, there was also activity in detection of other
diseases such as cardiac disease using this technique'*.

However, there was much criticism of this method both from the
bioinformatics side' as well as the biological perspective'®. The use of
bioinformatic methods that were random such as genetic algorithms and thus
did not always give absolute reproducibility of patterns was the basis of
some criticism. Further refinement of raw spectrum (data processing) was
thought to be primitive and needed improvement. Biologically, it was also
felt that the source of these peptides that made up patterns was necessary in
order to confirm that they were actually associated with the disease being
studied. In addition, the reproducibility of the mass spectrometers
themselves was at question and whether they could ever be robust enough to
be used as a diagnostic device had yet to be answered. Only through rigorous
validation of the method could this question be answered.

As part of the investigation process and as biologists gained more
experience and confidence in using mass spectrometry, a higher resolution
instrument was evaluated. While this still used the SELDI-TOF principle
and a source manufactured by Ciphergen, the instrument measuring the time
of flight was the ABI Q-star which is a quadrapole time of flight instrument.
This instrument is able to resolve individual peaks observed in the Ciphergen
SELDI instrument into several peaks. Furthermore, the instrument’s higher
resolution was not subject to drift observed in the Ciphergen mass
spectrometer. A repeat evaluation of the ovarian cancer study samples
reported earlier was done using this system and the results gave a 100%
sensitivity and specificity in the sample group tested'’. While a genetic
algorithm with a self-organizing map was used and several patterns were
generated, there were at least 4 that gave this excellent result. Furthermore,
the overlap of several ions in these patterns indicated their importance in the
diagnostic test. The increase in the specificity would be important in further
use of the technique because of the low incidence of ovarian cancer in the
general population. While the 100% correlation would be ideal, it was noted
that this was in a limited number of samples and would need to be further
developed and validated in a much larger study in order to be considered as
the basis for a diagnostic system.

The bioinformatics analysis of data has also received much attention. It
is known that more than 300 groups have downloaded the data from the
original Petricoin ovarian study done in 2002 and analyzed it in detail from
several points of view. Many of these groups were able to reproduce the
original results while some groups believed that the original analysis was
flawed. Several suggestions have been made in terms of preprocessing data
and analysis including the posting of data in its raw form'® to allow different
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preprocessing methods to be properly evaluated. However, it was pointed
out that communication between those analyzing the data and those who
produced the data is essential because of the possibility of a mis-
interpretation of results based on a mis-understanding of the purpose of the
experiment'’. Currently there are multiple data analysis and classification
tools in use and being developed both commercially and in academic
settings.

In addition to bioinformatics solutions that involve computer algorithms,
data visualization tools have been and are continuing to be developed to
allow for the handling of large data sets in a manner that can be analyzed by
the human eye. The use of these tools can help reduce datasets to simplify
the computer process or can be used in an iterative process with
bioinformatics tools to confirm patterns as is shown in Figure 21-2%". In this
example, the initial data is examined for quality and any spectra that are
found to be of low total ion current for example are eliminated. The entire
dataset consisting of all spectra from all patients are then imported into a
visualization tool and are colorized by disease group. Using the visualization
tool, certain areas are selected as showing discriminating characteristics
through visual examination of the data in three dimensions: intensity,
mass/charge value and disease group. These areas are then selected and fed
to computer algorithms for the selection of individual discriminating values.
These values are then confirmed by examining individual spectra from both
the disease and normal groups. The process ensures the presence of a pattern
rather than artifacts and has been valuable in studies where patterns are
difficult to find using bioinformatics tools or where over-fitting can occur.

The next development in proteomics as a diagnostic tool was to
determine the principle of the test. As part of this work, the source of
diagnostic peptides needed to be reconciled. Basic questions had been
raised: why such a small source as an early stage tumor could provide
sufficient quantity in the blood by mass spectrometry and why were the
small peptides not excreted in the urine as quickly as they accumulated? The
answer lay in the discovery that diagnostic protein fragments and peptides
appeared to be associated with large and abundant carrier proteins such as
albumin®. In this publication, the authors capture albumin out of serum,
washed and then caused peptides to dissociate from the albumin through the
use of 50% acetonitrile. After a 30mw size exclusion separation, the
peptides were examined by mass spectrometry. What was found was a large
number of low molecular weight peptides that had been associated with
albumin. Identification of some of these peptides has shown their identity to
be known linked to cancer such as P53 and BRCA1 and 2. It was proposed
that the albumin’s long half-life (19 days) acted as a concentrating and
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protecting molecule carrying the peptides and preventing clearance by the
kidneys®'.
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Figure 21-2. Data Visualization as an Aid to Data Analysis (From: D.Johann et al., Ann N Y
Acad Sci 1022, 299, 2004).

This discovery led to the enrichment for albumin in proteomics — the
antithesis of that had been done previously. Commercialization of a
biomarker enrichment method using the principle of albumin capture has
recently been done by PerkinElmer in collaboration with Viva Sciences
(www.perkinelmer.com). This method has been optimized as a discovery
tool in a 96 well format including albumin capture, elution and dissociation
of peptides from albumin, capture and concentration in a C18 Zip plate and
direct deposition on a PerkinElmer disposable target plates to be read in the
ProTOF orthogonal MALDI instrument. An evaluation of the method for
the discovery of a pattern for Alzheimer’s disease has been reported® and a
pattern for ovarian cancer diagnosis®®. The instrument has the high
resolution properties in combination with the ability to scale up discovery.
This combination should allow for the large validation studies that will be
required to both verify and validate a pattern for disease diagnosis. It is
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anticipated that the scale of such studies will need to be massive not only to
convince skeptics of the validity of patterns as well as to convince the
regulatory agencies that these patterns are effective and should be approved
as diagnostic tests.

While proteomic patterns have been widely reported, another tactic in the
use of proteomics for diagnosis has been biomarker discovery. A connection
between a diagnostic marker and its function in the disease has been
advocated by some as a necessary step in order to validate the use of a
biomarker in disease diagnosis. In this case, the proteomics approach would
not result necessarily in a test itself but would be used as a discovery
platform for biomarkers or panels of biomarkers that could be used to detect
and monitor disease. One example of this approach is the work of Zhang et
al”® where biomarkers for ovarian cancer were discovered using the
Ciphergen proteomic platform in an investigation of patients from multiple
centers. The three biomarkers identified were apolipoproteinAl, a truncated
form of transthyretin and a cleavage fragment of inter-a-trypsin inhibitor
heavy chain H4. The addition of these three biomarkers as a panel to CA125
improved the sensitivity and specificity of CA125 alone for detection of
disease. The panel approach has been used in diseases such as thyroid
disease for many years but the application of this approach to heterogeneous
diseases such as cancer is now being investigated and in theory has a sound
scientific basis.

In addition to diagnosis, the possibility of disease progression and
treatment monitoring has been an attractive use of proteomics technology.
The field of individualized medicine is an area that could predict a patient’s
response to a therapy thereby guiding the treating physician rather than
waiting to see if a patient responds to a therapy®'. Disease progression could
also be monitored by an analysis of changes in an individual’s proteomic
pattern over time and looking for changes in targeted points in the spectra or
by the isolation and identification and quantitation of individual proteins in
serial samples. This is currently done in a primitive way in the quantitation
of antibodies in infectious disease over the course of time or with tumor
markers such as CEA in selected cancers where the initial diagnosis yields
an elevated level that is monitored during treatment in serial samples. The
mass spectrometry tool is particularly powerful at discrimination of post-
translational modifications that take place in the course of disease and this is
generally difficult in immunoassays. A combination of the two techniques
has been investigated® and could prove to give the advantages of
purification by a binding reaction followed by the resolution of the subtle
differences in the binding entities by mass spectrometry.
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Table 21-1. Recommended Practices for Clinical Applications of Protein Profiling by MALDI
TOF Spectrometry.

1. PREANALYTICAL

Evaluate optimum patient preparation

Identify optimum procedures for specimen collection and processing
Analyze specimen stability

Develop criteria for specimen acceptability

2. ANALYTICAL

Prepare calibrators for mass, resolution, and detector sensitivity

Use internal standards

Automate specimen preparation

Optimize methods to yield highest possible signals for peaks of interest
Identify sequences of peaks of interest

Develop calibration materials for components of interest

QC: prepare/identify at least two concentrations of control material
Evaluate reproducibility (precision)

Evaluate limits of detection and linearity

Evaluate reference intervals

Evaluate interferences such as hemolysis, lipemia, renal failure, acute-phase responses
Develop materials or programs for external comparison/proficiency testing of analyzers

3. POSTANALYTICAL

Analyze each spectrum to identify peaks before applying diagnostic algorithms

Develop criteria for the acceptability of each spectrum based on peak characteristics

Use peaks rather than raw data as the basis for diagnostic analysis

Use caution in interpretation of peaks with m/z <1200

Select peaks with high intensities and sample stability for diagnosis

Select approximately equal numbers of peaks that increase and decrease in intensity as
diagnostic discriminators

In developing a training set for diagnosis, careful clinical classification of patients is
essential

Clinical validity depends on having a typical rather than highly selected population of
patients

The number of training specimens should be at least 10 times the number of measured
values

Any clinical application should use a fixed training set and algorithm for analysis

Any analysis should provide a numerical value

Diagnostic performance should be evaluated with ROC curves to select cutoffs

A sensitivity analysis should be performed of the necessary precision for accurate
diagnostic performance

There should be QC procedures for daily verification of software performance

*Adapted from G.L. Hortin*,
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3. DELIVERING THE PROMISE

All of these new technologies have opened up the possibility for
improved diagnostic tests for a wide variety of diseases. However the
validation and regulatory challenges are quite great. The validation of a mass
spectrometry pattern diagnostic would require the validation and integration
of systems and technologies as diverse as proteomics itself: Reagents and the
chemistry behind them, robotics processors, mass spectrometers, operational
software and diagnostic software along with the clinical end including the
sample handling and transport, sample stability and a host of other factors®*.

However, the power and potential of the technology will drive the
continued innovation, validation and eventual commercialization of the area
of proteomics and the eventual arrival of these techniques in the clinical lab
will give tools for improved patient outcomes.
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