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Preface

Plasma and serum are the preferred specimens for non-invasive sampling of normal
individuals, at-risk groups, and patients for protein biomarkers discovered and vali-
dated to reflect physiological, pathological, and pharmacological phenotypes. These
specimens present enormous challenges due to extreme complexity, representing
potentially all proteins in the body and their isoforms; at least ten orders of magnitude
range in protein concentrations; intra-individual and inter-individual variation from
genetics, diet, smoking, hormones, and many other sources; and especially non-stan-
dardized methods of sample processing. Furthermore, the inherent limitations of
incomplete sampling of peptides by mass spectrometry and high error rates of peptide
identifications and protein assignments with various search algorithms and databases
lead to low concordance of protein identifications even with repeat analyses of the
same sample. These features complicate diagnostic comparisons of specimens.

The Human Proteome Organization (HUPO) has launched several major initiatives
to explore the proteomes of liver, brain, and plasma and to generate informatics stan-
dards and large-scale antibody production. This book presents the major findings from
the pilot phase of the Plasma Proteome Project (PPP). The 17 chapters embrace a com-
bination of collaborative analyses of HUPO PPP reference specimens and several lab-
specific projects, both experimental and analytical. The investigators compared PPP
reference specimens of human serum and EDTA, heparin, and citrate-anti-coagulated
plasma; EDTA-plasma was determined to be the preferred specimen. Together these
chapters examine many features of specimen handling, depletion of abundant proteins,
fractionation of intact proteins, fractionation of tryptic digest peptides, and analysis of
those peptides with various MS/MS instruments. Combinations of technologies gave
the most resolution. The subsequent step of matching spectra to peptide sequences with
a variety algorithms has numerous, often unspecified parameters. The alignment of
peptide sequences with proteins via protein or gene databases likewise is laden with
uncertainties and redundancies. Especially for longitudinal and collaborative studies,
the periodic issuance of modified versions of the databases creates a moving target for
protein identification and annotation, let alone comparison of results from different
studies. These challenges are explored in depth. As in the special issue of Proteomics
(August 2005) with a total of 28 papers, the authors here provide a revealing snapshot of
the output from a variety of proteomics technology platforms across laboratories.
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The extensive annotations show that present methods already are capable of
detecting in plasma large numbers of low-abundance proteins of great biological
interest from essentially all cellular compartments. Studies focusing on sub-
proteomes based on glycoprotein enrichment or molecular weight yielded addi-
tional findings. As more powerful technologies are applied, we can expect ever
more extensive identification, as well as quantitation, of proteins and their iso-
forms. The high proportion of genes which generate detectable splice isoforms
further complicates protein identifications, yet helps to clarify the basis on which
humans can have such complex phenotypes with a surprisingly small comple-
ment of genes (latest Human Genome Project estimate is about 22,000 protein-
encoding genes).

The PPP Core Dataset has 5102 proteins identified with 2 or more peptides, of
which 3020 remain after application of our integration algorithm for protein mat-
ches which cannot be distinguished with the available peptides. A special feature of
the PPP is the set of independent analyses from the raw spectra or peaklists across
the multiple laboratories. These independent analyses eliminate the high varia-
bility from lab-specific search algorithms, different databases, and investigators’
judgments, though each independent analysis has its own peculiar attributes. We
also provide comparisons with several published datasets. Meta-analysis of separate
studies has similar challenges to those experienced in the integration of datasets
from the collaborating PPP laboratories.

Numerous other “cuts” of the data can be made. The primary data are available
for such additional analyses at the European Bioinformatics Institute (www.ebi.,a-
c.uk/pride); the University of Michigan (www.bioinformatics.med.umich.edu/
hupo/ppp); and the Institute for Systems Biology (www.peptideatlas.org). We are
keen to encourage such further analyses. Two examples have already appeared,
introducing adjustments for protein length and multiple comparisons testing [1]
and enhancing the characterization of the human genome from these proteomics
data and gene mapping [2]. This publication presents the foundation for planning
the next phases of the Plasma Proteome Project, with Young-Ki Paik, Matthias
Mann, and myself as co-chairs. We will:

1. develop standardized operating procedures for specimens, protein and peptide
fractionation, and analyses, with attention to replicability of results, to make
proteomics practicable for clinical chemistry;

2. select priority PPP proteins for the HUPO Antibody Production Initiative, to
generate reagents for biomarker and pathways studies and plasma/organ pro-
teome comparisons;

3. collaborate on informatics, databases, annotations, and error estimation for
plasma and serum studies, both HUPO-initiated and published by others;

4. stimulate proteomics technology advances, with special attention to high-res-
olution/higher-throughput methods and to quantitation of proteins and
characterization of modified proteins (primarily glycoproteins and phospho-
proteins); and

5. assure paired analyses of plasma and tissue specimens in organ-based and
disease-focused proteomics initiatives.



The spirit of collaboration in the Plasma Proteome Project has been splendid.
The substantial commitment of so many investigators and sponsors to this pilot
phase has been admirable. As a work-in-progress the PPP has generated productive
discussions at many scientific meetings. On behalf of the Executive Committee and

Technical Committees, I thank everyone involved.

Gilbert S. Omenn
University of Michigan, Ann Arbor
August 2006
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1
Overview of the HUPO Plasma Proteome Project: Results from
the pilot phase with 35 collaborating laboratories and multiple
analytical groups, generating a core dataset of 3020 proteins and
a publicly-available database®

Gilbert S. Omenn, David J. States, Marcin Adamski, Thomas W. Blackwell,

Rajasree Menon, Henning Hermjakob, Rolf Apweiler, Brian B. Haab, Richard J. Simpson,
James S. Eddes, Eugene A. Kapp, Robert L. Moritz, Daniel W. Chan, Alex J. Rai,

Arie Admon, Ruedi Aebersold, Jimmy Eng, William S. Hancock, Stanley A. Hefta,
Helmut Meyer, Young-Ki Paik, Jong-Shin Yoo, Peipei Ping, Joel Pounds, Joshua Adkins,
Xiaohong Qian, Rong Wang, Valerie Wasinger, Chi Yue Wu, Xiaohang Zhao, Rong Zeng,
Alexander Archakov, Akira Tsugita, llan Beer, Akhilesh Pandey, Michael Pisano,

Philip Andrews, Harald Tammen, David W. Speicher and Samir M. Hanash

HUPO initiated the Plasma Proteome Project (PPP) in 2002. Its pilot phase has
(1) evaluated advantages and limitations of many depletion, fractionation, and MS
technology platforms; (2) compared PPP reference specimens of human serum
and EDTA, heparin, and citrate-anti-coagulated plasma; and (3) created a publicly-
available knowledge Dbase (www.bioinformatics.med.umich.edu/hupo/ppp;
www.ebi.ac.uk/pride). Thirty-five participating laboratories in 13 countries sub-
mitted datasets. Working groups addressed (a) specimen stability and protein con-
centrations; (b) protein identifications from 18 MS/MS datasets; (c) independent
analyses from raw MS-MS spectra; (d) search engine performance, subproteome
analyses, and biological insights; (e) antibody arrays; and (f) direct MS/SELDI
analyses. MS-MS datasets had 15 710 different International Protein Index (IPI)
protein IDs; our integration algorithm applied to multiple matches of peptide
sequences yielded 9504 IPI proteins identified with one or more peptides and
3020 proteins identified with two or more peptides (the Core Dataset). These pro-
teins have been characterized with Gene Ontology, InterPro, Novartis Atlas,
OMIM, and immunoassay-based concentration determinations. The database per-
mits examination of many other subsets, such as 1274 proteins identified with
three or more peptides. Reverse protein to DNA matching identified proteins for
118 previously unidentified ORFs.

* Originally published in Proteomics 2005, 13, 3226-3245
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We recommend use of plasma instead of serum, with EDTA (or citrate) for anti-
coagulation. To improve resolution, sensitivity and reproducibility of peptide iden-
tifications and protein matches, we recommend combinations of depletion, frac-
tionation, and MS/MS technologies, with explicit criteria for evaluation of spectra,
use of search algorithms, and integration of homologous protein matches.

This Special Issue of PROTEOMICS presents papers integral to the collaborative
analysis plus many reports of supplementary work on various aspects of the PPP
workplan. These PPP results on complexity, dynamic range, incomplete sampling,
false-positive matches, and integration of diverse datasets for plasma and serum
proteins lay a foundation for development and validation of circulating protein
biomarkers in health and disease.

1.1
Introduction

A comprehensive, systematic characterization of circulating proteins in health and
disease will greatly facilitate development of biomarkers for prevention, diagnosis,
and therapy of cancers and other diseases [1]. Proteomics technologies now permit
extensive fractionation of proteins in complex specimens, analysis of peptides by
MS, and matching of peptide sequences to protein “hits” through gene and protein
databases generated directly and indirectly from the sequencing of the human ge-
nome [2, 3], as well as other methods for identifying proteins.

The HUPO, formed in 2001, aims to accelerate the development of the field of
proteomics and to stimulate and organize international collaborations in research
and education [4]. HUPO has launched major initiatives focused on the plasma, liver,
and brain proteomes, proteomics standards and databases, and large-scale antibody
production. The plasma proteome is linked with these other initiatives (see Fig. 1).

The long-term scientific goals of the HUPO Plasma Proteome Project (PPP) are
(1) comprehensive analysis of the protein constituents of human plasma and
serum; (2) identification of biological sources of variation within individuals over
time due to physiology (age, sex, menstrual cycle, exercise, stress), pathology (var-
ious diseases, special cohorts), and treatments (common medications); and
(3) determination of the extent of variation across individuals within populations
and across populations due to genetic, nutritional and other factors. The pilot
phase aims to (1) compare advantages and limitations of many technology plat-
forms; (2) contrast reference specimens of human plasma (EDTA, heparin, or cit-
rate-anticoagulated) and serum in terms of numbers of proteins identified and any
interferences with various technology platforms; and (3) create a global, open-
source knowledge base/data repository.

The collaborative nature of this Project permitted exploration of many variables
and adoption during the study phase of emerging technologies. Planning pro-
ceeded expeditiously from the organizing meeting of HUPO in Bethesda in
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April 2002, to the first PPP meeting in Ann Arbor in September 2002, the expres-
sion of interest by numerous investigators at the 1st HUPO World Congress on
Proteomics in Versailles in November 2002, and then the PPP Workshop for Tech-
nical Committees and participating laboratories in Bethesda in July 2003 to launch
the pilot phase. PPP reference specimens were prepared and distributed, begin-
ning in September 2003, and first data were submitted, analyzed, and presented at
a workshop at the 2nd HUPO World Congress in Montreal in November 2003. An
intensive 4 day Jamboree Workshop was organized for Ann Arbor in June 2004, at
which numerous work groups pursued cross-laboratory analyses and proposed
further work. Investigators were advised to adopt more stringent criteria for high
confidence peptide and protein identifications, and a commitment was made to
collect raw spectra from the 18 laboratories that had submitted MS/MS or FT-ICR/
MS datasets for independent analyses by three different groups. The datasets were
moving targets, as some, but not all, labs submitted expanded or updated analyses,
and about 15 laboratories completed “special projects” stimulated by HUPO PPP
with a competition for small grants following the Montreal workshop.

The PPP provided participating laboratories with 1.0 mL of reference specimens
of serum and plasma by three different methods of anticoagulation for plasma
(EDTA, citrate, heparin) from specific donor pools. Investigators utilized their
established and emerging technologies for fractionation and analysis of proteins.
Investigators were encouraged to “push the limits” of their methods to detect and
identify low abundance proteins. Comparisons of findings across laboratories pro-
vide a special opportunity for confirmation of protein identifications. Results were
submitted to centralized bioinformatics functions at the University of Michigan
and the European Bioinformatics Institute to create an integrated data repository
from which PPP and other investigators could initiate further analyses and anno-
tations. The approaches and core results have been presented at the US HUPO
inaugural meeting in March 2005, the HUPO World Congress in Munich in
August 2005, and at other meetings.

3
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Here we present a comprehensive account of the major findings from the pilot
phase of the Human Plasma Proteome Project, including the many associated
special projects.

1.2
PPP reference specimens

The primary specimens were sets of four reference specimens prepared under the
direction of the HUPO PPP Specimens Committee by BD Diagnostics for each of
three ethnic groups: Caucasian-American (B1), African-American (B2), and Asian-
American (B3). Each pool consisted of 400 mL of blood each from one male and
one post-menopausal female healthy, fasting donor, collected into 10 mL tubes in a
prescribed sequence (see Supplementary Protocol) after informed consent. Very
large pools were rejected as requiring too prolonged specimen handling and pro-
cessing unlike the collection of individual specimens; even a protocol for two males
and two females proved to require more than the 2 h limit we set. Equal numbers of
tubes and aliquots were generated with appropriate concentrations of K,-EDTA,
lithium heparin, or sodium citrate for plasma or permitted to clot at room temper-
ature for 30 min to yield serum (with micronized silica as clot activator). The addi-
tives were dry-sprayed on the inner walls of the tubes, except for 1.0 mL of 0.105 m
buffered sodium citrate, which gave a final ratio of 9:1 for blood to citrate in a
10 mL final volume, causing an 11% dilution of the blood. No protease inhibitor
cocktails were used. This procedure required 2 h, mostly at 2 to 6°C. After cen-
trifugation, volumes from the male and female donors in each donor pair for each
specimen type were pooled and then aliquoted into numerous 250 pL portions in
vials which were frozen and stored at —70°C. The centrifugation conditions with
citrate consistently produced platelet-poor plasma (platelet count <10%/uL). Ali-
quots tested negative for HIV, HBV, HCV, HTLV-1, and syphilis. We supplied
four x 250 pL aliquots for each of the four plasma/serum specimens in each set.
These vials were shipped on dry ice via courier in early May 2003 (and later to ad-
ditional laboratories which petitioned to join the project, some of which could no
longer be supplied the B1 set). No reshipping was permitted.

The Chinese Academy of Medical Sciences (CAMS) used a variant of the BD pro-
tocol to generate similar reference serum and plasma specimens, as described by Li
et al. [5] and He et al. [6]. Pools were prepared after review by the CAMS Ethics
Committee and informed consent by ten male and ten female donors in Beijing.
Donors were fasting and avoided taking medicines or drinking alcohol for the 12 h
before sampling. A subsequent pooling of 20 mL from each of the male and female
serum or plasma specimens created the C1-CAMS PPP reference specimens which
were sent to the 15 laboratories requesting these specimens after storage at —80°C.
They were shipped on dry ice using the same courier in September 2003. C1-CAMS
specimens were centrifuged originally, and then again upon thawing, at 4°C [6].
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Finally, the UK National Institute of Biological Standards and Control (NIBSC)
made available to the PPP their lyophilized citrated plasma standard prepared for
hemostasis and thrombosis studies from a pool of 25 donors [1].

A standard questionnaire was sent to all laboratories expressing interest. Of
55 laboratories that originally committed to participate, 41 received the BD B1 speci-
mens, 27 the B2 and B3 specimens, 15 the CAMS specimens, and 45 the NIBSC spe-
cimens. Laboratories varied on how many of the specimens they actually analyzed.

1.3
Bioinformatics and technology platforms

As intended, laboratories used a wide variety of methods, including multiple LC-
MS/MS instruments, MALDI-MS, and FT-ICR-MS; depletion of abundant pro-
teins; fractionation of intact proteins on 2-D gels or with LC or IEF methods; pro-
tein enrichment or labeling methods; immunoassays or antibody arrays; and direct
(SELDI) MS. They also varied on choice of search algorithm and database, and cri-
teria for declaring high or lower confidence identification of peptide sequences and
matching proteins (Tab. 1). In general, the numbers of proteins reported individu-
ally by the labs do not have the integration feature which was applied to the whole
PPP dataset. In several cases, much more extensive analyses were reported. Thus,
many of the individual papers in this special issue have additional protein identifi-
cations not included in the project-wide dataset(s).

1.3.1
Constructing a PPP database for human plasma and serum proteins

Data management for this project included guidance and protocols for data collec-
tion, then centralized integration, analysis, and dissemination of findings world-
wide via a communications infrastructure. As described in great detail by Adamski
et al. [7, 8], key challenges were integration of heterogeneous datasets, reduction of
redundant information to minimal identification sets, and data annotation. Multi-
ple factors had to be balanced, including when to “freeze” on a particular release of
the ever-changing database selected for the PPP and how to deal with “lower con-
fidence” peptide identifications. Freezing of the database was essential to conduct
extensive comparisons of complex datasets and annotations of the dataset as a
whole. However, it complicates the work of linking findings of the current study to
evolving knowledge of the human genome and its annotation. Many of the entries
in the protein sequence database(s) available at the initiation of the project or even
the analytical phase were revised, replaced, or withdrawn over the course of the
project, and continue to be revised. Our policies and practices anticipated the
guidelines issued recently by Carr et al. [9], as documented by Adamski et al. [7].
The 18 participating laboratories using MS/MS or FT-ICR-MS submitted a total
of 42 306 protein identifications using various search engines and databases to
handle spectra and generate peptide sequence lists from the specimens analyzed.
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