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ABSTRACT: The proteomic analysis of human blood and blood-derived products (e.g., plasma) offers an attractive avenue to
translate research progress from the laboratory into the clinic. However, due to its unique protein composition, performing
proteomics assays with plasma is challenging. Plasma proteomics has regained interest due to recent technological advances, but
challenges imposed by both complications inherent to studying human biology (e.g., interindividual variability) and analysis of
biospecimens (e.g, sample variability), as well as technological limitations remain. As part of the Human Proteome Project
(HPP), the Human Plasma Proteome Project (HPPP) brings together key aspects of the plasma proteomics pipeline. Here, we
provide considerations and recommendations concerning study design, plasma collection, quality metrics, plasma processing
workflows, mass spectrometry (MS) data acquisition, data processing, and bioinformatic analysis. With exciting opportunities in
studying human health and disease though this plasma proteomics pipeline, a more informed analysis of human plasma will
accelerate interest while enhancing possibilities for the incorporation of proteomics-scaled assays into clinical practice.

KEYWORDS: plasma, serum, blood, Human Proteome Project (HPP), Human Plasma Proteome Project (HPPP), study design,

sample collection, quality metrics, plasma processing workflows, data acquisition, mass spectrometry (MS), data processing,
bioinformatic analysis

B INTRODUCTION among other components. The liquid component of whole
Blood plays a central role in facilitating diverse biological blood, termed plasma, is obtained after centrifugation of whole
processes. Whole blood is an easily accessible and minimally blood in the presence of anticoagulants (e.g,, EDTA, heparin,
invasive tissue that affords a significant opportunity to learn or sodium citrate). This isolation eliminates cellular material
about human biology. Recent interests in using whole blood as and leaves cell-free components available for detailed

a form of “liquid biopsy” for personalized medicine
applications, including more effective monitoring of therapeu-
tic response to treatment, are driving the discovery of novel
disease-specific biomarkers."”” Blood is a complex mixture of Received: July 25, 2019

cells, exosomes, nucleic acids, proteins, lipids, and metabolites, Published: October 1, 2019
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characterization. In this review, we focus on proteins found in
plasma and discuss how to achieve robust data using mass
spectrometry (MS)-based approaches.

Plasma proteomics has undergone a revival in the past five
years. The need for more clinically translatable biological
insights is driving an increase in the number of MS-based
proteomic studies.” Currently, there are more than 150 FDA-
approved and laboratory developed tests (LDTs) that utilize
plasma for protein-based assays, such as C-reactive protein
(CRP) levels for coronary disease and insulin levels for
diabetes.” This existing clinical infrastructure and familiarity
with plasma allows for translation of new discoveries from the
laboratory into clinical settings.’

Plasma is a challenging biological matrix, due to both a large
dynamic range in protein expression and the capabilities of
state-of-the-art analytical methods. For example, the plasma
peptidome®” or those peptides carried by the human leukocyte
antigen (HLA) molecules® represent low abundance, small
molecular weight species. Methods other than MS-based
techniques, including a variety of high-sensitivity and
throughput plasma protein immunoassays’ can be used to
profile human plasma.'” For the circulating antibodies,
multiplexed protein or peptide arrays are commonly used to
study reactivity toward the autoimmune components of the
proteome' ' and their post-translational modifications.'” Today
there are >1000 autoantigens found across a large variety of
human conditions."> Numerous studies have focused on
plasma processing workflows toward achieving a more
comprehensive characterization of the plasma proteome;™"”
some described in the Plasma Processing Workflows section
below. While the basic research community might focus on
improving depth of coverage to detect low abundance plasma
proteins (i.e, < 1 ng/mL), the clinical community emphasizes
reproducibility of measurements and low coeflicients of
variation to support actionable clinical decisions. In the
former, considerations for translating findings from the
laboratory to the clinic can be limited, as added sample
processing steps may create hurdles for the wide adoption of a
new method. In the latter, while the focus may be on high
abundance proteins (i.e., >1 ,ug/rnL)4 that have evidence for
some clinical indication (e.g., CRP and insulin), these may not
be sufficiently sensitive for applications such as early disease
detection. We suggest that there may be a balanced approach
that can satisfy the needs of the entire plasma proteomics and
clinical research communities.

Can MS-Based Plasma Proteomics Overcome Current
Challenges?

A key challenge in human health, and an unmet need of
medicine, is early disease detection, which is almost entirely
dependent on more specific biomarkers, better patient
stratification, and methods for predicting patient response to
treatment. MS-based plasma proteomics can deliver solutions
to many of these challenges when applied in an appropriate
manner. Today, there is strong protein-level evidence (i.e., PE1
data) for 17 694 proteins of the human proteome."” In a recent
2017 update, HUPO’s Human Plasma Proteome Project
(HPPP) reported 3500 detectable proteins in plasma,
emerginﬁg from almost 180 studies with a protein-level FDR
of 1%.'° This represents about 20% of the whole currently
detectable human proteome. This number nearly doubled from
the 1929 proteins reported in 2011'7'" and points to
significant improvements made in analytical sensitivity.
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However, challenges remain due to the low consistency in
reproducible observations among plasma proteomics studies.
In fact, in data from ~180 studies collected from 2005 to 2017,
the 500 most abundant plasma proteins were only reported in
50% of studies based on a reanalysis of all data sets by
PeptideAtlas with a global protein-level FDR applied on the
ensemble of all 180 studies (Figure 1); hence, missing data and

ion [ng/ml]

Number of Studies [N]

d Plasma C

T T T
1500 2000 2500

T
1000

Concentration Rank

Figure 1. Frequency of protein identification in relation to plasma and
serum concentration. Using data collected for the 2017 draft of the
human plasma and serum proteome (hosted by PeptideAtlas'®),
proteins (in red) are plotted as a function of their concentration rank
(x-axis) and the number of studies in which they were identified (y-
axis, left). The identified proteins (solid black line) are also plotted as
a function of their concentration rank (x-axis) and their estimated
concentration (y-axis, right). The data are compiled from 178
samples, 71% of which are from plasma, 14% from serum, and 15% of
unclear origin.

coverage of protein abundance across all study subjects will be
important aspects of plasma proteomic studies. While some of
these differences can be explained by use of different
instruments, plasma processing techniques, and sample
collection methods, it also raises additional questions about
which factors most strongly influence plasma protein
detectability? Toward answering this question, and improving
the overall performance and coverage of plasma proteomics
experiments, we recommend that researchers consider the key
components of a proposed plasma proteomics workflow,
outlined in Figure 2.

Components of a Plasma Proteomics Study

There are numerous considerations to take into account when
planning and executing a plasma proteomics study. Some of
these are more general while others are specific to the analysis
of this particular human biospecimen type. In this review, we
focus on the elements that span a full project, namely: (1)
study design, (2) plasma collection and processing, (3) data
acquisition by MS, (4) peptide identification and quantifica-
tion, and (5) bioinformatic and statistical analysis. As
summarized in Figure 2, we introduce these different layers
of information across these areas. Lastly, we discuss how each
one can impact the outcome of a particular plasma proteomics
study.

Study Design

A well-designed plasma proteomics study requires a clear
research question along with a priori hypotheses that define the
purpose of any study and data analysis. The proteins identified
by such studies might be used to compare different stages of a
disease or measure the effect of treatment in a given set of
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Figure 2. Components of a plasma proteomics workflow. Profiling proteins in plasma begins with collecting the samples in a standardized manner
and reporting preanalytical variables related to the sample and information about the blood donors. After protein digestion and peptide purification,
the peptides are separated by liquid chromatography (LC) and ionized by electrospray (ES) for the analysis in the mass spectrometer (MS).
Appropriate MS workflows and peptide identification and quantification tools are then applied. For protein identifications, the HPP guidelines
recommend a protein-level FDR of <1%. Lastly, data analysis should consider how many peptides and proteins were identified and their

consistency across samples.

patients. By defining and deciding on study-specific factors
early, subsequent study protocols and experimental design
decisions can be made appropriately. Furthermore, this
deliberate approach will ensure that data processing and
bioinformatic analysis are executed in a purposeful manner.
This also ensures that if subsequent analysis is performed (e.g.,
after reviewing the preliminary results), this can be correctly
categorized as post hoc analysis. Here, we discuss study design
considerations that can be grouped into the following
categories: study settings, cohort selection, and reference
samples.

Study Settings (e.g., Specific Disease, Healthy, or
Drug Investigation). Plasma proteomics studies to date, and
especially in the past five years, have converged in three areas:
(1) techniques to improve proteome coverage (i.e., credibly
detect the largest number of plasma proteins), (2) solutions
that are applicable for clinical applications (e.g, sample
throughput, reproducibility, and costs), and (3) studies
investigating diverse diseases (e.g, cardiovascular diseases,
cancers) or the effect of therapeutics on the plasma proteome
(e.g., chemotherapy).

Cohort Selection: Sample Size. Historically, plasma
proteomic studies have small sample sizes—typically <100.
This can be attributed to difficulties in sourcing plasma
samples with sufficient quality, particularly high sample
processing costs (e.g, depletion and/or fractionation) and
limitations in data acquisition throughput. More recently,
efforts to %enerate large sample biobanks for proteomic
analysis,' " the introduction of automated and high-
throughput sample preparation workflows,”' ~** and improve-
ments 1n liquid chromatography have facilitated larger cohort
studies.”” Some developments combine rapid sample prepara-
tion protocols, multiplexing strate 1es, automated platforms
and optimized HPLC setups.”">*~*® Beyond these technical
aspects, there is a growing recognition that separating
biological signal from sample variability often requires large
sample cohorts. Accordingly, in an ideal situation, sample size
itself would not be a limiting factor during the study design
process. Impressively, this has allowed researchers to measure
the proteome in cohorts of hundreds to thousands of
samples.”” >

While large sample sizes can facilitate better powered
proteomic studies, they introduce additional experimental
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considerations aimed at avoiding the introduction of bias into
data analysis. In particular, large sample numbers result in an
increased data acquisition time, either on one or across
multiple instruments. Appropriate design of technical and
experimental considerations is required to group samples into
processing batches in a balanced and randomized manner,
minimizing introduction of bias that could result from
acquisition time, run order, operator and/or instrument.
Typically, a combination of instrument performance, sample-
related variables (e.g, age of sample, inclusion order, time
point of collection), and donor-related metadata (e.g., age, sex,
ethnicity, disease state) are used to set the maximum number
of samples within a processing batch, and the randomization of
samples across those batches. When executed optimally, large-
scale studies will shift research from small-scale discovery
phase to the so-called “rectangular” study designs, where large
sample numbers can be analyzed in both discovery and
validation stages of biomarker research.” In this way, large
cohort studies could enable a significant paradigm shift in the
utility of plasma proteomics for clinical applications.

Cohort Selection: Age (Adult vs Pediatric). According
to the 2019 Revision of World Population Prospects, 25% of
the world’s population will be under 15 years of age in 2020,
16% between 15 and 25, 50% between 25 and 64 years of age,
and 10% above 65 years of age.”® Despite this distribution, an
often-underappreciated aspect of previous plasma proteomics
studies is that a majority of studies have focused on adults, with
only a small proportion of published studies targeting children
(approximately 0.6%). Researchers should keep the population
age distribution in mind when selecting samples for any study.
This is especially important when considering early disease
detection is critical for children, especially when trying to limit
both short- and long-term sequelae of any disease. Addition-
ally, a recent proteogenomic study revealed that newborns
have three times the number of unique proteins as their
mothers, further suggesting that differences in plasma
proteomes between adults and children could lead to novel
biological outcomes.”” Studies focusing on sick children are
critical for understanding underlying population-specific
pathophysiologies and may help reduce guesswork in medical
interventions currently associated with drug dosage and
predicted patient response. A recent review by McCafferty,
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et al. summarizes 35 plasma proteomic studies focused on
biomarker discovery in pediatric populations.*®

Cohort Selection: Reference Samples. Selection of
reference samples is an important, study-specific consideration
for all plasma proteomic projects, as this typically forms the
basis for any comparative data analysis. For example, consider a
study attempting to identify plasma biomarkers of mild
traumatic brain injury (mTBI) to identify subjects who will
have delayed outcomes. In this case, the ideal cohort consists
of pretrauma samples from all subjects to assess individual
baseline values, the mTBI subjects who have delayed
outcomes, and reference samples consisting of mTBI subjects
who do not have delayed outcomes that have been matched for
age, sex, and ethnicity. While this approach seems appropriate,
it is important to recognize that epidemiological studies over
the past several decades have revealed that there are sometimes
additional variables to consider when matching study groups,
such as medication, disease history, or state of hydration.
Matching of these variables will reduce the impact of bias in
data, and hence stratified randomization becomes a feasible
solution. However, some of these variables could remain
unknown during planning phases of a study (denoted here as
“hidden variables”). Accounting for hidden variables is
challenging, and sometimes the only course of action is with
a sample size large enough that any study will be robust against
these potential effects. Depending on the contribution of
experimental batches on generated data, total randomization
would be preferable over a stratified randomization.

In addition to reference samples for matching conditions/
groups, the use of “healthy/normal” subjects as a reference
group also needs to be made cautiously. First, a subject
included in a “healthy/normal” group may not be representa-
tive of the general population and/or the intended use
population (in the case of clinical tests), as their selection and
inclusion may be based on practical rather than clinically useful
criteria. Secondarily, if the “healthy/normal” group is only
tested to be negative for a particular disease/condition (e.g.,
mTBI without delayed outcomes) they could still be positive
for other conditions. Consequently, the categorization as
“diagnosis-free” may be a more appropriate stratification, as
this implies that other diseases or conditions may exist. One
approach to mitigate against such risk in comparative analysis
between cases and controls is to compare within groups of
cases (e.g., mild versus severe disease), rather than those that
would otherwise have no condition. For example, a study
investigating biomarkers of aging may not need a specific
negative control group. Instead, study samples could be
representative of the age spectrum in question and ensure that
other patient variables (e.g, sex and ethnicity) are balanced
across those age groups.

Reference Ranges. In addition to selecting the correct set
of reference samples, understanding the range of expected
values for reference samples is equally critical during planning
plasma proteomics studies. For example, the field of
developmental proteomics has demonstrated that biological
systems (e.g., hemostatic and inflammatory) in healthy
populations undergo age-specific changes in protein expres-
sion, from neonates to adults.’®* This is particularly
important in diagnostic testing and biomarker discovery
applications, where adequate information about the “healthy/
normal” groups should be collected as a continuum from birth
until adulthood. Moreover, plasma protein expression levels
can be individual-specific, where they are stable over time
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within an individual but vary considerably between individu-
als.>"** To control for this variability, it may be necessary to
define individual-specific or “personalized” reference values
rather than population level values.”* This approach occurs in
some longitudinal multiomics studies,’’ where subjects are
followed temporally and are effectively self-controlled, helping
distinguish whether differences between study groups are due
to the phenotype of interest or other traits (e.g., medication,
genetics, or lifestyle).

Plasma Generation and Quality Metrics

Preanalytical decisions can have a large impact on the quality
and consistency of plasma proteomic data. It is therefore
recommended that researchers obtain a clear understanding of
how plasma samples were/should be collected, processed, and
stored. The importance in differentiating between quality (e.g.,
defined by degree of hemolysis) and integrity (e.g., defined by
capability to detect a protein of interest in biobanked samples)
plays a crucial role in plasma proteomics study design.
During blood collection, factors that need to be considered
or monitored include phlebotomy procedures (e.g., needle
gauge, number of times subject is exposed to blood sampling)
and blood collection tube type (e.g, vacuum container,
coagulation activators, or inhibitors). Likewise, during plasma
processing, factors that can affect the quality of the prepared
samples include centrifugation speed, duration, braking rate,
temperature, delay from blood collection, plasma processing
and storage, and where samples were collected. The fact that
blood as a biological fluid experiences a change in temperature
from 37 to 20 °C during venous draw that may introduce
additional and not fully understood physiological processes
should not be overlooked. Apart from plasma storage
conditions, the number of freeze—thaw cycles adds further
preanalytical variables;*' the relative abundance of S-
cysteinylated albumin can provide an estimate of the time
for which specimens have been exposed to thawed
conditions.” In particular, extensive delays of several hours
prior to separating blood cells from fluids can alter plasma
proteome composition due to erythrocyte and platelet
degradation.*” Protein degradation may further occur due to
instability or the action of proteases or depletion of active
inhibitors (e.g, SERPINs). At the same time, other studies
suggest that a large variety of plasma proteins are relatively
stable to postcentrifugation delay and number of freeze—thaw
cycles,** which may indicate that sedimented cells or the use
of gel plugs to keep cells apart from fluids may be beneficial for
protein detectability. Nevertheless, it is important to establish
standard operating procedures (SOPs) and strictly follow these
in order to minimize systematic preanalytical variation that
otherwise can result in significant plasma proteome change.
In case retrospective samples are being accessed, and the
opportunity for defining protocols controlling for the
preanalytical process is not possible, alternative strategies can
be used to help minimize systematic bias within a study. In
“freezer studies”, where samples are selected from global
biobanks, it may be necessary to evaluate preparatory quality
and integrity of available plasma samples. First, centrifugation
protocols for plasma generation should be reviewed because
these directly influence abundance and types of cellular
material that could be present in plasma. Specifically, single-
spun plasma typically contains many platelets, and these
samples could be affected by postcollection release of platelet
proteins. Alternatively, double-spun centrifugation protocols
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Table 1. Examples of Publications Evaluating the Influence of Preanalytical Sample Processing and Storage on the Sample

Integrity and Preparatory Quality of the Plasma Proteome

article

Zander, J. et al. Effect of biobanking conditions on short-term stability of
biomarkers in human serum and plasma.*'

Hassis, M. E. et al. Evaluating the effects of preanalytical variables on the stability
of the human plasma proteome.™

Zimmerman, L. J,, et al. Global stability of plasma proteomes for mass
spectrometry-based analyses.**

Qundos, U. et al. Profiling postcentrifugation delay of serum and plasma with
antibody bead arrays.*

Geyer, P. E. et al. Plasma proteome profiling to detect and avoid sample-related
biases in biomarker studies.*®

Lundblad, R. Considerations for the use of blood plasma and serum for
proteomic analysis.*

Lan, J. et al. Systematic evaluation of the use of human plasma and serum for
mass-spectrometry-based shotgun proteomics.”

Daniels, J. R. et al. Stability of the human plasma proteome to preanalytical
variability as assessed by an aptamer-based approach.

Cao, Z. et al. An integrated analysis of metabolites, peptides, and inflammation
biomarkers for assessment of preanalytical variability of human plasma."*

Shen, Q. et al. Strong impact on plasma protein profiles by precentrifugation
delay but not by repeated freeze—thaw cycles, as analyzed using multiplex
proximity extension assays.

observations

Clinical assays evaluating 32 biomarkers, including proteins and small molecules.
Biobanking at

Storage at 4 °C and —20 °C substantially changed concentrations of various
analytes.

—80 °C for up to 90 days did not result in substantial changes.

Sample storage recommendations.

Extensive delays of several hours prior the separation of blood cells from the fluid

can alter the plasma proteome composition due to erythrocyte and platelet
degradation.

Single- vs double-spun plasma showed minor differences.

Impact of <3 freeze—thaw cycles was negligible.

Few significant differences due to delays in plasma preparation and plasma

samples subjected to up to 25 freeze—thaw cycles.

Hemolysed samples produced hemoglobin in plasma as a significant difference.

Comparison of plasma and serum resulted in few significant differences.

Suspension bead array assays investigated postcentrifugation delay in time and
temperature using serum and two plasma types.

Large variety of plasma proteins are relatively stable to postcentrifugation delays.

Quality marker panels for erythrocyte lysis and carry-over of platelets and
coagulation intended to assess individual sample quality and systematic bias in a
clinical study by MS analysis.

Evaluate candidate markers and provide sample preparation guidelines to

minimize systematic bias in biomarker studies.

Evaluation of 210 biomarker studies and establishment of a Web site for

automated quality assessment of single samples and complete clinical studies.

General considerations for plasma proteomics studies.

EDTA-plasma, heparin-plasma, and serum can be applied for proteomics.

EDTA- and heparin-plasma show similarity in terms of proteome overage,

quantitative precision and accuracy, and repeatability quantification.

Only one sample type should be analyzed within a study.

Analysis of storage time, temperature, and different centrifugation protocols of

EDTA plasma on data for aptamer-based assays.

Low centrifugation force and storage in the cold resulted in the most plasma

proteome changes.

Analysis of effects on EDTA plasma such as storage time and temperature, and

different centrifugation protocols using MS analysis.

Time and temperature were identified as major factors for peptide variation.

Analysis of delayed centrifugation, plasma separation, and freeze—thaw cycles of

EDTA plasma for the analysis with proximity extension assays.

Limited precentrifugation delay at a refrigerated temperature is preferred
collection procedure.

Freeze—thawing did not impact the data.

have the capacity to remove a significant number of
contaminating cells, including platelets. In order to minimize
impact of postcollection platelet activation, double-spun
plasma should be used wherever possible. Second, recently
generated reference proteomes for erythrocytes and platelets
and comparisons of plasma with serum resulted in three
contamlnatlon panels” against which one should benchmark
samples.*® There, the high prevalence of cellular proteins
might suggest contamination, and samples can be flagged for
further investigation.

Despite all efforts to control for preanalytical variability,
some degree of systematic bias is inevitable when working with
human samples. However, such bias can be minimized through
appropriate study design decisions to create randomized and
appropriately balanced processing batches. Further, informa-
tion about preanalytical variables concerning the sample
collection (e.g.,, needle-to-freezer time, time point of sample
collection, center or geographical location of sampling) should
be collected as a common procedure and considered as part of
the data analysis and quality assurance process. Related issues
with systematic bias are already known and controlled for in
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other proteomics applications, including large-scale affinity
proteomics experiments.*”** In Table 1, we present examples
with observations of how sample related preanalytical variables
have affected proteomics data to date.

Plasma Is Not Equivalent to Serum. The distinction
between plasma and serum as different biological sample types
is important when it comes to executing a proteomics study on
blood-derived products.*’ For example, designing the most
appropriate study plan, correctly interpreting results, and
appropriately comparing and contrasting results require
knowledge of sample type. To clarify this distinction: plasma
is obtained by centrifugation of whole blood, while serum is
obtained after blood clotting and centrifugation. By removing
the blood clot during the preparation of serum, some high
abundance proteins such as fibrinogen will be drastically
decreased in their concentration in serum but will be present in
plasma, increasing the ability to detect some low abundance
proteins in serum. At the same time, there are many proteins
that are either actively involved in clot formation, nonspecifi-
cally adsorbed to clottlng proteins, or randomly captured
during clot formation.*** For example, the process of whole

DOI: 10.1021/acs.jproteome.9b00503
J. Proteome Res. 2019, 18, 4085—4097


http://dx.doi.org/10.1021/acs.jproteome.9b00503

Journal of Proteome Research

REETS

blood coagulation induces protein secretion from platelets,
among other cell types; inconsistencies in this process between
samples can lead to false positives for differentially expressed
proteins in serum. At the same time, clot formation and/or
removal processes could be impacted by phenotype (e.g.,
disease or age), and therefore such differences could represent
real biological signals.

While the differences between plasma and serum are largely
appreciated in clinical practice, these are underestimated by the
proteomics community. Occasionally, the terms serum and
plasma are even used interchangeably. However, under-
standing the differences between these two sample types is
critical for advancing proteomics toward the clinic. Systematic
comparison of plasma and serum by MS-based proteomics and
affinity-based assays points out the many clear differences in
composition of these sample types.””>* In 2005, the first
recommendation made by the HPP’s HPPP suggested that
EDTA plasmas be the preferred sample type for all proteomics
experiments.*’ Indeed, >70% of all data sets collected for the
plasma proteome draft in 2017'° were generated with plasma;
however, serum still is the preferred sample type for testing
biochemical analytes in clinical chemistry.”

Plasma Processing Workflows

Comprehensive characterization of the plasma proteome is
difficult. The large dynamic range of circulating proteins,
combined with the diversity of known and unknown protein
isoforms, complicates any analysis, including liquid chromatog-
raphy coupled to MS (LC—MS).** However, motivated by the
high value of identifying and characterizing plasma proteins,
standard proteomics workflows have expanded to include
prefractionation and labeling approaches to address such
challenges.”>™>" Here, we provide a brief overview of these
preanalytical methods and highlight some recent examples.

Depletion Workflows. Although the abundance of plasma
proteins spans a large dynamic range, which can be greater
than 12 orders of magnitude, albumin accounts for 50% and
the most abundant 22 proteins account for 99% of plasma
proteins by weight.”* This characteristic can be utilized to
improve detectability of low abundance proteins by systematic
depletion of high abundance proteins.”® For example,
immunodepletion spin columns, immunodepletion-LC, and
magnetic beads have been commercialized to remove up to the
20 most abundant plasma proteins.’”~®* This strategy has also
been extended to deplete moderately abundant proteins (e.g,,
complement proteins, fibronectin, plasminogen) using Affi-
body molecules, bead-bound peptide hexamers, or antibod-
ies.*%%*%7 In addition to depletion strategies using affinity
reagents, methods utilizing nanoparticles also exist.”"***
These nanoparticles are designed to distinguish proteins
based on physical properties and can be tuned to both exclude
(i.e., deplete albumin) or enrich (i.e., capture small proteins’®
or specific analytes) simultaneously. While depletion methods
can help access lower abundance plasma proteins, using these
reagents has limitations, including increased sample handling,
lower reproducibility/throughput, and carry-over concerns
(ie., when depleting multiple samples consecutively).®'
Moreover, it is important to recognize that many proteins
are bound to albumin (e.g, the so-called albuminome) and
codepletion can occur as many abundant proteins have carrier
functions. Removing these bound passenger proteins may
result in less than controllable off-target depletion.’®”
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Fractionation Workflows. An alternative strategy to
immuno- or affinity-based depletion for more comprehensive
plasma protein detection is sample fractionation. This can be
used alone and/or in combination with immuno- or aflinity-
based depletion. Although depletion methods could be
considered a form of fractionation (i.., separating the high
abundance from the low abundance components), in such
workflows the “high abundance” component is treated as
waste. Here, fractionation is defined as a method that divides
plasma proteins into usable groups for subsequent character-
ization. In one approach, two-dimensional liquid chromatog-
raphy (2D-LC) can divide one plasma sample into many, less
complex fractions, whereby the standard low pH reversed-
phase (RP) LC conditions applied in most LC—MS workflows
is coupled with an orthogonal LC method. While early
implementations of 2D-LC used strong cation exchange
chromatography prior to standard RPLC methods (e.g,
multidimensional protein identification technology, or Mud-
PIT),”" there has recently been a shift toward high pH
reversed-phase chromatography.”””* In both cases, the specific
number of fractions can vary, as well as how those fractions are
combined, if at all, prior to LC—MS analysis.74 Additionally,
these methods can be executed online with a mass
spectrometer, or off-line where samples are first fractionated,
and fractions are then separately subjected to LC—MS.
Fractionation can also be achieved by gel electrophoresis,
including in-gel digestion or as a desalting mechanism, where
unwanted salts/materials are removed.”” Recently, a high-
resolution isoelectric focusing approach has been developed
and utilized for MS-based plasma analysis.”” Regardless of
implementation, one general concern with fractionation-based
methods is the increase in the number of samples that need to
be measured, as this scales with the chosen number of
fractions. Consequently, fractionation methods create chal-
lenges with regards to sample throughput and normalizing data
across multiple LC—MS runs.

Enrichment Workflows. In cases where comprehensive
characterization of the entire plasma proteome is not
necessary, a strategy around enrichment and concentration
might be better suited. In this approach, workflows are used to
increase the sensitivity for specific proteins of interest.”” For
example, methods have been developed to focus on specific
subproteomes (plasma glycoproteome and phosphopro-
teome),”®”® proteins that have a specific activity (cytokines
for signaling), or those that originate from specific compart-
ments (membrane proteins).”” In addition to functional-based
enrichment, physical properties of proteins have also been
utilized to increase target-protein concentrations.””*"  For
example, proteins can be selectively precipitated by salts or
organic solvents;®' separated by size using chromatography,
dialysis, membrane filtration concentrators, or gel electro-
phoresis;*”*>** and further separated by charge (e.g., abundant
glycosylation). Finally, single or multiplexed enrichment is
possible using immunoaffinity reagents (e.g., antibodies,
aptamers, or derivatives thereof), peptides, or chemical
baits,**~*° and they can be used to identify individual proteins
or groups of interacting proteins in plasma.87

Quantification Workflows. Quantification (relative and/
or absolute) is a critical aspect of nearly all plasma proteomics
studies. The relative abundance of proteins is typically
measured by label-free or isobaric labeling techniques. The
most common classes of rea§ents for isobaric labeling are the
tandem mass tags (TMTs)™ and the isobaric tag for relative
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and absolute quantitation (iTRAQ).*””° These tags permit
multiplexing of several samples per LC—MS run, commonly 4,
6, 8, or 10 samples, but more are possible.”’ To learn more
about the use of isobaric labeling for plasma proteomics, see
the review by Molder et al.,”> and recent applications.””?>**
Multiplexing methods compensate for throughput concerns
associated with large sample numbers and some plasma
processing workflows (e.g., fractionation), enabling the
combination of several samples.”””® At the same time,
isobaric-based labeling reagents have drawbacks, including
lowering target sensitivity (i, the signal from individual
samples can be diluted below the detection limit if samples
have low signal) and reduction in quantitation accuracy (i,
coisolated peptides interfere with quantitation due to ratio
distortion known as “ratio compression”). In the latter, there
are options available to minimize the impact of ratio
compression through software correction, narrow isolation
windows, further fragmentation of the peptide fragment ions
and novel isobaric tags.”’~”” Relative protein abundance can
also be measured using label-free techniques. While this
approach does not require additional reagents or sample
processing, it does not allow sample multiplexing.

In contrast, absolute abundance of specific target proteins
can be determined by spiking heavy-labeled reference peptides
or proteins at a known concentration. Similarly to sample
stability considerations, these reference materials should
undergo their own quality control process to ensure
assumptions about concentrations or content are accurate.
When used correctly, such spike-ins are an attractive concept
to serve as a reference between studies, instruments and
laboratories. The reference can derive from peptides or
proteins and can be added prior to or after protein digestion.
Utility of these concepts has recently been demonstrated by
selecting suitable standards from a large library of protein
fragments,'” or by spiking-in peptides using stable isotope
standards and capture by antipeptide antibodies (SISCA-
P A)'l()l

General Workflow Considerations. With any sample
processing workflow, characterizing its technical performance
is as important as the potential value that the method may
afford. All too often, one method may work well in the hands
of one researcher but cannot be reproduced by another
researcher. This has had the unfortunate consequence of
leading to opposing or orthogonal workflows for similar goals,
making it harder for untrained experts to make informed
decisions when implementing plasma proteomics workflows in
their own laboratories. The purpose of applying a particular
workflow may be justified for one application (e.g., depletion in
order to build a peptide library), while it can be less suitable for
others (e.g.,, profile large number of samples). However, the
consequences of applying different enrichment strategies using
more recent MS methods and peptide identification guidelines
have just recently been investigated.'”” The study showed that
about 210 plasma proteins (42% of all the identified) were
common among different peptide fractionation methods and
180 proteins (41% of all identified) could be found in either
depleted or nondepleted plasma.

Additionally, the lack of technical performance information
has led to assays with low reproducibility, resulting in hard-to-
replicate results. The community should therefore consider to
work toward simplified workflows because each additional
sample preparation or processing step, such as depletion, can
introduce uncertainty, variance, or bias into the data. These
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concerns are particularly relevant for plasma proteomics
studies where large-cohort projects are typically required to
make biological conclusions, and minimizing technical noise is
critical in identifying small, biologically significant changes.
Toward this goal, researchers should consider incorporating
broader technical performance characterization into their
method development process, and should understand features
such as multilaboratory repeatability and identify common
sources of confounding in their method of choice.'**'** This
information can help the plasma proteomics community move
toward the ultimate goal of improved plasma characterization
for applications in human health and biology.

Data Acquisition by Mass Spectrometry

There are broadly two approaches to measure peptides in
plasma via MS: targeted and untargeted workflows.

Targeted Plasma Proteomics. Selected reaction monitor-
ing (SRM) is the typical targeted approach, wherein target
peptides must be selected in advance and the instrument
programmed with the expected signatures of those peptides,
thus enabling the measurement of relative ion abundances or
upper limits for each of the desired targets in every sample.'"®
Such an approach does require a potentially time-intensive, up-
front process of initial target selection and signature transition
optimization, although resources such as SRMAtlas'* enable
rapid selection of target peptides and their signatures.
Targeting of peptides in plasma can be quite challenging
since plasma is a very high dynamic range and complex
background in which the target peptides must undergo careful
validation procedures to be confirmed and quantified, as
demonstrated by the SpecTRA study group.'”” A popular
strategy relies on the use of spiked-in stable isotope standards
(SIS) as reference peptides to help ensure that the correct
molecules are being identified.'®® Also, Carr et al. have
proposed an important set of guidelines, organized by three
tiers of rigor, for the application of SRM to biological
samples.'” In general, targeted proteomics is the method of
choice when the number of analytes is relatively small and
known in advance, and quantitative measurements are a crucial
requirement of the experiment.

Untargeted Plasma Proteomics. For untargeted proteo-
mics, there are two broad approaches: data-dependent
acquisition (DDA) and data-independent acquisition (DIA).
In DDA workflows, the mass spectrometer acquires survey
scans to assess which precursor ions are currently entering the
instrument, and then sequentially selects several of them to
isolate and fragment in turn.''” The fragmentation spectrum
ideally contains the fragments of just a sin%le precursor. In the
DIA workflow (such as with SWATH-MS''"), the instrument
usually also acquires survey scans every few seconds, but then
in between scans it steps through a series of selection windows,
often 25 m/z units wide, producing fragmentation spectra of all
precursors in the wide window multiplexed together.''” The
advantage of the DIA workflow is that the fragmentation
patterns of all precursor ions within the selected mass ranges
are recorded, unlike for DDA, wherein fragmentation data is
only collected for selected precursors in a semistochastic
manner. The disadvantage of the DIA workflow is that more
complex and less mature software is required to demultiplex
the very dense fragmentation spectra. However, the substantial
advantage is that with a successful analysis there are typically
far fewer missing values in the final data matrix. An additional

substantial difference is that while DDA workflows are

DOI: 10.1021/acs.jproteome.9b00503
J. Proteome Res. 2019, 18, 4085—4097


http://dx.doi.org/10.1021/acs.jproteome.9b00503

Journal of Proteome Research

REETS

amenable to label-free quantitation as well as isotopic and
isobaric labeling, DIA workflows typically rely on label-free
quantitation. As DIA acquires only signals of a distinct m/z-
window at a given time, peptides from very high abundant
proteins are less of a problem in general.''' The same benefit
for plasma samples has been demonstrated for the DDA
method BoxCar, in which multiple m/z-windows are filled to
increase the ion injection time compared to a single full MS
scan.'"® The potential of both approaches has recently been
demonstrated for plasma analysis using isobaric labeled DDA
and in studies using DIA*%?973>! 14

Data Processing and Bioinformatic Analysis

The data generated by mass spectrometers is generally quite
complex and requires substantial downstream analysis with
sophisticated software tools.''> However, as far as these
software tools are concerned, analysis of data sets derived from
plasma samples does not differ substantially from that of other
sample types, such as tissue or urine. For SRM data analysis, in
addition to vendor-provided tools, Skyline''® dominates the
free and open-source software field. For DDA data analysis,
there are many analysis tools available, including MASCOT,""”
SEQUEST,""® MaxQuant,"'? and X!Tandem,"*’ just to name a
few; please see a recent review by Nesvizhskii et al.'*' for a
more comprehensive list. For DIA data analysis, the options
are far fewer than for DDA, with OpenSWATH,122
Spectronaut,'*® PeakView, and DIA-Umpire'** as the most
frequently used tools. For most SRM and DIA analysis
workflows, the tools for identification and quantitation are
integrated and work together by default. For many DDA data
analysis workflows, the identification and quantitation
components are separate tools, and the compatibility of
those tools is important.

The proteomics community has already done a great job of
lowering barriers and working toward freely accessible data in
public databases. This approach to openness should continue.
It is now common to deposit proteomics data sets in data
repositories, most of which are members of the ProteomeX-
change Consortium.'*>'* ProteomeXchange sets basic stand-
ards and minimum requirements for its members and fosters
similar submission and dissemination policies. The main
repositories of ProteomeXchange are PRIDE,'”’ PeptideAt-
las'**'*? (with its SRM component PASSEL'*’), MassIVE,"*"
jPOST,"** iProX,'** and Panorama Public.'** Researchers are
encouraged not only to deposit their final data sets in a
ProteomeXchange repository, but also to consider down-
loading and examining previously downloaded and generated
data sets to inform the generation of their own data.

There are various formal guidelines that should be followed
when submitting manuscripts describing a plasma analysis
depending on the type of data and publication. Some journals
have their own specific sets of guidelines, such as for the
Journal of Proteome Research and Molecular and Cellular
Proteomics.'>> Contributions as part of the Human Proteome
Project (HPP) must follow the HPP MS Data Interpretation
Guidelines."*® Other guidelines are applicable to certain
workflows, such as for DIA data'>’ and targeted SRM
data.'” Tt is well worth preparing for the relevant guidelines
in advance of data analysis, since complying with some
guidelines after an analysis is complete may require redoing
some of the work.
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B CONCLUSION

Here we summarize several key aspects about performing
plasma proteomics experiments using MS. We provide insights
into current capabilities but also raise awareness about the
challenges that remain to be addressed. This complements
other reviews on MS-based plasma proteomics and its route
toward greater translational utility.”'* From the perspective of
“How should you perform your plasma proteomics experi-
ment?”, we discuss several design elements that are often
omitted when focusing on improving the technology rather
than its application. While there is not a single “correct” way of
performing plasma proteomics, comparative analysis of differ-
ent methods, such as those proposed for antibody
validation,"*® would be a valuable path forward. In addition,
we suggest that considering the list of 1000 “popular” plasma
proteins that can be detected by MS and affinity-based
methods'® might be a useful approach.

Given that there are different end points and aims for
conducting plasma proteomics assays, it remains difficult to
suggest a single way of choosing the components of the plasma
proteomics pipeline and to determine which criteria should be
applied to assess the quality of a preparation or the sample
integrity. While preanalytical information about retrospective
samples already stored in biobanks cannot always be retrieved,
some caution should be applied when generalizing about the
future utility of the observed outcomes. For newly established
studies, it will be essential to collect as much information about
the samples as possible and determine the influence of
preanalytical variables on the experimental data. Similar to
other guidelines, the community could, for example, agree to
provide preanalytical metadata with the deposition of the
experimental data, such as the collection site, dates of sample
collection, storage times, and the Sample PREanalytical Code
(SPREC)."* As a long-term effort, a framework for storing
even donor related metadata alongside preanalytical and
experimental data should be discussed.

In an era with growing numbers of multiomics studies, we
also suggest to consider the sample types and preparations
preferred by other methods. These methods may provide
additional constraints and reasons for choosing one sample
type and collection protocol over the other. As described for
metabolomics,"**™'** a2 common suggestion is to process
samples as quickly as possible (e.g,, <30 min) and store these
soon as possible at —80 °C. We also recommend to use one
sample type per study, and if limited availability requires to
switch to another preparation type, then there is a need to
compare sample types that have been collected and prepared at
one blood draw.

Another aspect will be to increase the number of proteins
commonly identified in plasma by MS. This could indeed
include collectively annotating what the expected plasma
proteins are and determining their susceptibility for
preanalytical variables. This should then also include the
available standards and reference peptides or proteins. In
addition to the provided sample related criteria, we suggest to
consider the impact of post translational modifications on the
data. Here, differential glycosylation pattern induced genetic
variants have been shown to enable a classification of
individual donors.'*® Besides the technological advances,
different protocols and studied disease phenotypes, genetic
variance that induces a variance in the protein sequences could
indeed be another viable reason why only 50% of all MS
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studies detected 500 common proteins. Hence, data analysis
pipelines should evaluate common sequence variance in case
genetic data from the blood donor is not available."** An
example of how sequence variance of other genes than the one
of interest can influence protein levels is given by the blood
group defining gene ABO, which has been shown to affect the
plasma levels of von Willebrand factor (VWEF).'*

Ultimately, the usefulness of proteomics as a methodological
approach is dependent on its clinical applicability as a tool to
improve patient outcomes. Unfortunately, plasma proteomic
studies have, for the most part, focused more on identifying the
largest number of proteins rather than focusing on the proteins
that can be detected consistently and that have a clinical utility
(e.g, predicting a clinical outcome). This raises a couple of
questions: Are we, as a proteomics community, cooperating
enough toward the common goal on translating plasma
proteomics across research laboratories and into the clinics?
Are we aware of the issues faced in the clinical setting and do
we understand how proteomics can assist?'*° Is this the reason
why proteomics is not as advanced as genomics or tran-
scriptomics when it comes to translational research and clinical
utility? Considering the technological advances in proteomics
that are actionable from a clinical perspective is certainly a key
component in getting proteomics into the clinic, and doing so
more quickly and effectively. There is no question that plasma
proteomics can have a clear and significant impact on
improving clinical diagnostics.

The future of plasma proteomics in the context of diagnostic
laboratories is highly reliant on knowledge of the normal, age-
specific expression ranges for plasma proteins and their use for
accurate diagnosis for our population as a whole. With
advanced research in this field, plasma proteomics can provide
a reliable, efficient, and highly capable approach to take
proteomics to the clinic, to drive a truly personalized medicine
experience, and, most importantly, to contribute to human
health. While capitalizing from the rapid advances in mass
spectrometry, a greater diversity of data from well-designed
biomarker discovery and validation studies will become
available. Hence, plasma proteomics is well on the way to
developing a robust set of tools for quantifying proteins across
major diseases that will be translated into robust assays made
available to diagnostic laboratories.
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