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Abstract Proteomics, the simultaneous study of all proteins in a given cell, tissue or organism, is
an innovative approach used to identify novel markers for diagnosis, prognosis and the
pathophysiological mechanisms associated with diseases. Proteomic methodologies
have been used in a variety of contexts such as investigating changes in protein
abundance that may occur with disease presence, the response to therapeutic treat-
ments as well as the impacts of age on the plasma proteome.

Over the last decade, significant technological advancements in proteomic techniques
have resulted in an increase in the use of proteomics in thrombosis and hemostasis
research, particularly in order to identify relevant and novel clinical markers associated with
bleeding and thrombosis. This mini-review explores the use of proteomics in the setting of
thrombosis and hemostasis from 2010-2020, across five main domains (platelets, blood
clot composition, stroke, venous thromboembolism, and therapeutics), as well as provides
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Introduction

Proteomics represents the simultaneous study of many
proteins in a given cell, tissue, or organism,1 and is an
innovative approach used in identifying novel markers for
diagnosis, prognosis, and characterization of diseases, such
as heart failure and cancer.?3 This methodological approach
can be utilized to study a variety of biological fluids such as
saliva, urine, and blood, specifically focusing on changes in
protein abundance that may occur with disease, age, or as a
response to therapeutic treatments.'

Proteomic techniques have evolved rapidly over the past
decade, with a decrease in sample volume requirement, and
a subsequent increase in data acquisition and throughput.
There has also been a significant decrease in the footprint
and cost of mass spectrometers, “the workhorses” of proteo-
mics, from large stand-alone analyzers to desktop analyzers,
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insights into key considerations for conducting proteomic studies.

a development that has moved proteomics significantly
closer toward real-time clinical integration. Due to these
technological advancements, there has been an increase in
the use of proteomics in thrombosis and hemostasis re-
search, specifically in aspects such as stroke and venous
thromboembolism (VTE).* This mini-review explores the
use of proteomics in the setting of thrombosis and hemosta-
sis from 2010 to 2020, across five main domains (platelets,
blood clot composition, VTE, stroke, and therapeutics), to
reflect the focus of proteomics studies undertaken across this
period.

Platelets

Platelets play a key role in maintaining hemostasis by
helping form clots to prevent bleeding.® We identified
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two studies from the past decade that used proteomics to
gain a better understanding of the platelet proteome.”-3
Platelets can be modified by multiple external factors
such as disease,” therapeutic treatments,” and diet.'® Pro-
teomics is an advantageous method to compare the effects
of these modifiers. Proteomic discovery and validation
studies have compared platelet proteomes between intra-
coronary platelets and peripheral arterial platelets from
patients with ST-segment elevation myocardial infarction
(STEMI). Four proteins were found differentially abundant in
intracoronary platelets in comparison toarterial platelets.2Ina
population of type 2 diabetes patients with stable coronary
ischemia, proteomics demonstrated that using dual-antiplate-
let therapy in the form of clopidogrel in conjunction with
aspirin differentially altered the abundance of several platelet
proteins in comparison to aspirin alone.”

Blood Clot Composition

Blood clots consist of a variety of components and proteo-
mics has been used effectively in four studies to further
understand the composition of blood clots (~Table 1).>11-13
Stachowicz et al investigated the differences in plasma clot
composition in patients with thrombotic antiphospholipid
syndrome compared with patients with VTE.> In plasma clots
prepared ex vivo, 63 proteins were different, with results
highlighting that the underlying disease plays a crucial role
in the composition and mechanism of clots in distinct clinical
settings.” Proteomics has enabled the identification of up to
467 proteins, with several functional roles such as cell
differentiation, metabolism, and adhesion in coronary
thrombi extracted from STEMI patients.” Plasma proteomic
approaches have also been used in STEMI patients to identify
death-inducer obliterator 1, a proapoptotic transcription
factor, as a potential marker of coronary thrombosis."" Two
studies prepared plasma clots ex vivo, using healthy adult
samples to investigate the composition of clots.'>'3 Zabczyk
et al identified 494 proteins in ex vivo prepared, plasma
fibrin clot structures and demonstrated that body mass
index and age have an impact on clot structure properties,
such as lysis time.'? Proteomics has also been useful in
identifying specific mechanisms associated with fibrin
cross-links, as well as specific substrates of FXIllIa, a protein
responsible for cross-linking fibrin y-chains in early phases
of clot formation.'? The formation of blood clots, as well as
the precise balance between clotting and bleeding, is heavily
regulated by thrombin. Proteomics studies have identified 54
different substrates of thrombin suggesting the need for
future clinical studies of specific thrombin substrates in
individuals based on age or health status.'*

Venous Thromboembolism

VTE affects 10 million individuals globally each year and the
need for novel predictive biomarkers of VTE is imperative.'”
Two studies from the past 10 years utilized proteomics to
identify novel biomarkers associated with VTE incidence in
adults.’®'7 A comprehensive study using plasma proteo-
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mics identified platelet-derived growth factor subunit B, a
developmental protein, as a novel VTE-associated plasma
protein, as well as a potential novel predictive marker of
VTE.'® Proteins ProZ, DJ-1, and transthyretin have also been
identified as possible predictive biomarkers of VTE in
adults."’

Stroke

Globally, the prevalence of stroke is increasing at an alarming
rate'® and consequently there has been an increasing focus
on mechanisms leading to stroke, as well as potential protein
markers of clinical outcomes associated with stroke. Three
studies used proteomics to investigate mechanisms of stroke
and stroke-associated clinical outcomes.*'%?? Corticoster-
oid signaling was identified as the main differentiating
mechanism between female and male stroke patients. Fur-
thermore, sex-based differences of stroke severity and out-
comes were determined using the marker circulating
corticosteroid-binding globulin.?® Proteomics has also
shown that transient ischemic attack (TIA) drives changes
in coagulation, cell adhesion, atrial fibrillation, and inflam-
mation, and that there are 30 proteins differentially abun-
dant among individuals with TIA in comparison to healthy
controls.'® This finding led to the validation of a plasma
protein signature in a proof-of-concept study, identifying
IGFBP-3 and PON3 as specific predictors of TIA.#

Therapeutics

Therapeutics, and specifically blood-based therapeutics, are
highly complex compounds made up of multiple plasma
proteins and diverse cells, and are used to treat clotting
deficiencies, such as hemophilia.?’*? The complex process
involved in producing and manufacturing these therapeutics
has been shown to cause several protein variations such as
degradation, posttranslational modifications (PTMs) and
phosphorylation.”> Proteomic technologies have not only
been used to identify novel protein-drug targets, but also
in monitoring the pharmacodynamic effects of therapeu-
tics.2> In the last decade, proteomics has been used to
investigate commercially available recombinant factor VIII,
highlighting the excess amount of plasma proteins, such as
von Willebrand factor.?? These findings are important, par-
ticularly in the context of monitoring patients undergoing
therapeutic treatments.

Future of Proteomics in Thrombosis and
Hemostasis

Proteomics is not only advantageous for the discovery of
clinical markers and changes in protein abundance, but also
for an array of additional applications, as shown in =Fig. 1.
The last decade has seen proteomics applied to a wide range
of clinical settings from investigating commercially available
therapeutics,?? to identifying biomarkers of VTE'®'” and
understanding the mechanisms associated with ischemic
stroke.?’ The use of proteomics, particularly in the clinical
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setting, is crucial for precision and personalized medicine,?*

enhancing the ability to identify patient-specific therapeutic
targets such as proteins and antibodies, and ultimately
improving patient outcomes.?>

With increasing use of proteomics, the discovery of rele-
vant and novel clinical markers associated with diseases or
predicting clinical outcomes (e.g., thrombosis or bleeding) is
made possible and can be easily and practically translated
into the clinical setting. Proteomics can also be used to aid in
early-onset disease diagnosis, disease management, and
monitoring of therapeutic interventions.?>

The use of proteomics in the setting of thrombosis and
hemostasis poses many advantages. With technological and
methodological advancements, the shift from bench to bed-
side can be achieved to translate proteomic research findings
into the clinical setting and to improve patient outcomes.

Key Considerations for Proteomics Studies

Similarly to any study, a well-designed proteomics study
requires definition of a clear research question and a specific
rationale for statistical analysis.?® Proteomics studies also
require a carefully selected population of interest. Proteomes
change with age, sex, race, and disease, therefore selecting
the most appropriate population prior to undertaking a
proteomics study is crucial for accurate interpretation of
the proteomic data. Considerations for sample size, specifi-
cally for clinical marker studies, should be dependent on the
phase of proteomics study being undertaken.

Additionally, the type of sample to be analyzed must be
carefully considered when executing a proteomics study.
Understanding differences between plasma and serum is
critical in choosing which sample type to use. Serum prepa-
ration involves activation of coagulation which in turn
results in changes in the abundance of not only coagulation
proteins, but also proteins involved in inflammation, and as
such plasma is the preferred sample of choice for proteomics
studies in the setting of hemostasis. By utilizing citrated
plasma, it is possible to combine the results of proteomics
analysis with functional coagulation assays.

Typical proteomics-based blood marker studies are con-
ducted in three phases: discovery, verification, and valida-
tion. The discovery phase requires a small sample size
(n=10-50) and focuses on hundreds to potentially thou-
sands of proteins in an untargeted manner (e.g., SWATH-MS).
When it comes to the discovery phase, techniques such as the
two-dimensional gel electrophoresis represent an outdated
methodology that requires extensive multistep protocols
from the sample itself to the generation of mass spectrome-
try data and have almost exclusively been replaced by liquid
chromatography/mass spectrometry (LC/MS) and LC tandem
MS (LC/MS/MS) approaches. LC/MS and LC/MS/MS
approaches are associated with minimal preanalytical sam-
ple processing and maximized protein detection, and are
used extensively in proteomics studies, especially in the
setting of plasma proteomics. LC/MS/MS allows identifica-
tion of approximately 500 proteins in a single run, as well as
protein isoforms and PTMs.?’
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Verification is then conducted using a more targeted
approach (e.g., MRM-MS) with a larger sample size
(n=50-100), focusing on several proteins of interest. Vali-
dation studies represent the last phase of clinical proteomics
studies and are typically conducted using immunoassays,
with a much larger sample size (n = 100-1,000), focusing on
a small number of candidate proteins.??

These fundamental considerations ensure that results of
proteomics studies can be efficiently translated into patient-
specific benefits.

When it comes to clinical application of proteomics,
recent advances have enabled extremely fast data acquisi-
tion. Specifically, plasma proteomes are able to be analyzed
across a 1-minute gradient, resulting in identification of 180
proteins, a dataset that includes 47 Food and Drug Adminis-
tration-approved biomarkers.>® Combined with the fact that
mass spectrometers already have a place in clinical labora-
tories and are utilized in clinical practice (e.g., newborn
screening), it is only a matter of time before proteomics
becomes a part of routine practice in the setting of throm-
bosis and hemostasis.
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