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Abstract

Background: Ex vivo assays of platelet function critically inform mechanistic and clinical
hematology studies, where effects of divergent blood processing methods on platelet composition
are apparent, but unspecified.

Objective: Here, we evaluate how different blood anticoagulation options and processing times
affect platelet function and protein content ex vivo.

Methods: Parallel blood samples were collected from healthy human donors into sodium citrate,
acid citrate dextrose, EDTA or heparin, and processed over an extended time course for functional
and biochemical experiments, including platelet proteome quantification with multiplexed tandem
mass tag (TMT) labeling and triple quadrupole mass spectrometry (MS).
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Results: Each anticoagulant had time-dependent effects on platelet function in whole blood.
For instance, heparin enhanced platelet agonist reactivity, platelet-monocyte aggregate formation
and platelet extracellular vesicle release, while EDTA increased platelet a-granule secretion.
Following platelet isolation, TMT-MS quantified 3,357 proteins amongst all prepared platelet
samples. Altogether, >400 proteins were differentially abundant in platelets isolated from

blood processed at 24 h vs 1 h post-phlebotomy, including proteins pertinent to membrane
trafficking and exocytosis. Anticoagulant-specific effects on platelet proteomes included increased
complement system and decreased a.-granule proteins in platelets from EDTA-anticoagulated
blood. Platelets prepared from heparinized blood had higher levels of histone and neutrophil-
associated proteins in a manner related to neutrophil extracellular trap (NET) formation and
platelet:NET interactions in whole blood ex vivo.

Conclusion: Our results demonstrate that different anticoagulants routinely used for blood
collection have varying effects on platelets ex vivo, where methodology-associated alterations in
platelet proteome may influence mechanistic, translational and biomarker studies.
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INTRODUCTION

Ex vivo studies of blood platelets have expanded an understanding of mechanisms of
hemostasis and thrombosis, and offer promise to uncover diagnostic biomarkers and
therapeutic targets in a range of platelet-associated physiological and disease states [1,

2]. As circulating, cellular sentinels of vascular well-being, platelets are exquisitely
sensitive to mechanical and chemical stimulation. Accordingly, research laboratories often
customize platelet preparation procedures to preserve platelet (ultra)structure and reactivity
for downstream biochemical, microscopy, flow cytometry and other ex vivo experiments.
While some parameters for quiescent platelet purification such as blood centrifugation
forces are largely uniform between research groups [3-6], anticoagulation methods are more
variable, especially for blood samples not originally intended for specific platelet studies.

Blood anticoagulation, processing and storage are all known to effect platelet structure,
count and function, particularly in clinical diagnostic tests [7-10], and increasingly in basic
laboratory investigations of platelet biochemistry and cellular biology [11-13]. However,
specific effects of anticoagulation and blood processing on the molecular composition

of platelets — determined by genetics and environment, and, posited to be indicative or
supportive of disease — remain unknown. Platelet protein content is determined by several
factors, including the repertoire of proteins inherited from parent megakaryocytes [14],
signal-dependent mRNA splicing and de novo protein synthesis [15], loss of compartment
proteins via release of granule contents and extracellular vesicles, and by the sequestration
of circulating proteins [16]. However, the effect of blood processing on platelet proteomes
remains unknown, where biomarker studies of healthy and “disease-educated” platelets,
often involve comparisons of multiple, diverse clinical samples with extended travel and
delayed processing times [17, 18]. Many recent biomarker studies find impact of blood
processing on plasma proteomes, often pointing to many platelet-derived proteins in plasma
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preparations [19-24]. However, the reciprocal effects of preanalytical variables on platelet
proteomes remain unspecified, where platelets offer promise as circulating drones that
continuously survey and reflect the health of the vascular and tissue milieu [1, 25].

We recently established a quantitative mass spectrometry workflow with tandem mass
tag (TMT) labeling to measure proteome-level alterations in specific platelet activation or
physiological states [1, 26, 27]. In this study, we use these tools to systematically investigate
how blood collection into common anticoagulants (sodium citrate, acid citrate dextrose,
EDTA, heparin) influences ex vivo platelet protein content across an extended range of
post-phlebotomy time points reflective of real-world sample processing situations. We find
that significant changes in the platelet proteome can occur over prolonged blood processing
times, and we identify protein profiles unique to platelets exposed to EDTA and heparin of
relevance to studies of platelet function and biomarkers in health and disease.
METHODS
Temporal processing of anticoagulated blood

Blood was drawn by venipuncture from a rotating pool of >20 healthy, (equal proportion
of male and female) adult volunteers (>18 y, average age 35 y) at Oregon Health &
Science University. All samples were collected following institutional review board (IRB)
guidelines and after written informed consent from participants. Venous whole blood was
collected into vacutainer tubes containing either sodium heparin (158 USP, BD 367874),
ethylenediaminetetraacetic acid (K,-EDTA 18 mg, BD #366450), buffered sodium citrate
(NaCit, 0.105M, 3.2%, BD #369714), or a combination of sodium citrate and acid citrate
dextrose (NaCit+ACD). NaCit+ACD tubes were prepared by addition of 500 ul ACD
solution (7.5 g of citric acid, 12.5 g of sodium citrate and 10 g of D-glucose in 500 ml

of Milli-Q H,0) into BD NaCit 3.2% vacutainers before blood draw. After gentle mixing,
1 ml anticoagulated blood aliquots were prepared and processed immediately (t =0 h) or
incubated without shaking fort =1, 2, 3, 5, 9, 24, 48 and 120 h at room temperature (rt).
The aliquots were centrifuged at 200 x g for 20 min to obtain platelet-rich plasma (PRP).
The upper 2/3 volume of PRP was transferred into a new tube and further centrifuged (for
aliquots t = 1-120 h) at 1,000 x g for 10 min, and the resulting supernatant was centrifuged
(2,500 x g, 15 min) to obtain platelet poor plasma (PPP) (Fig. 1A).

Preparation of washed platelets

Washed platelets were prepared for biochemical and proteomics experiments as previously
described [26]. Blood was collected into NaCit+ACD, NaCit, EDTA and heparin tubes to
prepare washed platelets at 1 h and 24 h post-phlebotomy. For all experimental conditions,
10 ml of anticoagulated blood was centrifuged at 200 x g for 20 min to prepare PRP.
Following addition of 10 ul of 1 mg/ml prostacyclin (PGl,) and gentle mixing, PRP

was centrifuged (1,000 x g, 10 min) to pellet platelets. The resulting platelet pellet

was resuspended and washed in HEPES/Tyrode (H-T) buffer (129 mM NaCl, 0.34 mM
NayHPOy4, 2.9 mM KCI, 12 mM NaHCOg3, 20 mM HEPES, 5 mM glucose, 1 mM MgCly;
pH 7.3) supplemented with ACD and PGl,. Diluted platelet suspensions were immediately
centrifuged at 1,000 x g for 10 min and platelet pellets were was resuspended in H-T buffer.
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2.3 | Platelet lysis

Equal volumes of washed platelet samples H-T buffer were lysed in 2.5% SDS, 150 mM
NaCl, 50 mM HEPES pH 8.5, 1x cOmplete mini EDTA-free protease inhibitor (Roche
#046933159001), and 1x PhosSTOP (Roche #4906837001) [28]. Lysed platelets were
vortexed and immediately flash-frozen in liquid nitrogen before storage at —80°C.

2.4 | Platelet peptide preparation and quantification

Frozen platelet lysates were thawed, heated at 90°C for 10 min and sonicated using

a Bioruptor Pico (Diagenode, # B01060010). Aliquots were analyzed for protein
concentration by bicinchoninic acid (BCA) assay. Equal amounts of total protein per sample
(50 ug in 5% SDS), were reduced with dithiothreitol (DTT), alkylated with iodoacetamide
(IAA) and digested in S-Trap micro columns (ProtiFi, #C02-micro) overnight at 47°C.

The Pierce Quantitative Colorimetric Peptide Assay (Thermo, #23275) was then used to
determine the concentration of eluted peptides. Briefly, dried S-Trap micro-digests were
resuspended in 80 pl of high-performance liquid chromatography (HPLC)-grade water, and
5 ul of the suspension was further diluted to 20 pl. An average of 38 g of peptides/sample
(standard deviation [SD] = 6 ug) was recovered after S-Trap micro-digestion of 50 ug

of protein input, that is, 76% (SD = 12%) recovery. Peptide TMT labeling, LC-MS/MS
methods, and data analysis are detailed in Supplemental Information. The mass spectrometry
proteomics data, Jupyter notebooks, R scripts and other resources are publicly available
through the ProteomeXchange Consortium via the PRIDE partner repository with the dataset
identifier PXD030225.

2.5| Hematologic, Flow Cytometry, Luminex, and Other Assays

Additional methodological details are specified in Supplementary Information.

3| RESULTS

3.1| Effect of blood anticoagulation on platelet count and function

We first sought to determine how different anticoagulants used for blood collection affect
parameters relevant to ex vivo studies of platelet function. As outlined in Fig. 1A, blood was
collected from healthy adult human donors directly into four vacutainer tubes with different
anticoagulants, including sodium citrate (NaCit), a combination of NaCit together with acid
citrate dextrose (hereafter referred to as “NaCit+ACD”), EDTA, and heparin. Anticoagulated
blood samples were kept for 0-120 h at rt prior to assay or processing to prepare platelet-
rich plasma (PRP). At 1 h after blood draw into NaCit+ACD, NaCit or EDTA, platelet
counts were all within the normal range of 150,000-450,000/ul, as determined by CBC
analysis (Fig. 1B, S. Table S1);); and, the mean platelet volume (MPV) and the percent of
total blood volume occupied by platelets (plateletcrit, PCT) trended higher for blood drawn
into EDTA compared to NaCit+ACD, but not in a statistically significant manner (Fig. 1C,
D). In contrast, blood that had been collected into heparin had marked decreases in platelet
counts to levels below 150,000/pl, in addition to a relative increased MPV and decreased
PCT (Fig. 1B-D).
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Next, to examine the effects of anticoagulants on ex vivo platelet reactivity, we prepared
PRP from t=0 blood samples for platelet aggregation assays. All PRP preparations were
confirmed to contain >99.5% platelets and <0.05% leukocytes with flow cytometry analyses
(S. Fig. S1). Regardless of anticoagulant, PRP turbidity did not change for over 30 min
following the addition of vehicle control (PBS) alone (Fig. 1E). Following addition of
TRAPG6 or CRP-XL, light transmission (indicative of platelet aggregation) increased through
all PRP samples, where PRP from blood collected into heparin or NaCit had the most
pronounced platelet aggregation responses (Fig. 1E). As previous studies have determined
that acidic pH has an inhibitory effect on platelet aggregation [29], we also measured the
pH of citrated PRP and PPP samples, where inclusion of ACD lowered the pH of PRP

and PPP preparations relative to NaCit anticoagulation alone (S. Fig. S2). In addition to
agonist-induced platelet-platelet aggregation in PRP, we also examined the formation of
platelet-monocyte aggregates (CD14*CD41a*) in whole blood over a period of 120 h post
phlebotomy (Fig. 1F, S. Fig. S3). Platelet-monocyte aggregation in whole blood increased
over time for all anticoagulants, but at a faster rate for blood anticoagulated with NaCit or
heparin, reaching >90% beyond 9 h of storage time in heparin (Fig. 1F).

Platelets in whole blood collected into NaCit, NaCit+ACD and heparin all had minimal
levels of a-granule secretion, as determined by flow cytometry analysis (CD41a*CD62P*
<7% at 120 h); however, EDTA anticoagulation resulted in an increase in %CD62P*
platelets in whole blood from 1.0% at 1 h, to 4.7% at 5 h, 14.5% at 24 h, and 27.5%

at 120 h (Fig. 1G). Likewise, platelet surface expression of CD63 (granulophysin, another
granule membrane protein [2, 30]) significantly increased in EDTA-treated blood compared
to other anticoagulants, doubling to 9.7% after 24 h (S. Fig. S3C). We also observed a
time-dependent decrease in platelet surface CD41a staining intensity exclusively in EDTA-
anticoagulated blood (S. Fig. S3D), while detection of CD61 (integrin B3, GPIlla) did not
change (S. Fig. S3E). These observations are consistent with previous studies noting that
prolonged exposure of platelets to EDTA alters the confirmation, localization and epitope
accessibility of GPlIbllla [31]. In addition, with nanoscale flow cytometry (S. Fig. S4),

we quantified significantly higher numbers of platelet-derived (CD41a*CD9*) extracellular
vesicles (EVs) [32] in platelet depleted plasma prepared from heparinized blood, relative to
NaCit+ACD (p = 0.038) or EDTA (p = 0.015) (Fig. 1H).

Platelet proteome composition and variability with anticoagulation

A variety of anticoagulants are commonly used to draw blood in order to prepare peripheral
blood cells and plasma for clinical assays as well as mechanistic studies; however,

the effects of anticoagulation on platelet composition are not known. To quantify and
compare the effects of different anticoagulants on the proteome of platelets prepared for

ex vivo studies, we utilized an 11-plex tandem mass tag (TMT) labeling and tandem

mass spectrometry (MS) workflow, taking advantage of internal reference samples (IRS)
for multiplexing [1, 26, 27, 33]. As outlined in Fig. 2A, blood was drawn into a set of
NaCit+ACD, EDTA and heparin vacutainer tubes that were each kept for 1 h and 24 h prior
to preparing washed platelets (>99.5% CD41a*; S. Fig. S1; 3 donors x 3 anticoagulants x 2
time points = 18 samples total). These time points were selected, as anticoagulant-specific
differences in platelet physiological parameters were less pronounced at 1 h relative to 24
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h post phlebotomy (Fig. 1F-H, S. Fig. S3). Following lysis and tryptic digestion, equal
amounts of peptides from each test sample were labeled with tandem mass tags, combined
into 9-plex mixtures and run as two 11-plex TMT experiments, including two internal
reference samples per experiment. A total of 3,746 proteins with quantifiable reporter ion
intensities were identified in either of the two plexes, of which, 3,357 proteins representing
99.8% of the sum of reporter ion intensities were identified in both TMT plexes (S. Table
S2). After IRS normalization, peptide reporter ion intensities spanned a wide dynamic
range of five orders of magnitude, where platelet proteins known to be expressed in high
abundance (e.qg. filamin A, actin, integrin f3), medium abundance (GPVI, PAR4) and low
abundance (e.g. LAMP2, VAMP?2) [34], distributed accordingly (Fig. 2B).

To examine how ex vivo anticoagulation influenced global variances in platelet protein
expression between healthy individuals, we determined and compared coefficients of
variation (CVs) of all 3,357 proteins quantified for each experimental condition. Similar

to previous quantitative analyses of platelet proteomes by our group [26, 27] and others
[34, 35], the majority (~75%) of platelet proteins had low CVs (< 20), irrespective of the
anticoagulant or time point (Fig. 2C); nonetheless, there was a general temporal increase

in CVs (e.g., NaCit+ACD median CV [25"-75t percentile] = 9.6 [5.6-16.3] at 1 h and
11.7 [6.9-20.6] at 24 h, p <0.0001). The lowest median CVs at both time points were

seen for platelets isolated from EDTA-anticoagulated blood (8.5 and 9.5 at 1 h and 24

h, respectively). Not surprising, proteins with the highest inter-subject variance (CV>20)
mostly included those expressed at lower abundances (~80% had intensities < median
intensity of all proteins), but their distribution was not the same across anticoagulants. For
example, 360 proteins had CVs>20 in platelets prepared from heparinized blood, but not in
NaCit+ACD- or EDTA-anticoagulated blood at 1 h. Furthermore, only about 25% of all high
variance proteins maintained high CVs in all three anticoagulant conditions (265/1,151 at 1
h and 340/1,229 at 24 h).

Systematic effects of blood processing time on platelet protein composition

Unsupervised principal component analysis (PCA) of quantified platelet protein composition
markedly clustered samples by blood storage duration more than by anticoagulant type

(Fig. 3A, S. Table S2). Accordingly, we first examined the effects of sample processing

time (24 h vs 1 h) on platelet proteome content. As summarized in Fig. 3B, of the 3,357
proteins quantified over all samples, 418 proteins were significantly (FDR<0.1) decreased
(206) or increased (212) at 24 h vs 1 h. Gene ontology (GO) and Reactome pathway
analyses noted systematic relations among many of these proteins differentially abundant

at 24 h vs 1 h, where proteins involved in membrane trafficking were downregulated,

while other sets of proteins involved in exocytosis were up-regulated (Fig. 3C). STRING
and Reactome pathway analysis [36, 37] specifically organized clusters of differentially
abundant proteins around mitochondrial respiration and oxidative phosphorylation, ER to
Golgi transport, Rab regulation of vesicle trafficking, and ubiquitination and proteasome
degradation (Fig. 3D). Altogether, storage of anticoagulated whole blood prior to processing
to prepare washed platelets was associated with significant, time-dependent changes in
levels of platelet proteins involved in membrane trafficking, energy-dependent metabolism
and other biological processes.
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Relative effect of EDTA anticoagulation on platelet proteome

To identify platelet proteome alterations specific to EDTA anticoagulation, we compared
proteomic data of platelets from blood stored for 1 h and 24 h in EDTA with that of platelets
from 1 h storage in NaCit+ACD as reference. Only four differentially abundant proteins
were noted between platelet proteomes from 1 h NaCit+ACD and 1 h EDTA-anticoagulated
samples (Fig. 4A, S. Table S2). However, a comparison of 24 h EDTA platelets with

1 h NaCit+ACD platelets revealed 28 differentially abundant proteins after adjusting for
temporal changes in protein abundance. Of the 28 differentially abundant proteins, 14 were
upregulated, especially C1R (complement C1r subcomponent) and FCN3 (ficolin-3) (Fig.
4A-C). The FCN3 protein had the largest fold change of reporter ion intensity (>10-fold)

in platelets from EDTA-anticoagulated blood compared to NaCit+ACD or heparin at either
time point (S. Table S2). The relatively increased expression of FCN3 and C1R in washed
platelets prepared from EDTA anticoagulated blood was orthogonally confirmed by Western
blot analysis (Fig. 4D).

Proteins that were significantly under expressed in EDTA (24 h) vs NaCit+ACD (1 h)
platelets included proteins involved in clathrin-mediated endocytosis, including CLTA and
REPS1, and platelet a-granule proteins THBS1 and TMSB4X. Although reporter ion
intensities for other a-granule proteins such as PPBP, PF4, and SPARC [38, 39] were
modestly lower in the EDTA platelet proteomes, Luminex assays of matched PPP samples,
noted that these proteins were significantly increased in EDTA plasma over time (Fig 4E, S.
Fig. S5).

Heparin-associated changes in platelet proteome

Quantitative TMT-MS experiments found that platelets prepared from heparin vs
NaCit+ACD anticoagulated blood had significantly increased reporter ion intensities for

9 proteins (Fig. 5A and B, S. Table S2), several of which are commonly found in azurophil
granules (MPO, ELANE, LTF, DEFA1) [40, 41] and nucleosomes (HIST1H1B, HIST1H1C,
HIST1H4A, HIST1H2AB) [42]. Western blot analysis likewise found higher expression

of MPO in lysates of washed platelets prepared from heparin anticoagulated blood (Fig.
5C). As azurophilic granules are typical of neutrophils [40, 41], we hypothesized that
heparin induced neutrophil extracellular trap (NET) formation in whole blood, and that
NET products (extruded chromatin with histone proteins accompanied by neutrophil granule
proteins [43, 44]) were both released into plasma and sequestered by blood platelets before
platelet isolation.

To examine NETSs formation in whole blood samples, we used flow cytometry analysis

for measured neutrophils that were also positive for both MPO or ELANE and SYTOX-
Green (a membrane-impermeable dye that binds to surface-extruded DNA) (Fig. 5D,

S. Fig. S6). Relative to NaCit+ACD and EDTA, heparin anticoagulation significantly
increased the percent of neutrophils (CD45"CD66B*) in whole blood that also stained for
MPO*SYTOX* and ELANE*SYTOX? (Fig. 5D). In addition, Luminex analysis found that
MPO concentrations in plasma were significantly higher for heparin anticoagulated samples
relative to NaCit+ACD and EDTA anticoagulation (Fig. 5E). Lastly, with flow cytometry
analysis, we measured a higher proportion of MPO*SYTOX* and ELANE*SYTOX*

J Thromb Haemost. Author manuscript; available in PMC 2023 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yunga et al.

4|

Page 8

platelets in heparinized PRP compared to platelets in PRP prepared with NaCit+ACD or
EDTA (Fig. 5F). Together, these results suggest that heparin increases NETosis and platelet-
NET interactions in whole blood ex vivo in a manner affecting platelet proteome content.

DISCUSSION

Biochemical and cellular assays of platelets isolated from whole blood are foundational

in studies of hemostasis, thrombosis, inflammation, and other active areas of biomedical
research, where platelets have causal as well as prognosticative roles in health and disease
[1]. The molecular composition of platelets shapes platelet phenotype and is fundamental
to understanding platelet function; however, the effects of many common blood processing
procedures on platelet composition and associated ex vivo experimental results remain
unspecified. Here, we provide the first-ever quantitative proteomics study comparing human
platelets prepared from blood collected with different anticoagulants over a time course
relevant to real world clinical studies and processing conditions. We find that citrate,
EDTA and heparin anticoagulants each have specific effects on platelet function, as well

as characteristic changes in platelet proteome in a manner dependent on processing times.
Altogether, we show that preanalytical variables around blood collection methods can have
systematic effects on platelet proteome content, with potential implications for studies of
platelet function, biomarkers and precision medicine.

It has long been recognized that anticoagulants have specific effects on platelet phenotype
and function in laboratory experiments as well as in clinical assays. As such, anticoagulants
are standardized in clinical hematology tests, such as complete blood count (CBC),

where EDTA preserves platelet numbers [7, 45], with the exception of EDTA-dependent
pseudothrombocytopenia occurring in 0.1-2% of in-patients [46]. Outside of the clinic,
classical electron microscopy studies have detailed that in the presence of EDTA, platelets
form pseudopods, become swollen, remodel the open canalicular system (OCS), break
down granules [47, 48]. More recent studies continue to note that, relative to citrate
anticoagulation, EDTA increases platelet volume, destabilizes protein complexes and alters
platelet membrane fluidity and mechanical deformability [9, 11, 13, 45]. In agreement

with previous studies [49], we found that platelets in EDTA-anticoagulated blood had a
distinct upregulation of a-granule secretion (i.e., CD62P* platelets), increasing substantially
5 h after blood collection (Fig. 1G, S. Fig. S3). By comparing proteomes of platelets
isolated from blood anticoagulated with EDTA vs citrate or heparin, we also noted a broad
decrease in levels of several secreted a-granule proteins, together with a corresponding
increase of these same proteins in plasma (Fig. 4). Such proteins included PPBP/CXCLY7,
PF4/CXCL4, SPARC and SERPINE1/PAIL (Fig. 4E), which appear to be released from
platelets into blood in the presence of EDTA. Notably, a number of studies have reported a
downregulation of these and other granule proteins in platelets in disease using samples that
include EDTA treatments [50-53].

In general, citrate anticoagulants — specifically, a combination of NaCit and ACD - are
preferred for preparing blood, PRP and washed platelet samples for laboratory studies of
platelet function [12, 54]. However, EDTA is still used in platelet function and biomarker
studies, given a lower likelihood of inducing aggregates, decreased technical variability,
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and the convenience of using residual blood samples from other assays that require EDTA
(i.e., studies of platelet nucleic acids with PCR [55, 56]). Several recent proteomics and
RNA-sequencing studies of platelet biomarkers in disease, ranging from cancers to bleeding
disorders, have included EDTA as an anticoagulant [17, 18, 52, 53, 57]. Our results herein
suggest that some platelet profiling studies may benefit from a careful consideration of
preanalytical factors, including effects of varying anticoagulants on platelet proteomes. For
instance, in this study, we found that EDTA-anticoagulated blood yielded platelets with
increased levels of complement system proteins, including complement C1R and ficolin-3
(FCN3) (Fig. 4). It is well established that EDTA inhibits complement-mediated platelet
activation, as EDTA disrupts CaZ*-dependent complement protein interactions [58]; but,
mechanisms whereby EDTA stabilizes or increases platelet CIR or FCN3 levels remain
undescribed. Interestingly, FCN3 and other associated complement system proteins have
been reported to be more abundant in platelet-derived vesicles from abdominal aortic
aneurysm (AAA) patients using blood samples that were anticoagulated with EDTA [59].

Heparin is not typically used as an anticoagulant for ex vivo human platelet studies, as
heparin directly activates platelets and promotes platelet aggregate formation in whole
blood; however, heparin is standard to many clotting assays and is also readily available

in clinical settings [9, 11]. Heparin is also still often used in mouse platelet studies, where
blood collection by retroorbital access into heparinized glass capillary tubes is convenient
and standardized in many laboratories, and with only limited effects on mouse platelet
function [60]. We found that heparin significantly increased platelet-platelet and platelet
monocyte aggregate formation in human whole blood, as well as release of platelet-derived
EVs within 1 h of blood draw compared to EDTA and NaCit+ACD (Fig. 1). These effects of
heparin occurred relatively rapidly, and more dramatically exacerbated inter-subject platelet
proteome variances (Fig. 2C).

Notably, our proteomics analyses found that neutrophil proteins commonly associated with
NETs formation were enriched in platelets isolated from blood collected into heparin,
including MPO, which was reciprocally enriched in plasma from heparin anticoagulated
blood (Fig. 5). Flow cytometry also noted increased neutrophil markers and DNA staining
on platelets isolated from heparinized blood (Fig. 5). These findings are congruent with
recent imaging flow cytometry studies, noting that heparin directly induces NETs formation
ex vivo[61]. Such results may also be related to other developing intersections between
platelets and neutrophils, where neutrophil proteins have recently been demonstrated to
transfer to platelets in a manner related to cardiovascular pathology [62]. Likewise, histone
proteins have been noted to be released into circulation through NETs formation during
Dengue infection [63] and to bind to platelets [64] via platelet toll-like (TLRs) and other
receptors [65]. Histones generally increase the procoagulant potential of platelets /n vitro; as
such, heparin-induced NETSs formation may provide a means for heparin-enhanced platelet
activation in whole blood. NETs and neutrophils also contribute to several features of
heparin-induced thrombocytopenia (HIT) and thrombosis /17 vivo [66-68]. Our findings
similarly support the potential of heparin to promote NETs formation — as well as
platelet:NETS interactions — /n vivo in a manner to be investigated further by future studies
with clinical blood samples.
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Beyond the specific preanalytical effects of anticoagulants noted above, we found that
extended lapses between blood collection and sample processing times had even more
pronounced effects on platelet protein composition, where significant changes in platelet
proteomes were apparent for samples with 24 h vs 1 h delays in processing (Fig. 3, S. Table
S2). While data on the effects of preanalytical variables on platelet proteomes is sparse, a
number of related studies of plasma proteomes find that proteins in (platelet poor) plasma
preparations vary in a manner related to blood processing conditions, where many such
proteins of interest in plasma likely originate from platelets [19, 20, 22, 24, 69]. These and
other prior studies have already indirectly suggested that blood processing compromises
the stability platelet proteomes. Moreover, a recent study of EDTA anticoagulated blood
found that processing time increased total protein content in plasma likely due to cellular
leakage, in a processing time-dependent manner [70]. Similarly, we find that delays

in blood processing decreased levels of several a-granule proteins in platelets, which
reciprocally increased in plasma, suggesting that platelets continuously release (or fail to
retain) a-granule contents following blood collection (Fig. 4). We also noted changes in
platelet proteasome and mitochondrial respiratory complex proteins (Fig. 3), suggestive

of increasing physiological stress during sample processing delays. Collectively, sample
processing considerations are likely of strong interest to analyses of disease educated
platelets as potential biomarker troves. Our results may also inform other translational areas,
including efforts to limit platelet storage lesions for transfusion, where granule proteins in
proteomes of platelet concentrates have been reported to decrease as a result of pathogen
reduction technology [71]. Indeed, data on the relative effects of different anticoagulants

on platelets after prolonged blood storage is sparse, but crucial for better design of platelet
clinical studies that are constrained by long storage times in non-citrate anticoagulants [17,
18, 57]. Other ongoing clinical studies of ex vivoand /n vivo anticoagulation with citrate vs
heparin also note phenotypic differences in platelets in contexts such as kidney replacement
therapy [72].

While our study provides a deep perspective on the consequences of anticoagulation and
delayed processing on human platelet proteomes ex vivo, there are limitations to our work.
For instance, due to technical limitations, we only compare platelet proteomes from a

small set of healthy individuals at two different delayed processing time points in the
context of a single research group. Future efforts will aim to determine how more specific
delays between 1 h and 24 h temporally affect features of platelet proteomes, where
ongoing studies from our group suggest minimal variations in platelet proteomes from
citrate-anticoagulated blood with 1-3.5 h delays in processing (S. Fig. S7). Analyses in

this study also focus on platelets prepared from blood anticoagulated with citrate under
acidic conditions (NaCit+ACD) without extensively characterizing effects of sodium citrate
(NaCit) anticoagulation alone on platelet proteomes. To address these types of limitations,
during the course of our study, we carried out an additional TMT 11-plex experiment with
a different set of donors to examine any differential effects of NaCit (alone) vs NaCit+ACD
anticoagulation on platelet proteomes. As detailed in S. Fig. S8, platelets from NaCit vs
NaCit+ACD samples had no significant differences in proteome composition, and NaCit vs
EDTA or heparin samples showed similar proteome alterations as NaCit+ACD experiments
above. Many other sample handling variables are not investigated in our study, including
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temperatures, centrifugation forces, as well as specific proteomics methodologies (i.e., mass
spectrometry, 2D-DIGE [35], aptamer array capture [73], high-throughput imaging [74]).
Beyond sample collection and processing effects, other preanalytical variables such as
choice of lysis buffer, protease, and sample fractionation, are not specifically considered
within the scope of the current study. Moreover, we only measure differences in abundance
of entire proteins in platelets, and we do not examine how preanalytical factors affect protein
phosphorylation (or any other protein posttranslational modifications) to inform platelet
activation state. Nonetheless, the present work brings to light a need for standardization,

or a recognition that some results of platelet studies may be related to sample processing,

as well as /n vivo physiology. Ideally, with further studies, it will become apparent how to
best distinguish sample quality markers and process-related artifacts from clinically-relevant
biomarkers and /n vivo molecular changes in biochemical studies of platelet phenotype and
function.

CONCLUSION

In conclusion, our study provides data on effects of blood sample anticoagulation and
processing time on the results of ex vivo platelet proteome analyses. Previous studies of
platelet proteomes have systematically assessed platelet protein composition in disease and
other contexts, where some methodological steps vary widely. We find that differences in
anticoagulation agents and preanalytical processing times affect platelet function and platelet
protein content ex vivo. Future studies and concerted efforts will determine how to best
approach platelet omics studies, and, provide a means to understand physiological and
pathological mechanisms underlying platelet phenotypes independent of any impact from
preanalytical processing variabilities.
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ESSENTIALS
. Variations in blood processing protocols affect platelet function and protein
content ex vivo.
. Effects of preanalytical processing on platelet proteomes are measured with
mass spectrometry.
. Delays in blood processing contribute to platelet proteome variability ex vivo.
. EDTA and heparin anticoagulation distinctly effect ex vivo platelet and

plasma protein content.
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Figure 1. Progressive effects of anticoagulants on platelet hematologic parameters.
(A) Whole blood was collected from healthy human donors (n = 3) into four different

anticoagulants, including sodium citrate (NaCit), a combination of sodium citrate and

acid citrate dextrose (NaCit+ACD), EDTA and heparin, and stored for different time
intervals (up 120 h) at room temperature (rt) prior to hematological assays of whole

blood, platelet rich plasma (PRP) and platelet poor plasma (PPP). Data points in all

panels are color-coded to match conventional anticoagulant tube cap colors. (B, C) Platelet
concentration and mean platelet volume (MPV) were obtained from complete blood count
(CBC) 1 h after blood collection. Counts for citrated blood were adjusted for dilution

in liquid anticoagulant. Solid lines connect data points for the same donor. Horizontal
dotted lines show normal physiological range of platelet count and MPV values. The
Friedman test (non-parametric one-way repeated measures analysis of variance) was used
to determine significant differences in platelet count, MPV or PCT across all anticoagulant
groups, followed by multiple pair-wise comparisons with Dunn’s correction (*p<0.05).
(D) Plateletcrit (PCT) was derived from platelet count and MPV using the formula:

PCT (%) = [platelet count (x 10%/1) x MPV/(fl)]/10%. (E) Percent spontaneous and agonist-
induced platelet aggregation in PRP prepared immediately after blood draw with different
anticoagulants. The absorbance (650 nm) of PRP with normalized platelet counts was
tracked in real-time at 37°C. Autologous and anticoagulant-matched PPP samples were
used as 100% aggregation controls. (F) The formation of platelet monocyte aggregates
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in anticoagulated whole blood over storage time was assessed by flow cytometry as
%CD14* (monocyte marker) and CD41a* (platelet marker) events. (G) Temporal exposure
of P-selectin (CD62P) on the surface of CD41a™ platelets in whole blood analyzed by flow
cytometry. (H) Platelet EVs, co-expressing CD41a and CD9, were quantified by nanoscale
flow cytometry in platelet-depleted plasma prepared after variable storage of whole blood in
anticoagulants. Repeated measures two-way analysis of variance (RM-ANOVA) was used to
determine interaction between, and contribution of, anticoagulant and storage time variables
to variance of PMA, CD62P or platelet EV. See S. Figs. S1-S4 for additional details
regarding platelet hematological assays and flow cytometry analyses.

J Thromb Haemost. Author manuscript; available in PMC 2023 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yunga et al.

Page 20

Donors  Draw Delay before Peptide ~ TMT

(n=3) blood platelet prep  prep labeling B
1h' 24h | r‘ﬁ—"'ﬁ Dynamic Range (3,357 proteins)
EY B v
%’@'04 ~ Y | | 9plex 9-plex g4 M
%z'/, - p I jest
. S [4 v ' ' ACTB S 11683 (CDB1)
Soe Apl WG EEN
(4 ;
oa /M- —1| |
s ach
ooy = — iy
ISy (4 o . = |
l‘?ll &"» — i ——y Q 1
= o
I%)gu_k_" ' "V Orbitrap Fusion MS
ez-ll P ,_’ — T T T T T T
® S Ty 0 20 40 60 80 100
‘49,, (4 e~ - Ranked proteins (%)
£ - — & :
< & - PR S
S Lol NG | CV Distribution
< v Peptide ID 1804 Sk ***a'=—|
5 — = R —
S L = . i ¢ |
5Quy ~ . — éWIII LloT e
$) (4 L o
éu¥ /, _k’,n_’ K 3 gg L >20%
~ — B J
. /3-" '_, L o [ —& 2 " 204
ol S/——F .. M| i 103
S L) T8 XSS
T '  md w2 Y F XS P
‘z@Q/ ‘k, ~ 3 R f Normalization & O F
L4 v Quantitation 1h 24h

Figure 2. Effect of blood anticoagulation and processing time on platelet proteome composition
and variability.

(A) Study design and workflow. A total of 18 washed platelet samples were prepared from
blood from n=3 donors x 3 anticoagulants (NaCit+ACD, EDTA and Heparin) x 2 blood
storage time points (1 h and 24 h). Following lysis and tryptic digest, peptides from each
platelet sample were labeled with isobaric tandem mass tags (TMT) and pooled into two
9-plex mixtures, plus two tagged internal reference samples (IRS) per mixture. Online
fractionation (18 fractions) was performed for each 11-plex TMT mixture before mass
spectrometry (MS) in an Orbitrap Fusion Tribrid mass spectrometer. (B) Dynamic range of
reporter ion intensities of 3,357 proteins identified in both TMT plex 1 and plex 2 after
IRS normalization. A selection of high, medium and low abundance platelet proteins are
noted with Uniprot gene identifiers. (C) The distribution of inter-individual coefficients of
variation (CV) for 3,357 proteins at 1 h and 24 h of blood storage in different anticoagulants.
Box and whisker plots represent interquartile range (251" — 75t percentile, lower and upper
limit of boxes) and 10t/90t percentiles (whiskers), with median CVs ranging between 8.5
and 12.
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Figure 3. Systematic effects of blood anticoagulation time on platelet proteome.
(A) Principal component analysis (PCA) plot of platelet proteome composition clusters

samples by storage time (1 h vs 24 h). Circles (1 h samples) and diamond shapes (24 h)

are color-coded according to anticoagulant. (B) Heat map of 418 differentially abundant
proteins (FDR<0.1, S. Table S2) for 24 h vs 1 h proteomes (n=9, all anticoagulants
combined). (C) The top 3 most significant up- and down-regulated Gene Ontology (GO)
biological processes and Reactome pathways are noted. Numbers in parentheses indicate
number of proteins identified for each corresponding functional annotation. (D) STRING-
derived interactomes of 418 DE proteins with functional clusters. Interactive and searchable
versions of the proteomics data and analyses above are available via the START app [75] at:
https://kcvi.shinyapps.io/STARTapp_846/
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Figure 4. EDTA anticoagulation increases complement system and decreases a-granule proteins

of washed platelet proteomes.

(A) Volcano plots of protein quantity (log, MS3 reporter ion intensity) vs significance
(p values) for washed platelet samples prepared from EDTA-anticoagulated blood.

Proteins with significant differential intensities (false discovery rate FDR<0.1) are colored

by anticoagulant (S. Table S2). Additional interactive and searchable MS data and

statistical analyses above are available via the START app [75] at: https://kcvi.shinyapps.io/
STARTapp_846/ (B) Bar plot of MS reporter ion intensity distribution for representative
EDTA-upregulated protein C1R and (C) FCN3 (n=3). (D) Undigested platelet lysates from

the same samples used for MS studies were analyzed by Western blot (WB) for C1R

(~100 kD proenzyme) and FCN3 expression; a-tubulin serves as a control for equal protein
amount loading. (E) Platelet MS reporter ion intensity measurements a-granule proteins,
including PPBP/CXCL7, PF4/CXCL4, SPARC, and SERPINE1/PAI1 (top row). These same
proteins were also quantified by multiplex bead-based Luminex assay in corresponding PPP
samples at 1 h and 24 h of blood storage (middle row) and through 48 hours (lower row,

only EDTA vs NaCit+ACD). Additional a-granule proteins are analyzed in S. Fig. S5.
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Figure 5. Effect of heparin anticoagulation on platelet proteome content.

(A) Volcano plots of protein quantity (log, MS3 reporter ion intensity) vs significance (p
values) for washed platelet samples prepared from heparin-anticoagulated blood. Proteins
with significant differential intensities (FDR<0.1) are colored by anticoagulant (S. Table
S2). Additional interactive and searchable MS data and statistical analyses above are
available via the START app [75] at: https://kcvi.shinyapps.io/STARTapp_846/ (B) MS
reporter ion intensities are shown for selected histone and neutrophil proteins of interest
(n=3). (C) Aliquots of undigested platelet lysates from the same samples used for MS
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studies were separated by SDS-PAGE, transferred to nitrocellulose membranes and probed
by anti-MPO and anti-GAPDH (loading control) antibodies. (D) Anticoagulated whole
blood samples were stained for CD45 (pan-leukocyte marker), CD66B (neutrophil marker),
SYTOX-Green (membrane-impermeable DNA dye) and MPO or ELANE to examine
NETosis in whole blood with flow cytometry (see S. Fig. S6 for additional details).

NETSs were estimated as the percent of CD45*CD66B™ cells (neutrophils) that co-stained
for SYTOX/MPO or SYTOX/ELANE. (E) PPP was prepared 1 h after blood draw

and assessed for MPO concentration as part of a multiplex Luminex assay in Fig. 4E
above. MPO concentrations in NaCit+ACD plasma were adjusted for dilution in liquid
anticoagulant. (F) Differentially anticoagulated PRP preparations (t=1 h) were stained for
CDA41a (platelet marker), SYTOX-Green and MPO or ELANE to assess platelet:NETs
interactions. Left. Flow cytometry fluorescence intensity plots show the degree of co-
staining for SYTOX/MPO or SYTOX/ELANE on CD41a™* (platelet) events. Gates show
regions deemed double-positive events indicative of platelet:NETSs binding. Right. Bar plots
of results from n=3 biological replicates are shown. *p<0.05; **p<0.01 (paired t-test).
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