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Abstract Platelets from healthy donors display heterogeneity in responsiveness to agonists. The
response thresholds of platelets are controlled by multiple bioactive molecules, acting
as negatively or positively priming substances. Higher circulating levels of priming
substances adenosine and succinate, as well as the occurrence of hypercoagulability,
have been described for patients with ischaemic heart disease. Here, we present an
improved methodology of flow cytometric analyses of platelet activation and the
characterisation of platelet populations following activation and priming by automated
clustering analysis.

Platelets were treated with adenosine, succinate, or coagulated plasma before
stimulation with CRP-XL, 2-MeSADP, or TRAP6 and labelled for activated integrin o3
(PAC1), CD62P, TLT1, CD63, and GPIX. The Super-Enhanced Dmax subtraction algo-
rithm and 2% marker (quadrant) setting were applied to identify populations, which
were further defined by state-of-the-art clustering techniques (tSNE, FlowSOM).

Following activation, five platelet populations were identified: resting, aggregating
(PAC1 +), secreting (o- and dense-granules; CD62P +, TLT1 +, CD63 + ), aggregating

Keywords plus a-granule secreting (PAC1 +, CD62P +, TLT1 +), and fully active platelet pop-
= platelets ulations. The type of agonist determined the distribution of platelet populations.
= populations Adenosine in a dose-dependent way suppressed the fraction of fully activated platelets
> priming (TRAP6 > 2-MeSADP > CRP-XL), whereas succinate and coagulated plasma increased
= activation markers this fraction (CRP-XL >TRAP6 > 2-MeSADP). Interestingly, a subset of platelets showed
= flow cytometric a constant response (aggregating, secreting, or aggregating plus o-granule secreting),
analysis which was hardly affected by the stimulus strength or priming substances.
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Introduction

Circulating platelets are heterogeneous in size, surface re-
ceptor expression levels, and age. This heterogeneity is
related to differences in the platelet-producing megakaryo-
cytes and to exposure to environmental changes during the
platelet lifetime.! As a consequence, individual platelets may
respond differently to the same agonist, and may form
populations with specific phenotypic characteristics and
associated functions.'-?

The properties of platelets, both in the circulation and
during residence, e.g., in the spleen, are modulated by their
continuous exposure to bioactive molecules. Such priming
substances are considered to change the activation threshold
of a platelet. Previously, we defined molecules that increase
this threshold as negative primers, whereas positive primers
decrease this threshold." In addition to the negatively prim-
ing platelet antagonists—prostacyclin, nitric oxide carriers—
and positively priming weak agonists—adrenaline, throm-
bopoietin, prostaglandinsz'3—a large number of other prim-
ing substances in the blood will together set the thresholds of
a platelet for activation. The overall equilibrium between
negative and positive priming substances may shift in dis-
ease states, thus making circulating platelets more or less
prone to activation.'

In patients with ischaemic heart disease, increased circu-
lating levels of both adenosine and succinate have been
described.*” Adenosine is released by myocardial, endothe-
lial, and immune cells during conditions of ischaemia and
inflammation, which occur in coronary artery disease. It is
also generated in the extracellular space from adenosine
triphosphate via ecto-nucleotidases, such as CD39 and
CD73.3° In the cardiovascular system, adenosine exerts
cardioprotective effects by, for example, increasing coronary
blood flow and inhibiting platelet activation.'? In platelets,
its binding to the Gs-protein-coupled A4 and A, adenosine
receptors results in cyclic adenosine monophosphate (cAMP)
elevation and platelet suppression.'’'? While the normal
adenosine level in blood is around 15nM,'3 its level can
greatly increase upon pathophysiological conditions.'*'®
Succinate, a known player of intercellular communication,'®
can also be released from ischaemic cardiomyocytes, as a
consequence of mitochondrial dysfunction.'’~'° Plasma lev-
els of succinate can increase from approximately 5 utM to
millimolar levels during heavy exercise or in chronic disease
conditions.?%2" Succinate acts on platelets via a Gi-protein-
coupled receptor (SUCNR1, gene GPR91) and, likely by the
lowering of cAMP, enhances platelet responses.?? Another
factor associated with ischaemic heart disease that can affect
platelet responsiveness is the hypercoagulable state of these
patients.”>>* Apart from the established platelet-activating
role of thrombin, other coagulation-generated factors might
alter platelet activation processes.zs'26 It is still unclear how
the priming substances in patients with ischaemic heart
disease influence the activation profiles of platelets and
the formation of distinct platelet populations.

Multicolour flow cytometry provides a sensitive method to
distinguish and quantitate distinct subsets of monocytes,
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T cells, and B cells.?”?® A few studies have used similar
methods to also distinguish populations of activated plate-
lets.2%-31 However, when applying multicolour flow cytome-
try to samples of platelets, technical challenges arise for proper
quantification. Per surface marker, (1) platelets may show an
intermediate or high activation profile, (2) populations of
resting and activated platelets may partially overlap, and (3)
activation kinetics are fast and can be reversible, in contrast to
the slow and persistent appearance of leukocyte subset differ-
entiation markers. By implication, the normal use of a 2%
marker set on negative samples32'3’3 may not give the best
estimate of a certain (activated) platelet population, while the
mean or median fluorescence intensity (MFI) provides no
information on the fraction of cells with specific markers. As
a better approach, flow cytometric software, such as Flow]o,
provides improved mathematical procedures to estimate acti-
vation-induced shifts in different fluorescence histograms and
to identify platelet populations.

In this article, by multicolour flow cytometry and the use of
new mathematical tools, we investigated the effect of priming
substances in blood plasma and serum on agonist-induced
platelet activation profiles as well as on the formation of
platelet populations. Our results revealed the importance of
the agonist type compared with agonist dose and the presence
of primers in the distribution of platelet populations.

Methods

Materials

Fluorescein isothiocyanate (FITC)-labelled PAC1 monoclonal
antibody (mAb) against activated human integrin o3,
BV421-labelled anti-human Trem-like transcript 1 (TLT1)
protein mAb, BV510-labelled anti-human CD42a mAb, and
Cytofix were obtained from BD Bioscience (Franklin Lakes,
New Jersey, United States), AF647-labelled and PerCP-Cy5.5-
labelled anti-human CD62P mAb were from Biolegend (San
Diego, California, United States), and APC-labelled CD63 mAb
was from Invitrogen, Fisher Scientific (Carlsbad, California,
United States). Cross-linked collagen-related peptide (CRP-
XL) was obtained from CambCol Laboratories (Cambridge,
United Kingdom); 2-methylthio-adenosine-diphosphate (2-
MeSADP; stable ADP analogue) and D-phenylalanyl-prolyl-
arginyl chloromethyl ketone (PPACK) from Santa Cruz Bio-
technology (Dallas, Texas, United States), and thrombin
receptor activating peptide 6 (TRAP6) from Bachem (Buben-
dorf, Switzerland). Succinic acid disodium salt (succinate),
adenosine, and ellagic acid were purchased from Sigma-
Aldrich (St. Louis, Missouri, United States). Recombinant
human tissue factor was from Dade Behring (Breda, The
Netherlands).

Blood Donors

According to the Helsinki Declaration, all blood donors gave
written informed consent for participation. Studies were
approved by the local medical ethics committee. Blood was
collected from healthy volunteers (no antiplatelet medica-
tion for at least 2 weeks) from the antecubital vein into 3.2%
trisodium citrate tubes with a Vacutainer 21-gauge needle
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(Becton-Dickinson Bioscience). The first 5mL of collected
blood were discarded or collected into a serum tube.

Preparation of Platelets

Preparation of platelet-rich plasma (PRP) and platelets was
essentially as described before.3* In brief, PRP was prepared by
centrifugation at 260 g for 15 minutes of citrated blood. Where
required, in PRP the platelet count was adjusted to 250 x 10°/L
by diluting with autologous platelet-free plasma. For prepara-
tion of washed platelets, PRP was supplemented with 1/10
acidic citrate dextrose (ACD; 80 mM trisodium citrate, 52 mM
citric acid, and 180mM glucose) before centrifugation at
2,230¢g for 2 minutes. The platelet pellet was resuspended in
Hepes buffer pH 6.6 (10 mM Hepes, 136 mM NaCl, 2.7 mM KCl,
2mM MgCl,, 0.1% glucose, and 0.1% bovine serum albumin,
BSA). After supplementation with 1/15 ACD and 1 U/mL
apyrase, the cells were centrifuged at 2,230g for 2 minutes.
The platelets were then resuspended into Hepes buffer pH 7.45
(10 mM Hepes, 136 mM NaCl, 2.7 mM KCl, 2 mM MgCl,, 0.1%
glucose, and 0.1% BSA). Platelet count was measured by Sysmex
XP300 thrombocounter (Chuo-Ku, Kobe, Japan) and adjusted
to 50 x 10°/L.%°

Preparation of Serum and Coagulated Plasma Samples
Serum was obtained from CT Serum Fast Separator tubes
(Greiner Bio-One) and plasma from citrate tubes by centri-
fugation at 2,200 g for 10 minutes. Platelet-poor plasma (PPP)
was obtained from PRP by a similar centrifugation step.

Where indicated, PRP and PPP were recalcified with
16.6 mM CaCl, and stimulated with 25 pg/mL ellagic acid
or 10 pM tissue factor at 37°C for 1 hour, after which clots
were manually removed. Sera, PRPs, and PPPs were centri-
fuged again after clot removal at 22,500 g for 5 minutes to
remove all cell debris. Thrombin was inhibited by addition of
100 nM PPACK. The sera from four healthy volunteers were
pooled for experimentation.

Platelet Activation and Flow Cytometry
Washed platelets (50 x 10%/L) were preincubated with aden-
osine for 15 minutes, and with other priming substances
immediately before agonist addition. The platelets were then
stimulated for 15 minutes with indicated doses of CRP-XL
(0.5-5 pg/mL), 2-MeSADP (0.06-2 pM), or TRAP6 (2.5-15
pM) in the presence of 2mM CaCl,. All incubations were
done at room temperature. Per blood donor, suboptimal
agonist doses were preset by dose finding using nonprimed
platelets to obtain 40 to 60% platelets with integrin o3
activation applying the 2% marker setting. Directly after
addition of the agonist, the platelets were stained for acti-
vated integrin oqpB3 and P-selectin expression using FITC-
conjugated PAC1 mAb (1.25 pg/mL) and AF647-conjugated
anti-P-selectin mAb (2.5 ng/mL), respectively. The activation
studies were performed at least in duplicate. Per sample,
5,000 events were measured using a BD Accuri C6 flow
cytometer (BD Bioscience, Franklin Lakes, New Jersey, United
States).??

For the multicolour experimentation, washed platelets
(25 x 10°/L) were stimulated with indicated doses of either
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CRP-XL (0.5-5 pg/mL), 2-MeSADP (0.06-2 pM), or TRAP6
(2.5-15 uM) in the presence of 2 mM CaCl, and stained with
BV421-labelled anti-TLT1 mAb (4 npg/mL), BV510-labelled
anti-CD42a mAb (4 pg/mL), FITC-labelled PAC1 mAb (1.25
ng/mL), PerCP-Cy5.5-1abelled anti-CD62P mAb (0.2 pg/mL),
and APC-labelled anti-CD63 mAbD (1:20). Platelets were acti-
vated and stained for 15 minutes, after which 0.3% Cytofix
was added. Samples were fixated for at least 30 minutes at 4°
C in the dark before measuring 10,000 events on the BD
FACSCanto II (BD Bioscience, Franklin Lakes, New Jersey,
United States) per sample.

Analysis of Flow Cytometric Data

Flow cytometric data were analysed using FlowJo V10 soft-
ware (TreeStar, Ashland, Oregon, United States). Convention-
ally, positive events were set by thresholding at 2% of the
unstimulated sample as positive, after gating for single cells.
Therefore, markers were entered into two-colour dot plots by
using the command Make Quad Gates, at 98th percentiles (2%
marker setting). In addition, percentages of positive platelets
per fluorescence channel were calculated with the compari-
son algorithm Super-Enhanced Dmax (SED) subtraction.>”
The SED algorithm is based on subtractions of a control
histogram, taking into account the overall event distribution
and the outlier events. Positive events determined by SED
were obtained by the Population Comparison command,
after importing datasets from concatenated duplicate or
triplicate control samples, from which differences were
calculated in comparison to the control sample.

For analysis of multicolour flow cytometric data, the
separate FCS files were opened in FlowJo and checked for
data anomalies by FlowAl.>® Before concatenating the sam-
ples that were compared, the event count per sample was set
at 5,000 by DownSample. The samples were gated for single
cells and the presence of CD42a. After concatenation, the
resulting file was subjected to FlowSOM analysis>’ for creat-
ing five clusters. FlowSOM performs a two-stage clustering.
First, all data are put onto an input matrix (default 10 x 10
grid) on which a self-organising map (SOM) algorithm is
trained to assign data points in the dataset to the node they
most resemble, resulting in 100 little clusters in default
settings. Subsequently, the data are subjected to metaclus-
tering, a second stage of clustering of these 100 clusters into
the final populations. This unsupervised analysis minimises
the risk of missing populations and gives a clear overview of
the clusters found. Detailed information on FlowSOM is
described previously.37 By gating on the SamplelD parame-
ter, the individual sample conditions were rediscovered in
the concatenated file and the fractions of platelets present in
the resulting FlowSOM populations were determined. To
visualise these high-dimensional multicolour flow cytomet-
ric data in a two-dimensional plot, t-distributed stochastic
neighbor embedding (tSNE) analysis was applied.

Statistical Analysis

Significances of differences in frequencies of platelet pop-
ulations between sample conditions were tested by chi-
square with multiple comparisons tests with false discovery



rate correction. Comparison of analysis methods (2% marker
setting vs. SED algorithm) were done by using the Mann-
Whitney U test.

p-Values <0.05 were considered as significant. Statistical
analysis (chi-square test) was performed using R (Vienna,
Austria), whereas other statistical analyses were done, and
graphs were made using GraphPad Prism 7.00 (GraphPad
Software, San Diego, California, United States).

Results

Novel Analytical Gating Strategy to Determine Platelet
Activation Fractions by Flow Cytometry

In flow cytometric evaluation of platelet activation, the
conventional use of a 2% positive threshold marker has
limitations. These arise from low fluorescence shifts of
activation markers with low copy numbers and from incom-
plete shifts seen with low agonist doses. Accordingly, in
platelets stimulated with suboptimal doses of CRP-XL, 2-
MeSADP, or TRAPG, the flow cytometric histogram of integrin
oqpP3 activation (FITG-PAC1 mAb) showed only a partial right
shift (~Fig. 1A). Similarly, these suboptimal doses provoked
no more than small histogram changes for secretion,
assessed with an a-granule secretion marker (AF647 a-P-
selectin mAb) (~Fig. 1B). Furthermore, the MFI indicates the
shift in fluorescence intensity of a population of platelets, but
lacks information on the shape of the histogram, which often
not follows a normal distribution with suboptimal doses of
agonists, and on the fraction of platelets with activation
markers. Markedly, superimposed two-colour dot plots sug-
gested the appearance of a distinguishable platelet fraction
upon stimulation with the suboptimal agonist concentra-
tions (=Fig. 1C, assigned in blue). Advanced histogram
analysis is needed to quantify this fraction.

As a sensitive mathematical tool to evaluate partial curve
shifts, we used the algorithm SED subtraction in FlowJo V10.
This algorithm subtracts the histogram of concatenated
control samples from the histograms of interest of activated
platelets, taking into account the data distribution profile
and outlier events. When applied to a suboptimal dose of 2-
MeSADP, SED calculated a fraction of 64% platelets with
increased PAC1 staining, i.e., much higher than the fraction
of 50% Psel ™ platelets obtained with the 2% threshold marker
setting (=Fig. 1D). When extended to all agonist conditions,
the combination of the two analytical tools gave comple-
mentary pieces of information on: (1) a quantified fraction of
platelets with any activated integrin o3 (SED algorithm),
and (2) the fraction of platelets with >98% probability of
integrin activation. Calculations learned that the SED sub-
traction method gave +7-20% higher percentages of (inter-
mediately) activated platelets showing the respective
activation markers (~Table 1).

We further considered that the SED subtraction may be
the most sensitive to detect a negative or positive priming
state of platelets, but this method can only be used for the
analysis of single fluorescence labels. The 2% threshold
setting will identify platelets with ensured integrin o3
activation and/or P-selectin expression. It should be taken
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Fig. 1 Effect of agonist dose on histogram changes of platelet
activation markers. Washed platelets were stimulated with a subop-
timal or optimal dose of CRP-XL, 2-MeSADP, or TRAP6, established per
donor, for 15 minutes. After stimulation, the cells were labelled with
AF647 anti-P-selectin mAb (secretion marker) and FITGPACT mAb
(integrin oypB3 activation marker) and analysed by multicolour flow
cytometry. Shown are representative histograms and fluorescence
dot plots (n =5) per agonist; CRP-XL (0.5 pg/mL; 5 ug/mL), 2-MeSADP
(25nM; 2 uM), or TRAP6 (7.5 uM; 15 pM), including the median
fluorescence intensity (MFI). Colour code representing different
samples: unstimulated platelets (red), platelets stimulated with sub-
optimal agonist dose (blue), and platelet stimulated with optimal
agonist dose (black). (A) Staining with FITGPACT mAb, (B) AF647 o-P-
selectin mAb staining, (C) dual-colour dot plots. (D) Representative
flow cytometric histograms of PAC1 staining of unstimulated platelets
(red) and platelets stimulated with suboptimal dose of 0.1 uM 2-
MeSADP (total blue area). Indicated are platelets positive by 2% marker
setting (right of vertical line) as well as the positive platelet fraction
calculated by Super-Enhanced Dmax (SED) subtraction. Yellow-striped
area represents area difference between the two settings. The table
depicts population of PAC17 platelets according to 2% marker setting
or to SED analysis. Representative for n=5 platelet samples (6-
250 nM 2-MeSADP for suboptimal stimulation). mAb, monoclonal
antibody.

into account that the 2% marker setting likely results in an
underrepresentation of the platelets with any integrin acti-
vation or P-selectin expression. In the remaining part of this
article, using two-colour flow cytometry, the 2% marker
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Table 1 Comparison of fractions of activated platelets by conventional 2% threshold marker setting or by SED analysis

PAC1 CRP-XL 2-MeSADP TRAP6
2% (%) SE Dymax (%) | p-Value | 2% (%) SE Dymax (%) | p-Value |2% (%) SE Dymax (%) | p-Value
3.06 + 0.39 2.98+2.15 0.802 2.9+0.59 3.03+1.86 1.000 B.914 133 463 +3.91 0.151
Intermediate | 48.86 + 5.34 | 55.54 +5.75 0.056 49.44+248 |61.6+3.25 0.008 53.17 +8.74 |61.79+5.45 0.103
Maximum 85.74+542 |87.79+4.31 0.421 66.91 + 11.04 | 75.49 + 8.66 0.310 88.95+5.32 |91.26+3.85 0.548
P-selectin CRP-XL 2-MeSADP TRAP6
2% (%) SE Dymax (%) | p-Value | 2% (%) SE Dymax (%) | p-Value |2% (%) SE Dymax (%) | p-Value
3.29+0.28 3.73%3.28 0.691 387%x132 3.33+£3.89 0.548 3.46 + 0.67 6.65 + 6.22 0.008
Intermediate | 34.51 + 12.67 | 45.02+14.08 |0.310 16.65+5.69 |36.80+6.21 0.008 43.07 +10.41 | 55.64 £ 6.95 0.056
Maximum 73.36+5.19 |81.71+3.95 0.016 29.49 + 15.28 | 52.65 + 6.95 0.016 83.55+4.36 |88.55+2.97 0.032
MFI PAC1 P-selectin
CRP-XL 2-MeSADP | TRAP6 CRP-XL 2-MeSADP TRAP6
H193:8 183+4 184 +13 950 + 37 984 + 76 879 + 144
Intermediate | 458 + 141 417 + 30 459 + 167 1,668 + 347 1,377 £ 173 | 1,822 + 419
| Maximum | 3,063 + 1,260 | 924 +453 |2,231+867 | 5,896 + 1,028 | 1,761+ 105 |5,717 £727

Abbreviations: MFI, median fluorescence intensity; SED, Super-Enhanced Dmax.

Note: Shown are percentages of assigned PAC1- or P-selectin-positive platelets, obtained by a 2% marker setting or SED analysis, for unstimulated
samples or samples stimulated with suboptimal or maximum doses of CRP-XL, 2-MeSADP, or TRAP6. As well as the median fluorescence
intensity (MFI) values per condition. Mean 4 SD, n =5, differences between positive platelets calculated by 2% marker setting and SED analysis
calculated by the Mann-Whitney U-test. Statistically significant p-values are denoted in bold.

setting was used to distinguish the fractions of defined
activated platelets.

Platelets Vary in Agonist-Induced Responses of
Integrin Activation and Secretion

To assess the aggregating and secreting platelet populations,
we generated dose-response information using on the 2%
marker setting on the fractions of platelets with defined
integrin activation (PAC1") and/or P-selectin expression
(Psel™). For two-colour dot plots of resting platelets
(=Fig. 2A) and platelets stimulated with CRP-XL, 2-MeSADP,
or TRAPS, the cross-marker setting thus resulted in quad-
rants, showing four platelet fractions, which for convenience
were categorised as: PAC1*/Psel~, PAC1"/Psel*, PAC1~/Psel ™,
and PAC1~/Psel” (~Fig. 2B). While the PAC1~ and Psel”
fractions also included platelets with intermediate activation
profiles, this two-colour analysis revealed typical differences
between agonists.

For CRP-XL, the fractions of activated integrin only, 10-
20% PAC17*/Psel™, and of secretion only, 1-5% PAC1~/Psel™,
did not significantly change with a higher CRP-XL concen-
tration (=Fig. 2C). These results imply the presence of a
platelet population that is more sensitive to CRP-XL-in-
duced integrin activation than to secretion. The double-
positive fraction gradually increased to approximately 80%
at the highest agonist dose. Even at the highest CRP-XL dose,
approximately 5% of the platelets appeared to be
unresponsive.

Platelet stimulation with stable ADP also resulted in
pronounced heterogeneity, this time with hardly any plate-
lets showing only secretion (~Fig. 2D). Of all PAC1™ platelets,
a consistent fraction of about one-third was double positive
for all ADP doses. As expected, with this weak agonist an
appreciable platelet population was more sensitive to integ-
rin activation than to secretion. Platelet stimulation with
TRAPG resulted in a dose-dependent increase of the double-
positive population (=Fig. 2E). In addition, TRAP6 stimula-
tion gave stable fractions of approximately 20% PAC1"/Psel~
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platelets and 5% PAC1~/Psel™ platelets. Hence, upon stimu-
lation of the thrombin receptor PAR1, sets of platelets only
responded by integrin activation or secretion. None of the
agonists tested induced a significant dose-dependent change
in secretion- or aggregation-only populations. Both with
stable ADP and TRAP6, residual fractions of platelets
appeared to be unresponsive (PAC1~/Psel™), according to
the 2% marker analysis.

Next, we checked whether these results were supported
by automated clustering tools. Therefore, multicolour flow
cytometry was used with antibodies against GPIX (CD42a) as
a platelet surface marker, activated integrin (PAC1), P-selec-
tin (CD62P), TLT1 as an alternative a-granule secretion
marker, and CD63 as adense granule and lysosomal secretion
marker. Since the 2% marker setting is not optimal for the
identification of distinct populations and has limitations in
multicolour settings, we applied a workflow in FlowJo con-
sisting of FlowAl, DownSample, FlowSOM, and tSNE. FlowAl
was used to clean the data, after which DownSample was
used to subset the samples in a specified event count before
concatenation. By using FlowSOM, a state-of-the-art cluster-
ing technique using SOMs, we obtained five different
clusters/platelet populations and their abundancy in the
samples. The tSNE algorithm was used to perform di-
mensionality reduction, allowing for visualisation of high-
dimensional data in a two-dimensional plot, with overlaying
FlowSOM filter. Analysis of unstimulated platelets and max-
imal stimulated platelets with CRP-XL, stable ADP, or TRAP6
revealed five distinct populations. Differences in population
distributions could be clearly observed in the tSNE plots with
FlowSOM filter (~Fig. 3A) and were characterised by the
expression level of each marker (~Fig. 3B). This resulted in
populations consisting of resting platelets (Pop0, PAC1~/
Psel~/CD63~/TLT1~/GPIX*), platelets with only activated
integrin (Pop1, PAC1*/Psel /CD63/TLT1~/GPIX"), platelets
with activated integrins and a-granule secretion (Pop2,
PAC1*/Psel*/CD63~/TLT1"/GPIX™), platelets with only -
and dense granule/lysosome secretion (Pop3, PAC1~/Psel*/
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Fig. 2 Agonist- and dose-dependent formation of platelet popula-
tions with differential integrin activation and/or secretion. Washed
platelets were stimulated with indicated concentrations of CRP-XL
(0.5-5 pg/mL), 2-MeSADP (0.06-2 pM), or TRAP6 (2.5-15 pM), and
then labelled and analysed as for =Fig. 1. Fluorescence thresholds in
quadrant were set for unstimulated sample (2% positive events) per
label. (A) Representative dot plot of unstimulated sample with 2%
marker setting. (B) Platelet populations in response to 7.5 uM TRAP6
were (clockwise): PACT~[Psel™ (gray), PAC1%/Psel™ (blue), PACT"/
Psel* (yellow), and PAC1~/Psel™ (red). (C-E) Mean fractions of dif-
ferent platelet populations as a function of indicated agonist and
dose. Bar colours correspond to colour code in quadrant plot. Mean
45D, n=4-5, (C) Tp <0.05 compared with 2.5 and 5 pg/mL CRP-XL,
8p <0.05 compared with 1, 2.5, and 5 ug/mL CRP-XL; (D) *p < 0.05
compared with all other conditions; (E) *p <0.05 compared with all
other conditions, 3p < 0.05 compared with 7.5, 10, and 15 uM TRAPS,
Tp <0.05 compared with 10 and 15 uM, #p <0.05 compared with 15
UM TRAP6; changes in population frequencies between conditions
tested by chi-square multi-comparison test with false discovery rate
correction.

CD63*/TLT1"/GPIX"), and fully activated platelets with acti-
vated integrins and a- and dense-granule/lysosome secre-
tion (Pop4, PAC1*/Psel*/CD63*/TLT1"/GPIX"). Maximal
stimulation with either CRP-XL or TRAP6 resulted in a similar
distribution of the populations (not significantly different);
60-65% of events positive for all markers (Pop4), 5-10%
aggregating-only platelets (Pop1), 5-10% secreting-only pla-
telets (Pop3), 10-15% aggregating and a-granule secreting
platelets (Pop2), and 10-15% resting platelets (PopO)
(=Fig. 3C). Maximal stimulation with 2-MeSADP resulted
in significantly different proportions of resting (Pop0), ag-
gregating (Popl), aggregating plus a-granule secreting
(Pop2), and completely activated (Pop4) platelet popula-
tions, compared with CRP-XL/TRAP6. Surprisingly, the frac-
tion of secreting-only (Pop3) platelets was not significantly
different. These analyses show that, regardless of agonist
type and donor, there is a consistent population of platelets
present with secreted granular content, but without integrin
activation.

Platelet Priming and Populations Veninga et al.

Priming with Adenosine or Succinate Modulates the
Resting and Fully Activated Platelet Populations
To investigate how negative platelet priming affects the dual
response heterogeneity, we used adenosine, which acts by
raising the cAMP level. Platelets were pre-treated with
adenosine, and subsequently stimulated with a suboptimal
concentration of CRP-XL, 2-MeSADP, or TRAP6. We chose to
use suboptimal doses of agonists to allow detection of
enhanced (positive priming) and diminished (negative prim-
ing) platelet activation. Two-colour flow cytometric analysis
indicated that adenosine priming reduced the number of
platelets with both integrin oq,B3 activation and P-selectin
expression (=Fig. 4A). Quantification of populations using
the 2% marker setting indicated with adenosine a dose-
dependent increase of the double negative fraction at the
expense of the double positive fraction (~Fig. 4B). The
adenosine effect was more apparent after stimulation with
2-MeSADP or TRAP6 than with CRP-XL. In addition, with all
three agonists, adenosine tended to decrease the fraction of
PAC1"/Psel~ platelets (however only significant for 2-
MeSADP), while leaving the small PAC1 /Psel® fraction
unchanged. Extending the data by multicolour flow cytom-
etry and clustering analyses, confirmed that adenosine only
significantly changed the resting (Pop0) and fully activated
(Pop4) populations (=Fig. 4C-E). The inhibiting effect of
adenosine (1 pM) was significantly higher for TRAP6 and
ADP compared with CRP-XL, based on the fully activated
(Pop4) platelet population (p-values 0.011 and 0.004, respec-
tively). Apparently, a consistent fraction of platelets seemed
to respond to the agonists in their specialised manner (Pop1,
2 and 3), regardless of the presence of adenosine.
Subsequently, we investigated the positive priming agent
succinate, acting by cAMP lowering. Two-colour plots and 2%
marker analysis demonstrated that succinate in particular
increased the dual positive platelet fraction in response to
CRP-XL or TRAP6, while the single positive PAC1™ fraction in
particular remained high with stable ADP stimulation
(=Fig. 5A, B). In this analysis, the population profile of
ADP-stimulated platelets was hardly influenced by succinate
priming. The multicolour flow cytometry results corroborate
these findings. Succinate-induced significant changes in the
fractions of resting (Pop0) and fully activated (Pop4) plate-
lets (~Fig. 5C-E). Taken together, these results show that
priming, in terms of changes in cAMP, most profoundly
modulates the formation of resting and fully activated pla-
telets, leaving the aggregation-only, secretion-only, and ag-
gregation plus a-granule secretion platelet populations
relatively unchanged.

Priming Effect on Platelet Populations by Serum and

Coagulated Plasma

Given the expected accumulation of platelet priming factors
under coagulated conditions, we prepared samples of serum
derived from whole blood or plasma. For the plasma samples,
PRP and PPP were recalcified in the presence of ellagic acid
(triggering the intrinsic coagulation pathway) or tissue factor
(triggering the extrinsic pathway). Clots were removed from
all samples, and the degradable thrombin active-site
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Fig. 3 Analysis of agonist-induced platelet populations by dimensionality reduction and clustering algorithms. Washed platelets were
maximally stimulated with 5 ug/mL CRP-XL, 2 uM 2-MeSADP, or 15 uM TRAP6 followed by labelling with coloured PAC1, anti-CD62P, anti-CD63,
anti-TLT1, and anti-GPIX mAbs for multicolour flow cytometry. (A) Representative tSNE plots of unstimulated, CRP-XL-, stable ADP- and TRAP6-
stimulated samples. (B) Characterisation of the FlowSOM clusters (5 populations). —/+ indicates within & 1 SD from the mean population MFI,-/
+ -+ indicates within + 2 SD from the mean population MFI. (C) Stacked bar graph of the percentage platelets per cluster/population. Mean + SD,
n=5, *p <0.05 compared with CRP-XL and TRAP6, 1p < 0.05 compared with TRAP6; changes in population frequencies between conditions
tested by chi-square multi-comparison test with false discovery rate correction. mAb, monoclonal antibody; MFI, median Fluorescence intensity;
SD, standard deviation; tSNE, t-distributed stochastic neighbor embedding.

inhibitor PPACK was post-added to inactivate all thrombin.
All samples were checked for the absence of residual factor
Xa and thrombin activity (data not shown).

After exposure of the platelets to (whole blood) serum,
the platelets were again activated with a suboptimal dose
of CRP-XL, 2-MeSADP, or TRAP6. Two-colour plots showed
a marked increase of the PAC1*/Psel™ platelets upon
priming by serum (=Fig. 6A). This was confirmed by
quantification of the platelet fractions, i.e., with all ago-
nists, a serum-induced increase in the fraction of PAC1*/
Psel™ platelets, but an unchanged fraction of PAC1*/Psel™
platelets (~Fig. 6B). The fraction of secretion-only platelets
in this case remained negligible for the two-colour flow
cytometric analysis. In contrast, automated clustering of
the multicolour flow cytometric data revealed a consistent
fraction of secreting-only platelets (Pop3; ~Fig. 6C-E). The
enhancing effect of serum on fully activated platelets was
less pronounced with TRAP6 stimulation (+7%), compared
with ADP (+21%) or CRP-XL (+19%). To investigate whether
the positive priming found with serum originated from
plasma or cellular components, the platelets were also
preincubated with serum derived from coagulated PRP or

Thrombosis and Haemostasis  Vol. 122 No. 5/2022 © 2021. The Author(s).

PPP. For all agonists, this resulted in the same potentiating
effect as seen with serum, without causing activation in
the absence of an agonist (~Fig. 6B, D). Noncoagulated
normal pooled plasma did not enhance platelet activation
in response to intermediate doses of agonists
(=Supplemental Fig. S1 [available in the online version]).
Together, this confirmed that compounds generated during
the coagulation process are able to enhance platelet acti-
vation and predominantly increase the population of fully
activated platelets.

Discussion

In this article, we used an optimised multicolour flow
cytometric analysis workflow that allows for the automated
identification of the populations of activated platelets.
These data were compared with the more standard analysis
method of applying the 2% marker setting. In addition, we
set to disclose how positive or negative priming of the
platelets led to changes in the populations. In general, it
appeared that primarily the agonist type was determinative
for the typical distribution of the different populations,
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Fig. 4 Effect of adenosine priming on agonist-induced formation of platelet populations. Washed platelets were primed with adenosine before
stimulation with suboptimal dose of CRP-XL, 2-MeSADP, or TRAP6 and stained with coloured PACT and anti-P-selectin, or additionally with anti-
CD63, anti-TLT1, and anti-GPIX mAbs for flow cytometry. (A) Flow cytometric events and corresponding histograms as overlaying two-colour
plots: black = unstimulated (with 2% marker setting visible), purple =agonist (1.25 ug/mL CRP-XL, 0.1 uM ADP, and 7.5 uM TRAP6), orange =1
uM adenosine plus agonist. (B) Distribution profile of platelet populations after priming with adenosine and indicated stimulation (2% threshold
setting). (C) Representative tSNE plots of the vehicle- or 1 yM adenosine-primed conditions. (D) Characterisation of the FlowSOM clusters (5
populations). (E) Distribution profile of platelet populations after priming with adenosine and indicated stimulation resulting from FlowSOM
analysis. Mean +SD, n =4-5, *p < 0.05 compared with all other conditions, ¥p < 0.05 compared with agonist only, 0.003, 0.01, 0.03, and 0.1 pM
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adenosine, ¥p < 0.05 compared with agonist only and 0.003 pM adenosine, 8p < 0.05 compared with agonist only, 0.03 and 0.1 pM adenosine;
changes in population frequencies between conditions tested by chi-square multi-comparison test with false discovery rate correction. mAb,
monoclonal antibody; tSNE, t-distributed stochastic neighbor embedding.
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Fig.5 Effectofsuccinate primingon agonist-induced formation of platelet populations. Platelets were primed with succinate before stimulation
with a suboptimal dose of CRP-XL, 2-MeSADP, or TRAP6 and stained with coloured PAC1 and anti-P-selectin, or additionally with anti-CD63, anti-
TLT1, and anti-GPIX mAbs for flow cytometry. (A) Flow cytometric events and corresponding histograms as overlaying two-colour plots:
black =unstimulated (with 2% marker setting visible), purple =agonist (1.25 pg/mL CRP-XL, 0.1 uM ADP, and 7.5 uM TRAP6), orange = succinate
plus agonist. (B) Distribution profile of platelet populations after priming with succinate and indicated stimulation (2% threshold setting). (C)
Representative tSNE plots of the vehicle- or 10 mM succinate-primed conditions. (D) Characterisation of the FlowSOM clusters (5 populations).
(E) Distribution profile of platelet populations after priming with succinate and indicated stimulation resulting from FlowSOM analysis.
Mean +SD, n=4-5, @p < 0.05 compared with agonist only, 0.1, 1, 10, and 100 uM succinate, JEp < 0.05 compared with agonist only, 0.1, 1, and
10 uM succinate, 'p < 0.05 compared with agonist only, 0.1 and 1 M succinate, *p < 0.05 compared with agonist only, *p < 0.05 compared with
all other conditions; changes in population frequencies between conditions tested by chi-square multi-comparison test with false discovery rate
correction. SD, standard deviation; tSNE, t-distributed stochastic neighbor embedding.
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Fig. 6 Effect of platelet priming with serum or coagulated plasma on agonist-induced formation of platelet populations. Platelets were primed
with serum or coagulated PRP or PPP; the plasmas were triggered with tissue factor (TF) or ellagic acid (EL), as indicated; thrombin was
inactivated in all serum and plasma samples. For priming, undiluted serum or plasma was added, after which the platelets were stimulated with a
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primed conditions. (D) Characterisation of the FlowSOM clusters (5 populations). (E) Distribution profile of platelet populations after priming
with serum or coagulated plasma and indicated stimulation resulting from FlowSOM analysis. Mean +SD, n =4-5, *p < 0.05 compared with all
other conditions; changes in population frequencies between conditions tested by chi-square multi-comparison test with false discovery rate
correction. PPP, platelet-poor plasma; PRP, platelet-rich plasma; SD, standard deviation; tSNE, t-distributed stochastic neighbor embedding.
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while the stimulus strength and the presence of primers
mainly changed the populations of fully activated and
resting platelets.

Detailed flow cytometric analysis indicated that, for
establishing the platelet populations with integrin activa-
tion (PAC1 mAb binding) or secretion (P-selectin/CD62P
expression), a choice needs to be made between identify-
ing all platelets with (intermediate or high) surface acti-
vation markers (SED algorithm) or assessment of those
platelets with 98% certain positivity for single or double
activation markers (2% threshold settings in two colours).
Regardless of the platelet agonist used, the former method
gave +7-20% positive events, due to incomplete histogram
curve shifts. SED uses an improved normalisation and
population estimation, thereby picking up small shifts in
activation parameters.>> Accordingly, the SED algorithm
appeared to be the most sensitive tool to assess interme-
diate platelet activation states. However, the algorithm
cannot yet be used in multicolour flow cytometry, for
which reason we applied the conventional 2% threshold
marker settings and performed automated clustering anal-
yses for identifying aggregating and/or secreting platelet
populations.

Both analysis methods showed a typical agonist-specific
distribution of platelet populations, largely independent of
the agonist dose. The stronger agonists CRP-XL and TRAP6
showed with higher doses a substantial increase of the
dual-positive (PAC1"/Psel™) platelet fraction. With these
agonists, minor platelet fractions with only integrin o3
activation or P-selectin expression were formed. Converse-
ly, with 2-MeSADP (again dose-independently) the largest
platelet fraction showed integrin activation without P-
selectin expression. With all agonists, dose-dependently,
the double-positive fraction increased at the expense of
the double-negative fraction. Interestingly, clustering
analyses of multicolour data disclosed for all agonists a
platelet population characterised by complete secretion of
o- and dense granules/lysosomes, but inactive integrins. It
is unlikely that inactivation of previously activated integ-
rins has occurred, since the PAC1 antibody prevents integ-
rin closure.?® In addition, a platelet population with
activated integrins and only a-granule secretion, but no
dense granule release, was identified. To our knowledge,
this study is the first one to clearly identify this popula-
tion. It was suggested before that dense granular release is
the fastest secretory route, whereas a-granule and lyso-
somal secretion are slower.3>4? Little is known so far on
the secretory heterogeneity within one individual’s plate-
let pool.

Priming with adenosine resulted in a decreased platelet
activation status with all three agonists tested. Typically,
the negative priming effect of 1 uM adenosine was most
pronounced after stimulation with ADP or TRAP6, com-
pared with CRP-XL. Positive priming of platelets with
succinate did not show the opposite effect of negative
priming with adenosine. ADP-induced platelet activation
was less influenced by succinate treatment than platelet

Thrombosis and Haemostasis  Vol. 122 No. 5/2022 © 2021. The Author(s).

activation after CRP-XL or TRAP6 stimulation. Also, in an
earlier study, succinate only limitedly induced P-selectin
expression at higher ADP doses.*' The finding that coagu-
lated plasmas (from PRP or PPP) exerted similar effects as
serum indicated that the modulating agent(s) are not of
blood cellular origin. The exact compound(s) responsible
for this priming need to be further elucidated. Altogether,
the present results suggest that glycoprotein VI (GPVI)-
induced platelet signalling is more sensitive to a decrease
in the priming-dependent activation threshold (succinate
or coagulated plasma) than to an increase in this threshold
(adenosine). Interestingly, the primers did only affect the
populations of fully activated and resting platelets, while
the other populations (aggregating-only, secreting-only,
aggregating plus o-granule secretion) remained un-
changed. This suggests that a subset of platelets exerts a
fixed, constant response to different types of stimuli.
Differences in results for the aggregating and secreting
platelet populations between the two-colour and the
multicolour flow cytometry might be explained by the
arbitrary 2% marker setting compared with the automated
clustering algorithms, the latter being more sensitive to
intermediately activated platelets.

The type and level of priming factors that either reduce
(adenosine) or enhance (succinate, coagulation products)
platelet responsiveness will determine the contributing
role of platelets in pathological conditions, such as ischaemic
heart disease. Although evidence suggests that the adenosine
level is increased in these patients, its inhibiting effect on
platelets might be attenuated by the relatively low level of
Aoa receptors on cardiovascular cells.'? Thereby, the platelet-
stimulating role of succinate may dominate and can antag-
onise the effects of antiplatelet drugs.*' This antagonising
result on the effects of antiplatelet drugs could also be
observed for the presence of coagulation products (data
not shown).

The identification of distinct platelet populations with
specific functions will provide mechanistical insights into
the role of platelets in the pathogenesis of disease states,
even in processes beyond thrombosis and haemostasis (e.g.,
inflammation, cancer, and immunity). Furthermore, studies
by Dale and colleagues presented evidence that the popu-
lation of coated platelets, characterised by the surface
exposure of phosphatidylserine and retention of procoagu-
lant proteins, was elevated in patients with ischaemic
stroke and improved stroke prediction.*>~#> These studies
indicate that platelet subpopulations might serve as a
biomarker for disease and efficacy of treatment in the
future. The identification and isolation of specific platelet
subpopulations could also be beneficial in transfusion prac-
tice for optimising the effect of platelet concentrates in
different clinical settings.

Based on the results of this study, we advocate the further
development and use of analysis algorithms to accurately
define the activation status of platelets and thereby the
appearance of diverse platelet populations. This will be
especially important when assessing the enhancing and/or



suppressing effects of blood-borne modulators, prominent in
different disease states, on platelet activity.

What is known about this topic?

» There is heterogeneity in platelet composition and
function.

* Priming of platelets by bioactive molecules in the
circulation alters the activation threshold.

» Multicolour flow cytometry can be used to determine
the platelet activation status.

What does this paper add?

» Multicolour flow cytometry and clustering analyses
identify platelet populations following platelet activa-
tion and priming.

 The type of agonist determines the typical distribution
of platelet populations, while priming substances only
affect the populations of fully activated and resting
platelets.

» GPVI-induced platelet signalling is more sensitive to a
decrease in the priming-dependent activation thresh-
old (succinate or coagulated plasma) than to an in-
crease in this threshold (adenosine).
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