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Plasma levels of
platelet-enriched microRNAs
change during antiplatelet
therapy in healthy subjects

Teresa L. Krammer?, Marietta Kollars?, Paul A. Kyrle?,
Matthias Hackl®, Sabine Eichinger?®* and Ludwig Traby?

TTAMIRNA GmbH, Vienna, Austria, 2Department of Medicine I, Medical University of Vienna, Vienna,
Austria

Platelets are the main effectors of primary hemostasis but also cause
thrombosis in pathological conditions. Antiplatelet drugs are the cornerstone
for the prevention of adverse cardiovascular events. Monitoring the extent of
platelet inhibition is essential. Currently available platelet function tests come
with constraints, limiting use in antiplatelet drug development as well as in
clinical routine. With this study, we aim to investigate whether plasma miRNAs
might be suitable biomarkers for monitoring antiplatelet treatment. Platelet-
poor plasma was obtained from a trial including 87 healthy male volunteers that
either received ticagrelor (n = 44) or clopidogrel (n = 43). Blood was collected
before drug intake and after 2h, 6 h, and 24 h. We measured a panel of
11 platelet-enriched miRNAs (thrombomiRs) by RT-gPCR and selected four
biomarker candidates (i.e., miR-223-3p, miR-150-5p, miR-126-3p, miR-24-3p).
To further characterize those miRNAs, we performed correlation analyses with
the number of extracellular vesicles and clotting time dependent on
procoagulant vesicles (PPL assay). We show that platelet-enriched miRNAs in
the circulation are significantly reduced upon P2Y12-mediated platelet
inhibition. This effect occurred fast, reaching its peak after 2 h. Additionally,
we demonstrate that higher baseline levels of thrombomiRs are linked to a
stronger reduction upon antiplatelet therapy. Finally, we show that miRNAs
from our panel might be the cargo of platelet-derived and procoagulant
vesicles. In conclusion, we provide evidence that thrombomiR levels change
within 2 h after pharmacological platelet inhibition and circulate the body within
platelet-derived and procoagulant extracellular vesicles, rendering them
potential biomarker candidates for the assessment of in vivo platelet function.
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1 Introduction

Platelets are small cells without a nucleus that are shed from
polyploid megakaryocytes in the bone marrow. As main effector
cells of primary hemostasis, platelets are essential to minimize
blood loss upon injury. However, deregulated platelet function is
causally connected to cardiovascular diseases (CVDs) such as
stroke or myocardial infarction. Patients suffering from CVDs
might have elevated levels of activated platelets and platelet-
derived extracellular vesicles (PdEVs) (Amraotkar et al., 2017;
Zaldivia et al., 2017). To prevent adverse cardiovascular events,
antiplatelet agents are successfully used in clinical practice. In the
course of pharmacological platelet inhibition, a balance between
high on-treatment platelet reactivity and severe bleeding must be
maintained. Therefore, monitoring the extent of platelet
inhibition would be beneficial. Yet, presently available platelet
function tests (PFTs) have considerable limitations, including
lack of standardization, complicating the interpretation of results
and hampering the comparison with additional tests. Moreover,
standard PFTs require fresh blood and usually only allow the
assessment of one activation pathway at a time. The use of PFTs
in a personalized medicine fashion to guide antiplatelet treatment
remains a matter of controversy. A novel biomarker to detect
patients with excessive or inadequate response to platelet
Cell-free microRNAs
(miRNAs) circulating in peripheral blood have been suggested

inhibition would be advantageous.

as promising biomarker candidates in the context of CVDs
(Zampetaki et al., 2012a; Zhou et al, 2018). MiRNAs are
approximately 22nt long non-coding RNAs that repress
messenger RNA translation and thereby fine-tune protein
expression (Baek et al., 2008; Bartel, 2018). Extracellular
miRNAs in the blood are protected from degradation as they
are either bound to proteins (Argonaute, lipoproteins) or
complexed with EVs (Valadi et al., 2007; Hunter et al., 2008;
Arroyo et al,, 2011; Vickers et al,, 2011). Up to 750 different
miRNA species constitute the dynamic platelet miRNome (Bray
et al,, 2013; Sunderland et al., 2017). Landry et al. (2009) report
that one of the most abundant platelet miRNAs, miR-223,
regulates the expression of the P2Y12 receptor, influencing
platelet reactivity. Nevertheless, for the majority of miRNAs
detected
uncovered. Platelets strongly contribute to the pool of

in platelets, specific functions remain to be
circulatory miRNAs and are capable of processing precursor
miRNAs (pre-miRNAs), despite their small size and lack of a
nucleus (Landry et al., 2009). Over one decade ago, intracellular
platelet miRNA levels were linked to platelet reactivity, paving
the way for additional research into the utility of miRNAs as
biomarkers of platelet function (Nagalla et al., 2011). Several
studies have investigated whether circulating levels of platelet-
enriched miRNAs are responsive to antiplatelet treatment (de
Boer et al., 2013; Willeit et al., 2013; Carino et al., 2016; Jager
etal, 2019; Parker et al., 2020). Willeit et al. (2013) and colleagues

report reduced levels of platelet-enriched miRNAs in the plasma
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of healthy volunteers upon escalating doses of prasugrel in
combination with aspirin. This finding was validated in a
cohort of patients suffering from symptomatic carotid
atherosclerosis after onset of dual antiplatelet therapy (DAPT)
(Willeit et al., 2013). It has been proposed that activated platelets
release miRNAs primarily incorporated within EVs (Diehl et al.,
2012; Laffont et al., 2013). EVs are submicron vesicles emitted
from membranes of a broad variety of cells. A substantial amount
of EVs in plasma carry surface markers indicating platelet or
megakaryocyte origin (Flaumenhaft et al., 2009; Rank et al., 2010;
Arraud et al, 2014). While the miRNA cargo of PdEVs is
insufficiently understood (Provost, 2017), their protein content
(Capriotti et al., 2013; Milioli et al., 2015; Suades et al., 2022) and
procoagulant activity (Sinauridze et al., 2007; Tripisciano et al.,
2017) have been characterized. Evidence gathered by several
studies suggests that some platelet miRNAs in plasma are
promising biomarker candidates to monitor in vivo platelet
function. However, there is currently no comprehensive study
demonstrating the dynamic effects of platelet inhibition on
circulatory miRNA levels in a sufficiently large cohort. To this
end, we performed RT-qPCR in platelet-poor plasma (PPP) of
healthy male volunteers either receiving ticagrelor or clopidogrel.
We i.) measured therapy-induced alterations in miRNA levels
(thrombomiR panel) over several time points; ii.) examined the
connection between high baseline levels and the magnitude of
miRNA reduction; and iii.) performed correlation analyses of
platelet-derived, endothelial cell-derived, and procoagulant EV's
with our miRNA panel to elucidate potential carriers of platelet-
enriched miRNAs.

2 Materials and methods
2.1 Study population and design

Between November 2011 and December 2013, we conducted
a randomized, parallel-group, double-blind, placebo-controlled
trial at the Department of Medicine I and Clinical Pharmacology
of the Medical University of Vienna (Traby et al., 2021, 2020).
The trial is listed on clinicaltrials.gov (NCT02120092) and the
European clinical trials database (EudraCT 2010-019643-19).
The study has been approved by the ethics committee of the
Medical University of Vienna, Austria. The trial was performed
in healthy male volunteers and was carried out in two parts. A
detailed description of the study population and the design has
been published (Traby et al., 2021, Traby et al., 2020). Briefly, in
part I, subjects received a loading dose of 600 mg clopidogrel
(Plavix; Sanofi Pharma Bristol-Myers Squibb) together with
either 100 mg aspirin or placebo on day 1 and a maintenance
dose of 150 mg clopidogrel (and 100 mg aspirin or placebo) from
days 2-7. In part II, subjects received a single dose of 180 mg
ticagrelor (Brilique/Brilinta; AstraZeneca; Sodertilje, Sweden)
with either 300 mg aspirin or placebo.
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2.2 Blood collection from healthy subjects
and preparation of plasma

Venous blood was drawn from the antecubital vein using
either an 18-gauge catheter or a 21-gauge needle into tubes
containing 3.8% sodium citrate (Vacuette; Greiner BioOne,
Kremsmiinster, Austria). Blood was collected before
(baseline) and 2h, 6h, and 24h after drug intake.
Samples were centrifuged twice at 2,600x g for 15 min at
4°C and the resulting PPP was stored at -80 “C until further
processing.

2.3 RNA extraction and qPCR analysis

Total RNA was isolated from 200 ul PPP using the
Maxwell RSC48 with the miRNA Tissue Kit (Promega).
Samples were thawed at room temperature and centrifuged
for 5 min at 12,000x g at 4°C to remove cellular debris. Samples
were then homogenized with 200 ul homogenization solution
(containing thioglycerol) and 200 pl lysis solution (containing
1 ul/sample RNA spike-in). 15 pl Proteinase K were added to
each sample followed by 15min incubation at 37°C and
300 rpm. The “simply RNA tissue” program was used and
RNA was eluted in 50 ul nuclease-free water and stored
at —80°C until further processing. Reverse transcription and
quantitative PCR (qPCR) analysis were performed as
previously described (Krammer et al., 2022). In short, for
cDNA synthesis, the miRCURY RT kit (Qiagen, Venlo,
Netherlands) was used with 2 ul total RNA input. qPCR
was performed using the miRCURY SYBR® Green Master
Mix with commercial LNA-enhanced miRNA assays (Qiagen)
and a final cDNA dilution of 1:100. With this setup, only
mature miRNAs are detected. Quality control was performed
using synthetic spike-ins (Qiagen) that were added in
equimolar amounts to each sample prior to each step of the
workflow. qPCRs were performed on a LightCylcer480 II
(Roche) with the following settings: 95°C for 2 min,
45 cycles of 95°C for 10 s and 56°C for 60 s. Melting curve
analysis was performed using continuous acquisition between
55 and 99°C. Cycle threshold (Cq) values were calculated with
the 2nd derivative maximum method (LC480, Roche
v1.5.1.62). The hemolysis ratio was calculated as previously
described (Blondal et al., 2013) and hemolytic samples were
removed from further analysis. RNA (UniSp4), cDNA (cel-
miR-39-3p), and PCR (UniSp3) spike-ins were measured in all
samples (Supplementary Figure S1). Samples that failed
quality control were removed from the data set. Cq values
were normalized with the RNA spike-in control as internal
standard (Zampetaki and Mayr, 2012b). The following
formula was applied to calculate ACq values:

ACq = Cq(RNA spike-in) — Cq (target miRNA)

Frontiers in Pharmacology

10.3389/fphar.2022.1078722

2.4 Measurement of platelet parameters

Platelet counts were determined according to hospital
routine methods using large scale hematologic analyzers (XN-
Series, Sysmex Europe SE, Germany).

2.5 Extracellular vesicle characterization
using flow cytometry

Vesicle isolation and characterization was performed as
previously described (Traby et al,, 2018). In short, particles <1 um
(forward scatter) and Annexin V* (side scatter) were counted as EVs.
For EV characterization, antibodies against surface molecules were
applied. CD41a was used to identify EVs released from platelets and
CD105 indicates EVs of endothelial cell origin.

2.6 Clotting time dependent on PPL

To measure phospholipid-dependent clotting time (PPL), the
STA-Procoag-PPL assay (Stago, Asniéres sur Seine, France) was
used on a Cobas coagulation analyzer (Roche, Germany) (Traby
et al,, 2021). Results signify coagulation times [s] in PPP. The
more procoagulant phospholipids are present, the shorter is the
measured coagulation time.

2.7 Statistical analysis

Only non-parametric statistical tests were applied to our data
set. The specific statistical tests are elaborated within the caption of
each figure. Box plots range from minimum to maximum and
display the median. Scatter plots with bars display the median with
the 95% confidence interval. Relative expression was determined by
linearizing normalized data (ACqupisps) and calculating relative
expression as percentage of the median of baseline samples. In
case of paired data, donors with missing values were removed to
allow pairwise analysis. Correlations were calculated using the
Spearman test. Through simple linear regression, a line was fit to
the data. p-Values < 0.05 were considered statistically significant.
Multiple testing adjusted p-values are reported as false discovery rate
(FDR) for each miRNA. All statistical analyses were performed using
GraphPad Prism v9.4.0 (www.graphpad.com).

3 Results
3.1 Subjects

44 male volunteers were included in the ticagrelor arm and
43 in the clopidogrel arm of the trial. The respective
P2Y12 receptor inhibitors were administered either in
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Plasma levels of miRNAs from the thrombomiR panel are not affected by addition of aspirin to P2Y12 inhibitors, warranting combined analysis of

MAPT and DAPT data. (A) MiRNA levels in subjects treated with ticagrelor and aspirin or placebo (independent donors MAPT = 22; independent

20; independent

donors DAPT = 23). Values represent the relative expression of UniSp4 normalized Cq values that were linearized (AACq, % of the median of

baseline samples). Kruskal-Wallis test with Dunn’s multiple comparisons test was calculated. p-values <0.05 were considered significant.

22). (B) MIiRNA levels in subjects treated with clopidogrel and aspirin or placebo (independent donors MAPT

donors DAPT
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combination with aspirin (DAPT) or as mono antiplatelet
therapy (MAPT) together with placebo. The median age of
the subjects was 24 years (25th; 75th percentile: 23; 27) and
25 years (25th; 75th percentile: 23; 27), respectively. Subjects in
the individual arms did not differ significantly with regard to
platelet counts, hemoglobin, results of global coagulation assays,
and fibrinogen levels. None of the volunteers had a severe adverse

event.

3.2 Addition of aspirin to the

P2Y12 receptor inhibitors ticagrelor and
clopidogrel does not affect levels of
platelet-enriched miRNAs in blood

We analyzed miRNA levels in PPP of young, healthy donors
from both arms of the clinical trial. We utilized the thrombomiR
panel, featuring 11 platelet-enriched miRNAs as well as the liver-
specific miR-122-5p, serving as negative control. To ensure the
quality of the generated data, we added synthetic spike-ins in
equimolar amounts before each step of the workflow (RNA
isolation, reverse transcription, qPCR) (Supplementary Figure
S1). At first, we determined whether addition of aspirin to
P2Y12 receptor inhibitors leads to significant differences in
miRNA levels. We found that the combination of aspirin with
ticagrelor clopidogrel did not significantly change
thrombomiR levels (Figures 1A, B). We therefore decided to
combine MAPT and DAPT data to focus on the effect of platelet
inhibition on circulating miRNA levels. All miRNAs from the
thrombomiR panel were clearly detectable at baseline as the

or

selected miRNAs are platelet-enriched but not platelet-specific
(other cell types contribute to basal levels). Of note, we observed a
strong inter-individual variability at baseline, reaching up to 6 Cq
values in miR-223-3p (ticagrelor cohort), signifying a 64-fold
difference. In order to further investigate potential sources of
variation, we correlated thrombomiR levels with platelet counts
at Dbaseline but did not observe a strong association

(Supplementary Figures S2A, B).

3.3 Circulating thrombomiRs are
significantly reduced upon initiation of
platelet inhibition

Seven out of 11 thrombomiRs were decreased upon
in both MiR-21-5p was
significantly decreased in the ticagrelor arm but not upon
clopidogrel treatment. MiR-320a, miR-191-5p, and miR-28-3p
were not reduced upon pharmacological platelet inhibition

antiplatelet therapy cohorts.

(Supplementary Figures S3A, B). We selected four top
candidates from our panel considering effect size and
redundancy of information (i.e., only one miRNA from the
miR-23-27~24 clusters): miR-223-3p, miR-150-5p, miR-126-
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3p, and miR-24-3p. All of the selected miRNAs (miR-223-3p,
miR-150-5p, miR-126-3p,
decreased upon treatment with ticagrelor or clopidogrel. The

miR-24-3p) were significantly
effect of antiplatelet therapy on platelet-enriched miRNA levels
in the circulation occurred fast, peaking 2 h after therapy onset.

3.3.1 Effect of ticagrelor on circulating miRNA
levels

Ticagrelor treatment significantly reduced the levels of miR-
223-3p, miR-150-5p, miR-126-3p, and miR-24-3p (Figure 2A).
MiR-223-3p was reduced to around 50% of the median of
baseline samples 2h after therapy start (Table 1A). This
reduction also occurred in miR-150-5p (~35%; = decrease to
65% of baseline), miR-126-3p (~34%), and miR-24-3p (~38%).
After 6h, the four selected miRNAs were still significantly
decreased compared to the median of the baseline. There was
a slight but significant reduction of the liver-specific miR-122-5p
after 6 h. After 24 h, the chosen miRNAs rebounded to baseline
levels and were not significantly reduced anymore. Besides the
four top candidates, miR-197-3p, miR-27b-3p, miR-23a-3p, and
miR-21-5p were significantly decreased upon ticagrelor
treatment as well (Supplementary Figure S3A). Next, we
correlated baseline levels with the fold reduction after 2h to
investigate whether the variability at baseline is linked to the
magnitude of platelet-enriched miRNA reduction upon platelet
inhibition. Baseline levels of miR-223-3p, miR-150-5p, miR-126-
3p, and miR-24-3p were significantly correlated with the extent
of reduction of circulating miRNA levels 2 h after ticagrelor
intake, indicating that donors with high baseline levels
undergo a more pronounced reduction upon ticagrelor
treatment (Figure 2B). The fold change (FC) of the negative
control, miR-122-5p, was not significantly correlated with
baseline levels. This effect was further examined by separately
analyzing subjects with particularly high miRNA levels and
subjects with especially low miRNA levels. We observed a
decrease of on average 46% after 2 h in the 10 volunteers with
highest miR-223-3p baseline levels, compared to on average 21%
reduction in donors with the lowest baseline levels (Table 2A).
The same effect occurred in all thrombomiRs from our selection
and was most pronounced in miR-126 with no decrease (on
average) upon platelet inhibition in donors with low baseline
levels and ~30% decrease in subjects with high miRNA levels.

3.3.2 Effect of clopidogrel on circulating miRNA
levels

Clopidogrel significantly reduced the levels of miR-223-3p, miR-
150-5p, miR-126-3p, and miR-24-3p (Figure 3A). We observed a
decrease compared to the median of baseline samples between ~1%
(miR-126-3p) and ~22% (miR-24-3p) (Table 1B). MiR-126-3p and
miR-24-3p were still significantly decreased after 24 h. Besides the
four top candidates, miR-197-3p, miR-27b-3p, and miR-23a-3p
were significantly reduced upon clopidogrel treatment as well
(Supplementary Figure S3B). Baseline levels of miR-223-3p, miR-
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FIGURE 2

Circulating levels of miRNAs from the thrombomiR panel are significantly reduced upon ticagrelor-mediated inhibition of platelet function. (A)
MiRNA levels in subjects treated with ticagrelor. Values represent the relative expression of UniSp4 normalized Cq values that were linearized (AACq,
% of the median of baseline samples). Friedman test with Dunn’s multiple comparisons test was calculated. Donors with missing values were
removed from statistical analysis but not from depiction in graphs. (B) Baseline miRNA levels were correlated with the FC of the decrease 2 h
after onset of ticagrelor treatment. Correlations were calculated using the Spearman test, reporting the Spearman rank coefficient (r) and unadjusted
p-value (P). A line was fit to the data applying simple linear regression. Multiple testing adjusted p-values are reported as FDR for each miRNA. FDR-

values <0.05 were considered statistically significant.

150-5p, miR-126-3p, and miR-24-3p correlated with the extent of
reduction of circulating miRNA levels 2 h after clopidogrel intake,
thus indicating that high baseline levels of circulating miRNAs result
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in a more pronounced reduction by clopidogrel (Figure 3B). This
effect was further investigated by separately analyzing subjects with
particularly high miRNA levels and subjects with particularly low
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TABLE 1 Effects of ticagrelor (A) and clopidogrel (B) treatment on platelet-enriched miRNA levels in plasma. Median values after 2 h, 6 h, and 24 h are in
comparison to the median of the baseline. Donors with missing values were removed from statistical analysis (Friedman test with Dunn’s multiple
comparisons test).

hsa-miR-223-3p hsa-miR-150-5p  hsa-miR-126-3p  hsa-miR-24-3p hsa-miR-122-5p

A Ticagrelor

Median 2 h [%] + 95% CI 50.4 (27-77) 65.3 (51-77) 66.5 (61-84) 61.8 (51-79) 63.5 (31-124)
Amedian 2 h-BL [percentage points] -49.7 -34.7 -33.6 -38.2 -36.6
p-value <0.0001 <0.0001 <0.0001 <0.0001 >0.9999
Median 6 h [%] + 95% CI 68.5 (26-104) 68.8 (58-75) 76.9 (72-87) 76.9 (57-95) 64.2 (27-103)
Amedian 6 h-BL [percentage points] -31.6 -31.2 -232 -23.1 -35.9
p-value 0.0008 <0.0001 0.0038 0.0051 0.0247
Median 24 h [%] + 95% CI 88.8 (34-123) 89.8 (78-106) 81.8 (75-95) 76.2 (53-97) 69.3 (25-115)
Amedian 24 h-BL [percentage points] -11.3 -10.2 -18.2 -23.8 -30.8
p-value >0.9999 0.3798 0.1570 0.3500 0.0774

B Clopidogrel

Median 2 h [%] + 95% CI 2 h 80.4 (60-98) 832 (76-102) 98.6 (87-113) 77.9 (71-91) 83.2 (64-124)
Amedian 2 h-BL [percentage points] -19.6 -16.8 -1.4 -22.1 -16.8
p-value <0.0001 0.0094 0.0157 0.0003 0.047

Median 6 h [%] + 95% CI 6 h 102.8 (85-105) 94.3 (78-110) 98.3 (86-117) 88.0 (69-99) 108.6 (68-165)
Amedian 6 h-BL [percentage points] 2.8 -5.7 -1.7 -12.0 8.6

p-value 0.0055 0.0951 0.0046 0.0026 0.2035
Median 24 h [%] + 95% CI 24 h 91.1 (73-119) 98.3 (87-113) 97.3 (85-116) 81.2 (72-91) 97.6 (64-119)
Amedian 24 h-BL [percentage points] -89 -1.7 -2.7 -18.8 -24

p-value 0.6502 >0.9999 0.0255 0.0133 0.358

TABLE 2 Comparison of the relative change (2 h vs. baseline) between the donors with the highest and lowest baseline levels: (A) Ticagrelor treatment; (B)
clopidogrel treatment. Values below 100% indicate a decrease of the respective miRNA 2 h after onset of platelet inhibition.

miR- miR- miR-

150 (%) 126 (%) 24 (%)
A Ticagrelor
Average change observed at 2 h in the 10 donors with the lowest baseline | 79.4 79.3 103.7 97.3 117.8
levels
Average change observed at 2 h in the 10 donors with the highest baseline | 53.6 56.0 70.2 65.6 92.7
levels
Overall average 64.0 67.1 81.4 78.1 92.2
B Clopidogrel
Average change observed at 2 h in the 10 donors with the lowest baseline | 81.4 91.8 914 86.1 89.9
levels
Average change observed at 2 h in the 10 donors with the highest baseline | 57.8 73.3 74.5 59.7 74.6
levels
Overall average 71.3 82.6 88.2 74.7 81.0
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FIGURE 3

Circulating levels of miRNAs from the thrombomiR panel are significantly reduced upon clopidogrel-mediated inhibition of platelet function. (A)
MIRNA levels in subjects treated with clopidogrel. Values represent the relative expression of UniSp4 normalized Cq values that were linearized
(AACq, % of the median of baseline samples). Friedman test with Dunn'’s multiple comparisons test was calculated. Donors with missing values were
removed from statistical analysis but not from depiction in graphs. (B) Baseline miRNA levels were correlated with the FC of the decrease 2 h
after onset of clopidogrel treatment. Correlations were calculated using the Spearman test, reporting the Spearman rank coefficient (r) and
unadjusted p-value (P). A line was fit to the data applying simple linear regression. Multiple testing adjusted p-values are reported as FDR for each
miRNA. FDR-values <0.05 were considered statistically significant.

miRNA levels. All selected miRNAs (miR-223-3p, miR-150-5p, donors with the lowest baseline levels (Table 2B). The strongest
miR-126-3p, miR-24-3p) were more strongly reduced after 2h in difference between volunteers with low and high baseline levels was
the 10 donors with the highest baseline levels compared to the found in miR-24-3p, with a reduction of on average 14% after 2 h
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FIGURE 4

ThrombomiRs show a positive correlation with Annexin V* and

T T T 1
-1.0 -0.5 0.0 0.5 1.0

platelet-derived (CD41a*) EVs as well as a negative correlation with
clotting time dependent on PPL upon treatment with clopidogrel.

Correlations of thrombomiRs with Annexin V* EVs (A), Annexin

V*/CD41a* EVs (B), Annexin V*/CD105* EVs (C), and clotting time
dependent on PPL (D). The baseline (top panel), the change after 2 h
(middle panel) or the change after 24 h (bottom panel) were included
in the analysis and Spearman'’s rank correlation coefficient (r) and the
(Continued)
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FIGURE 4 (Continued)

95% Cl are depicted. Multiple testing adjusted p-values are
reported as FDR for each miRNA. FDR-values <0.05 were
considered significant

compared to 40% in probands with high baseline levels. There was a
slight but significant reduction of miR-122-5p levels after 2 h,
however the difference between donors with low and high
baseline levels was less pronounced compared to platelet-
enriched miRNAs and no correlation between miR-122-5p
baseline levels and the FC after 2 h was observed.

3.4 Association between miRNAs and EVs
in subjects treated with clopidogrel

We then aimed to better understand the observed reduction
of thrombomiR levels upon platelet inhibition. For this purpose,
we performed correlation analyses of thrombomiRs with
Annexin V', platelet-derived (Annexin V*/CD4la"), and
endothelial cell-derived (Annexin V*/CD105") EVs (Figures
4A-C). We report the results including the baseline values
only (top panel) and the change after 2 (middle panel), and
24 h (bottom panel). Correlations with the baseline values signify
an inherent feature of the cohort that is not induced by P2Y12-
mediated platelet inhibition. Correlations between the change in
miRNAs and EV concentrations 2 and 24 h after treatment onset
illustrate the effect induced by antiplatelet therapy. Baseline levels
of thrombomiRs were not correlated with the total number of
EVs (Figure 4A). We observed a positive correlation of the
change after 2h of antiplatelet therapy onset between the
number of EVs and miR-223-3p (r = 0.38) as well as miR-
126-3p (r = 0.36). This effect was not present anymore when
correlating the number of EVs with the change in thrombomiR
levels 24 h after therapy start. MiR-223-3p (r = 0.5) and miR-126-
3p (r = 0.37) were positively correlated with PAEVs 2 h after
therapy start. This effect was not present at baseline or when
regarding the change after 24 h (Figure 4B). ThrombomiRs from
our selection do not seem to be incorporated into endothelial
cell-derived EVs as we did not find positive correlations at
baseline or as response to platelet inhibition (Figure 4C).
Levels of the liver-specific miR-122-5p did not correlate with
the number of EVs (independent of the origin) at baseline, 2 or
24 h after antiplatelet treatment.

3.5 Association between miRNAs and PPL
in subjects treated with clopidogrel

We correlated thrombomiR levels with procoagulant
phospholipid activity (PPL) in PPP. This assay measures the
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clotting time triggered by procoagulant EVs. The more
EVs
activity), the shorter the coagulation time becomes. At
baseline, miR-126-3p (r = —0.49) and miR-24-3p (r = -0.38)
were significantly correlated with the clotting time induced by

procoagulant are present (increased procoagulant

PPL (Figure 4D). The change 2 h after initiation of clopidogrel
treatment was negatively correlated with miR-223-3p (r = -0.35),
miR-126-3p (r = —0.35), and miR-24-3p (r = —0.41) but not with
miR-150-5p. Regarding the change after 24 h, only miR-24-3p
(r =—0.41) was still correlated with the clotting time triggered by
PPL. For miR-126-3p and miR-24-3p, the correlation seems to be
an inherent feature (present at baseline) but is also promoted by
pharmacological platelet inhibition. MiR-223-3p was not linked
to clotting time dependent on PPL at baseline but correlated after
2 h, indicating an effect of antiplatelet therapy. As expected, levels
of miR-122-5p did not correlate with the clotting time induced by
PPL at baseline or after therapy start.

4 Discussion

We show that platelet-enriched miRNAs in the circulation are
significantly reduced upon P2Y12-mediated platelet inhibition. This
is in line with previous observations demonstrating that
pharmacological inhibition of platelet function is linked to
decreased levels of some plasma miRNAs (de Boer et al, 2013;
Willeit et al., 2013; Carino et al., 2016; Parker et al., 2020).

However, the associated temporal change of platelet-
enriched miRNA levels in plasma remains largely unexplored.
We therefore examined the kinetics of miRNA alterations as
consequence of platelet inhibition in a panel of miRNAs
previously shown to be platelet-enriched and altered upon
changes in platelet function (Willeit et al, 2013; Sunderland
et al, 2017; Krammer et al, 2022). We found significantly
reduced levels of thrombomiRs 2 h after antiplatelet therapy
initiation. In total, seven out of eleven thrombomiRs
(i.e., miR-223-3p, miR-197-3p, miR-150-5p, miR-126-3p, miR-
27b-3p, miR-24-3p, miR-23a-3p)
downregulated in both study cohorts. We found no significant

were  significantly
effect of antiplatelet treatment on plasma levels of miR-320a,
miR-191-5p, and miR-28-3p. Platelet miRNAs differ in regard to
their responsiveness to alterations in platelet function. Highly
abundant platelet miRNAs are not necessarily released more
readily compared to miRNAs with fewer copies. Therefore, not
all thrombomiRs are equally suitable biomarker candidates.
Liver-specific miR-122-5p served as negative control (Chang
et al.,, 2004; Willeit et al., 2016). In the ticagrelor cohort, we
observed an average decrease of ~50% after 2 h in miR-223-3p. In
the clopidogrel cohort, miR-223-3p levels were decreased by
~20% (on average). Importantly, the decrease of extracellular
miRNAs upon therapy onset occurred fast, reaching its peak after
2h. In the ticagrelor cohort, the effect lasted for 6h and
rebounded to baseline levels after 24 h. In the clopidogrel
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cohort, we still observed a significant reduction of miR-126-
3p, miR-24-3p, miR-27b-3p, and miR-23a-3p 1day after
treatment initiation. To our knowledge, the rapid kinetics of
plasma miRNA decline following pharmacological platelet
inhibition have never been shown before.

Our finding is in concordance with several previous studies
reporting lower miRNA levels in blood upon (more potent)
platelet inhibition (de Boer et al., 2013; Willeit et al., 2013;
Carino et al., 2016; Parker et al, 2020). MiR-191-5p is
mentioned as potential biomarker candidate in several studies
(de Boer et al., 2013; Willeit et al., 2013; Carino et al., 2016; Parker
etal., 2020), however, we did not observe a significant response to
antiplatelet treatment in healthy volunteers. The effect size of
different platelet-related miRNAs in this context varies from
study to study, potentially due to different study designs and
subjects. For instance, Parker and colleagues found no difference
in plasma miR-126-3p levels between donors with type 2 diabetes
treated with aspirin or the more potent drug prasugrel (Parker
et al, 2020). Overall, the miRNAs previously shown to be
responsive to platelet inhibition match our selection of top
candidates (de Boer et al., 2013; Willeit et al., 2013; Carino
et al,, 2016; Parker et al., 2020). One study, however, contradicts
our results (Jager et al., 2019). Plasma levels of platelet-related
miRNAs were measured in patients on chronic DAPT at baseline
and after cessation of antiplatelet therapy (Jager et al., 2019). The
authors did not detect a rise after therapy discontinuation (after
10, 30, and 180 days) (Jager et al, 2019). We speculate that
miRNA levels might adapt to long-term P2YI12 receptor
inhibition (fi, by
megakaryocytes), rendering them poor biomarkers for long-

inducing transcriptional changes in
term treatment monitoring.

Several mechanisms might contribute to alterations of
thrombomiR levels measured in plasma: i) reduced
secretion from platelets (or megakaryocytes) due to platelet
inhibition; ii.) increased degradation or uptake; iii.) altered
transcription in megakaryocytes; iv.) altered maturation of
pre-miRNAs in platelets. The half-life period of plasma
miRNAs from our panel is not known. In case the half life
is short, an inhibition of the secretion could cause the
effect. The to be

elucidated in future studies.

observed exact mechanisms need

MiRNAs from our panel are also detectable at baseline as
they are enriched in platelets but not platelet-specific. Active or
passive release from other cell types likely contributes to basal
levels. MiR-223-3p and miR-150-5p are also expressed in
leukocytes (de Rie et al.,, 2017; Krammer et al., 2022). MiR-
126-3p is abundant in endothelial cells, while miR-24-3p shows
broad expression among different tissues (de Rie et al., 2017).
Nevertheless, platelets substantially contribute to the pool of cell-
free miRNAs in blood (Willeit et al.,, 2013; Kaudewitz et al.,
2016). Even though it has been suggested that platelets mainly
release miRNAs upon activation, some degree of passive leakage

cannot be ruled out.
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In accordance with previous studies that have reported no
substantial difference between MAPT and DAPT with regard to
parameters of hemostatic system activation in healthy volunteers
(Traby et al., 2021, Traby et al., 2020), miRNAs from our panel
were not influenced by the addition of aspirin.

Additionally, we observed that the effect size (fold reduction)
of miRNAs was dependent on baseline miRNA levels. Therefore,
we speculate that effect sizes might be different in CVD patients
with potentially altered baseline levels.

To gain more insight into the origin of the detected miRNA
signal, we correlated thrombomiR levels with previously obtained
EV concentrations (Traby et al, 2018). The number of EVs
exposing platelet markers are increased in thrombotic diseases
and positively correlated with disease activity (van der Zee et al.,
2006; Bal et al., 2010; Stepien et al., 2012; Giannopoulos et al.,
2014; Chen et al,, 2015). The main carrier of extracellular
miRNAs remains a matter of controversy and likely differs
between miRNAs. We previously reported that basal levels of
platelet-related miRNAs are mainly protein-bound (Krammer
et al,, 2022). Activated platelets have been shown to secrete EVs
with miRNAs as cargo (Diehl et al,, 2012; Gidlof et al., 2013;
Laffont et al., 2013). It is currently unclear whether quiescent
platelets also secrete EVs in vivo. Our results indicate that
thrombomiRs might circulate the body within EVs and that
this association is not an innate feature but induced by alterations
of platelet function. Especially the change after 2 h of miR-223-3p
and miR-126-3p was robustly correlated with the number of
PdEVs. MiRNAs from our selection were not significantly
correlated with endothelial cell-derived (CD105*) EVs. This
was also true for miR-126-3p that is also expressed in the
endothelium (Zampetaki et al., 2012a; Kaudewitz et al., 2016;
de Rie et al, 2017; Sunderland et al, 2017). Moreover,
thrombomiRs (change after 2 h of clopidogrel treatment) were
negatively correlated with clotting time dependent on
(PPL assay), indicating that
inhibitors affects the amount of

procoagulant phospholipids
treatment with P2Y12
procoagulant EVs carrying platelet miRNAs. Our study design
does not permit to determine whether thrombomiRs in
procoagulant EVs are merely an indicator of the cellular
source or have functional implications. Procoagulant EVs may
contribute to hypercoagulability and enhance thrombogenesis in
patients (Nielsen et al., 2018). It has been proposed that platelets
and megakaryocytes substantially contribute to the pool of
circulatory EVs (Edelstein, 2017; Stone et al, 2022). As of
now, it is technically not feasible to distinguish between EVs
released from platelets or megakaryocytes. Despite promising
results, the EV field is still in its infancy. The miRNA cargo of
PdEVs needs to be sufficiently characterized. This endeavour is
presently limited by technological pitfalls involving the
reproducible extraction and detection of EVs. Also, the
biological relevance of nucleic acids found within EVs remains
controversial. It is unclear whether PdEVs play an active role in
coagulation.
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The present work is subject to specific strengths and
of miRNAs  is
frequently confounded by improper blood sample handling,

limitations. Quantification extracellular
including cellular contamination. To avoid this common
pitfall, we measured our miRNA panel in double-centrifuged
PPP with negligible amounts of residual platelets. Only miR-126-
3p in the clopidogrel collective was mildly correlated with platelet
count, indicating that our data set is not biased in this regard.
Blood samples were anticoagulated with sodium citrate. To avoid
artificial platelet activation when studying platelet-derived
the of

anticoagulants is recommended (Mussbacher et al, 2020,

molecules in  plasma, use citrate-containing
2017). We only included healthy volunteers and no patients
with CVD in this study. This approach allowed us to work with a
well-characterized and homogenous cohort. In addition, only
men were included to avoid biasing results by factors other than
drug intake. Our experimental protocols did not allow us to
discriminate between different miRNA fractions in blood
(protein vs EV), as we extracted total RNA from plasma,
which produces a composite signal of miRNAs bound to
proteins or complexed with EVs. We did not directly
determine the cellular source of plasma thrombomiRs but
performed correlation analyses with previously collected data.
Further disadvantages of the selected study design are the
resulting lack of clinical endpoints and the unavailability of

long-term data.

5 Conclusion

At the moment, routine assessment of platelet function is
not recommended in the course of antiplatelet treatment
(Collet et al., 2021). Some studies, however, report a
potential benefit (Stone et al., 2013; Aradi et al, 2015;
Sibbing et al, 2017). Our work provides evidence that
platelet-enriched miRNAs in the circulation are promising
biomarker candidates for monitoring the extent of platelet
inhibition. This could enable the stratification of patients
depending on their response to antiplatelet therapy and
the first
demonstrate the rapid effect of P2Y12 receptor inhibition

guide treatment decisions. For time, we
on miRNA levels. Follow-up studies in patient cohorts to
examine the impact of increased levels of platelet activation,
age, and co-morbidities are warranted. Our evidence suggests
a connection between platelet activation/inhibition and the
levels of thrombomiRs in plasma that could be exploited for

antiplatelet drug development as well as in clinical practice.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors without undue reservation.

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1078722

Krammer et al.

Ethics statement

The studies involving human participants were reviewed and
approved by the Ethics committee of the Medical University of
Vienna, Austria. The patients/participants provided their written
informed consent to participate in this study.

Author contributions

Conceptualization, TK, PK, MH, SE, and LT; methodology, TK,
MK, PK, MH, SE, and LT; formal analysis, TK; investigation, TK;
writing—original draft, TK; writing—review and editing, TK, PK,
MH, SE, and LT; resources, MK, PK, SE, and LT; supervision, MH,
SE, and LT; funding acquisition, MH. All authors have read and
agreed to the published version of the manuscript.

Conflict of interest

TK and MH were employed by the company TAmiRNA GmbH.

References

Amraotkar, A. R,, Song, D. D., Otero, D., Trainor, P. ], Ismail, I, Kothari, V., et al.
(2017). Platelet count and mean platelet volume at the time of and after acute myocardial
infarction. Clin. Appl. Thromb. Hemost. 23, 1052-1059. doi:10.1177/1076029616683804

Aradi, D,, Kirtane, A., Bonello, L., Gurbel, P. A,, Tantry, U. S., Huber, K, et al.
(2015). Bleeding and stent thrombosis on P2Y12-inhibitors: Collaborative analysis
on the role of platelet reactivity for risk stratification after percutaneous coronary
intervention. Eur. Heart J. 36, 1762-1771. doi:10.1093/eurheartj/ehv104

Arraud, N, Linares, R, Tan, S., Gounou, C., Pasquet, J.-M., Mornet, S., et al.
(2014). Extracellular vesicles from blood plasma: Determination of their
morphology, size, phenotype and concentration. J. Thromb. Haemost. 12,
614-627. doi:10.1111/jth.12554

Arroyo, J. D,, Chevillet, J. R., Kroh, E. M., Ruf, I. K,, Pritchard, C. C., Gibson, D. F.,
et al. (2011). Argonaute2 complexes carry a population of circulating microRNAs
independent of vesicles in human plasma. Proc. Natl. Acad. Sci. U. S. A. 108,
5003-5008. doi:10.1073/pnas.1019055108

Baek, D., Villén, J., Shin, C., Camargo, F. D., Gygi, S. P., and Bartel, D. P. (2008).
The impact of microRNAs on protein output. Nature 455, 64-71. doi:10.1038/
nature07242

Bal, L, Ederhy, S, Di Angelantonio, E., Toti, F., Zobairi, F.,, Dufaitre, G, et al. (2010).
Factors influencing the level of circulating procoagulant microparticles in acute pulmonary
embolism. Arch. Cardiovasc. Dis. 103, 394-403. doi:10.1016/j.acvd.2010.06.005

Bartel, D. P. (2018). Metazoan MicroRNAs. Cell 173, 20-51. doi:10.1016/j.cell.
2018.03.006

Blondal, T., Jensby Nielsen, S., Baker, A., Andreasen, D., Mouritzen, P., Wrang
Teilum, M, et al. (2013). Assessing sample and miRNA profile quality in serum and
plasma or other biofluids. Methods 59, S1-86. doi:10.1016/j.ymeth.2012.09.015

Bray, P. F., McKenzie, S. E., Edelstein, L. C., Nagalla, S., Delgrosso, K., Ertel, A.,
et al. (2013). The complex transcriptional landscape of the anucleate human
platelet. BMC Genomics 14, 1. doi:10.1186/1471-2164-14-1

Capriotti, A. L., Caruso, G., Cavaliere, C., Piovesana, S., Samperi, R., and Lagana,
A. (2013). Proteomic characterization of human platelet-derived microparticles.
Anal. Chim. Acta 776, 57-63. doi:10.1016/j.aca.2013.03.023

Carino, A., De Rosa, S., Sorrentino, S., Polimeni, A., Sabatino, J., Caiazzo, G., et al.
(2016). Modulation of circulating MicroRNAs levels during the switch from clopidogrel
to ticagrelor. Biomed. Res. Int. 2016, 3968206. doi:10.1155/2016/3968206

Chang, J., Nicolas, E., Marks, D., Sander, C., Lerro, A., Buendia, M. A,, et al.
(2004). miR-122, a mammalian liver-specific microRNA, is processed from hcr

Frontiers in Pharmacology

12

10.3389/fphar.2022.1078722

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their
affiliated organizations, or those of the publisher, the
editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the
publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphar.
2022.1078722/full#supplementary-material

mRNA and may downregulate the high affinity cationic amino acid transporter
CAT-1. RNA Biol. 1, 106-113. doi:10.4161/rna.1.2.1066

Chen, Y., Xiao, Y., Lin, Z., Xiao, X., He, C., Bihl, J. C., et al. (2015). The role of
circulating platelets microparticles and platelet parameters in acute ischemic stroke
patients. J.  Stroke  Cerebrovasc. ~Dis. 24, 2313-2320. doi:10.1016/j.
jstrokecerebrovasdis.2015.06.018

Collet, J.-P., Thiele, H., Barbato, E., Barthélémy, O., Bauersachs, J., Bhatt, D. L.,
et al. (2021). 2020 ESC Guidelines for the management of acute coronary
syndromes in patients presenting without persistent ST-segment elevation. Eur.
Heart J. 42, 1289-1367. doi:lO.1093/eurheartj/ehaa575

de Boer, H. C,, van Solingen, C., Prins, J., Duijs, J. M. G. J., Huisman, M. V.,
Rabelink, T. J., et al. (2013). Aspirin treatment hampers the use of plasma
microRNA-126 as a biomarker for the progression of vascular disease. Eur.
Heart J. 34, 3451-3457. doi:10.1093/eurheartj/eht007

de Rie, D., Abugessaisa, 1., Alam, T., Arner, E., Arner, P., Ashoor, H,, et al. (2017).
An integrated expression atlas of miRNAs and their promoters in human and
mouse. Nat. Biotechnol. 35, 872-878. doi:10.1038/nbt.3947

Diehl, P., Fricke, A., Sander, L., Stamm, J., Bassler, N., Htun, N, et al. (2012).
Microparticles: Major transport vehicles for distinct microRNAs in circulation.
Cardiovasc. Res. 93, 633-644. doi:10.1093/cvr/cvs007

Edelstein, L. C. (2017). The role of platelet microvesicles in intercellular
communication. Platelets 28, 222-227. doi:10.1080/09537104.2016.1257114

Flaumenhaft, R., Dilks, ]. R., Richardson, J., Alden, E., Patel-Hett, S. R., Battinelli,
E., et al. (2009). Megakaryocyte-derived microparticles: Direct visualization and
distinction from platelet-derived microparticles. Blood 113, 1112-1121. doi:10.
1182/blood-2008-06-163832

Giannopoulos, G., Oudatzis, G., Paterakis, G., Synetos, A., Tampaki, E., Bouras,
G., et al. (2014). Red blood cell and platelet microparticles in myocardial infarction
patients treated with primary angioplasty. Int. J. Cardiol. 176, 145-150. doi:10.1016/
j.ijcard.2014.07.022

Gidléf, O., van der Brug, M., Ohman, J., Gilje, P., Olde, B., Wahlestedt, C., et al.
(2013). Platelets activated during myocardial infarction release functional miRNA,
which can be taken up by endothelial cells and regulate ICAM1 expression. Blood
121, 3908-3917. doi:10.1182/blood-2012-10-461798

Hunter, M. P,, Ismail, N., Zhang, X., Aguda, B. D, Lee, E. ], Yu, L., et al. (2008).
Detection of microRNA expression in human peripheral blood microvesicles. PLoS
ONE 3, €3694. doi:10.1371/journal.pone.0003694

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2022.1078722/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.1078722/full#supplementary-material
https://doi.org/10.1177/1076029616683804
https://doi.org/10.1093/eurheartj/ehv104
https://doi.org/10.1111/jth.12554
https://doi.org/10.1073/pnas.1019055108
https://doi.org/10.1038/nature07242
https://doi.org/10.1038/nature07242
https://doi.org/10.1016/j.acvd.2010.06.005
https://doi.org/10.1016/j.cell.2018.03.006
https://doi.org/10.1016/j.cell.2018.03.006
https://doi.org/10.1016/j.ymeth.2012.09.015
https://doi.org/10.1186/1471-2164-14-1
https://doi.org/10.1016/j.aca.2013.03.023
https://doi.org/10.1155/2016/3968206
https://doi.org/10.4161/rna.1.2.1066
https://doi.org/10.1016/j.jstrokecerebrovasdis.2015.06.018
https://doi.org/10.1016/j.jstrokecerebrovasdis.2015.06.018
https://doi.org/10.1093/eurheartj/ehaa575
https://doi.org/10.1093/eurheartj/eht007
https://doi.org/10.1038/nbt.3947
https://doi.org/10.1093/cvr/cvs007
https://doi.org/10.1080/09537104.2016.1257114
https://doi.org/10.1182/blood-2008-06-163832
https://doi.org/10.1182/blood-2008-06-163832
https://doi.org/10.1016/j.ijcard.2014.07.022
https://doi.org/10.1016/j.ijcard.2014.07.022
https://doi.org/10.1182/blood-2012-10-461798
https://doi.org/10.1371/journal.pone.0003694
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1078722

Krammer et al.

Jager, B., Stojkovic, S., Haller, P. M., Piackova, E., Kahl, B. S., Andric, T., et al.
(2019). Course of platelet miRNAs after cessation of P2Y12 antagonists. Eur. J. Clin.
Invest. 49, e13149. doi:10.1111/eci.13149

Kaudewitz, D., Skroblin, P., Bender, L. H., Barwari, T., Willeit, P., Pechlaner, R.,
et al. (2016). Association of MicroRNAs and YRNAs with platelet function. Circ.
Res. 118, 420-432. doi:10.1161/CIRCRESAHA.114.305663

Krammer, T. L., Zeibig, S., Schrottmaier, W. C., Pirabe, A., Goebel, S., Diendorfer,
A. B, et al. (2022). Comprehensive characterization of platelet-enriched
MicroRNAs as biomarkers of platelet activation. Cells 11, 1254. doi:10.3390/
cells11081254

Laffont, B., Corduan, A., P1¢, H., Duchez, A.-C., Cloutier, N., Boilard, E., et al.
(2013). Activated platelets can deliver mRNA regulatory Ago2®microRNA
complexes to endothelial cells via microparticles. Blood 122, 253-261. doi:10.
1182/blood-2013-03-492801

Landry, P., Plante, L, Ouellet, D. L., Perron, M. P., Rousseau, G., and Provost, P.
(2009). Existence of a microRNA pathway in anucleate platelets. Nat. Struct. Mol.
Biol. 16, 961-966. d0i:10.1038/nsmb.1651

Milioli, M., Ibafiez-Vea, M., Sidoli, S., Palmisano, G., Careri, M., and Larsen, M. R.
(2015). Quantitative proteomics analysis of platelet-derived microparticles reveals distinct
protein signatures when stimulated by different physiological agonists. J. Proteomics 121,
56-66. doi:10.1016/j.jprot.2015.03.013

Mussbacher, M., Krammer, T. L., Heber, S., Schrottmaier, W. C., Zeibig, S.,
Holthoff, H.-P., et al. 2020 Impact of anticoagulation and sample processing on the
quantification of human blood-derived microRNA signatures. Cells 9. doi: doi:10.
3390/cells9081915

Mussbacher, M., Schrottmaier, W. C., Salzmann, M., Brostjan, C., Schmid, J. A.,
Starlinger, P., et al. (2017). Optimized plasma preparation is essential to monitor
platelet-stored molecules in humans. PLoS ONE 12, e0188921. doi:10.1371/journal.
pone.0188921

Nagalla, S., Shaw, C., Kong, X., Kondkar, A. A., Edelstein, L. C., Ma, L., et al.
(2011). Platelet microRNA-mRNA coexpression profiles correlate with platelet
reactivity. Blood 117, 5189-5197. doi:10.1182/blood-2010-09-299719

Nielsen, T., Kristensen, A. F., Pedersen, S., Christiansen, G., and Kristensen, S. R.
(2018). Investigation of procoagulant activity in extracellular vesicles isolated by
differential ultracentrifugation. J. Extracell. Vesicles 7, 1454777. doi:10.1080/
20013078.2018.1454777

Parker, W. A. E,, Schulte, C., Barwari, T., Phoenix, F., Pearson, S. M., Mayr, M.,
et al. (2020). Aspirin, clopidogrel and prasugrel monotherapy in patients with type
2 diabetes mellitus: A double-blind randomised controlled trial of the effects on
thrombotic markers and microRNA levels. Cardiovasc. Diabetol. 19, 3. doi:10.1186/
512933-019-0981-3

Provost, P. (2017). The clinical significance of platelet microparticle-associated
microRNAs. Clin. Chem. Lab. Med. 55, 657-666. doi:10.1515/cclm-2016-0895

Rank, A., Nieuwland, R., Delker, R., Kohler, A., Toth, B., Pihusch, V., et al. (2010).
Cellular origin of platelet-derived microparticles in vivo. Thromb. Res. 126,
€255-€259. doi:10.1016/j.thromres.2010.07.012

Sibbing, D., Aradi, Déniel, Jacobshagen, C., Gross, L., Trenk, D., Geisler, T., et al.
(2017). Guided de-escalation of antiplatelet treatment in patients with acute
coronary  syndrome undergoing percutaneous coronary intervention
(TROPICAL-ACS): A randomised, open-label, multicentre trial. Lancet 390,
1747-1757. doi:10.1016/S0140-6736(17)32155-4

Sinauridze, E., Kireev, D., Popenko, N., Pichugin, A., Panteleev, M., Krymskaya,
0., et al. (2007). Platelet microparticle membranes have 50- to 100-fold higher
specific procoagulant activity than activated platelets. Thromb. Haemost. 97,
425-434. doi:10.1160/TH06-06-0313

Stepien, E., Stankiewicz, E., Zalewski, J., Godlewski, J., Zmudka, K., and
Wybranska, I. (2012). Number of microparticles generated during acute
myocardial infarction and stable angina correlates with platelet activation. Arch.
Med. Res. 43, 31-35. d0i:10.1016/j.arcmed.2012.01.006

Frontiers in Pharmacology

13

10.3389/fphar.2022.1078722

Stone, A. P., Nikols, E., Freire, D., and Machlus, K. R. (2022). The pathobiology of
platelet and megakaryocyte extracellular vesicles: A (c)lot has changed. J. Thromb.
Haemost. 20, 1550-1558. doi:10.1111/jth.15750

Stone, G. W., Witzenbichler, B., Weisz, G., Rinaldi, M. J., Neumann, F.-J., Metzger, D.
C, et al. (2013). Platelet reactivity and clinical outcomes after coronary artery
implantation of drug-eluting stents (ADAPT-DES): A prospective multicentre
registry study. Lancet 382, 614-623. doi:10.1016/S0140-6736(13)61170-8

Suades, R., Padro, T., Vilahur, G., and Badimon, L. (2022). Platelet-released
extracellular vesicles: The effects of thrombin activation. Cell. Mol. Life Sci. 79, 190.
doi:10.1007/s00018-022-04222-4

Sunderland, N., Skroblin, P., Barwari, T., Huntley, R. P, Lu, R,, Joshi, A., et al.
(2017). MicroRNA biomarkers and platelet reactivity: The clot thickens. Circ. Res.
120, 418-435. doi:10.1161/CIRCRESAHA.116.309303

Traby, L., Kaider, A., Kollars, M., Eichinger, S., Wolzt, M., and Kyrle, P. A. (2018).
Effects of clopidogrel with or without aspirin on the generation of extracellular
vesicles in the microcirculation and in venous blood: A randomized placebo
controlled trial. Thromb. Res. 167, 149-155. doi:10.1016/j.thromres.2018.05.021

Traby, L., Kollars, M., Kaider, A,, Siller-Matula, J. M., Steinbrecher, O., Wolzt, M.,
et al. (2021). Differential effects of clopidogrel with or without aspirin on platelet
reactivity and coagulation activation: A randomized trial in healthy volunteers. Clin.
Pharmacol. Ther. 109, 1546-1554. doi:10.1002/cpt.2106

Traby, L., Kollars, M., Kaider, A., Siller-Matula, J. M., Wolkersdorfer, M. F.,
Wolzt, M., et al. (2020). Differential effects of ticagrelor with or without aspirin on
platelet reactivity and coagulation activation: A randomized trial in healthy
volunteers. Clin. Pharmacol. Ther. 107, 415-422. doi:10.1002/cpt.1616

Tripisciano, C., Weiss, R., Eichhorn, T., Spittler, A., Heuser, T., Fischer, M. B,,
et al. (2017). Different potential of extracellular vesicles to support thrombin
generation: Contributions of phosphatidylserine, tissue factor, and cellular
origin. Sci. Rep. 7, 6522. doi:10.1038/s41598-017-03262-2

Valadi, H., Ekstrém, K., Bossios, A., Sjostrand, M., Lee, J. J., and Létvall, J. O.
(2007). Exosome-mediated transfer of mRNAs and microRNAs is a novel
mechanism of genetic exchange between cells. Nat. Cell Biol. 9, 654-659. doi:10.
1038/ncb1596

van der Zee, P. M., Biro, E., Ko, Y., de Winter, R. J., Hack, C. E., Sturk, A., et al.
(2006). P-selectin- and CD63-exposing platelet microparticles reflect platelet
activation in peripheral arterial disease and myocardial infarction. Clin. Chem.
52, 657-664. d0i:10.1373/clinchem.2005.057414

Vickers, K. C., Palmisano, B. T., Shoucri, B. M., Shamburek, R. D., and Remaley,
A.T.(2011). MicroRNAs are transported in plasma and delivered to recipient cells
by high-density lipoproteins. Nat. Cell Biol. 13, 423-433. doi:10.1038/ncb2210

Willeit, P., Skroblin, P., Kiechl, S., Fernandez-Hernando, C., and Mayr, M. (2016).
Liver microRNAs: Potential mediators and biomarkers for metabolic and
cardiovascular disease? Eur. Heart J. 37, 3260-3266. doi:10.1093/eurheartj/ehw146

Willeit, P., Zampetaki, A., Dudek, K., Kaudewitz, D., King, A., Kirkby, N. S., et al.

(2013). Circulating MicroRNAs as novel biomarkers for platelet activation. Circ.
Res. 112, 595-600. doi:10.1161/CIRCRESAHA.111.300539

Zaldivia, M. T. K., McFadyen, J. D., Lim, B., Wang, X,, and Peter, K. (2017).
Platelet-derived microvesicles in cardiovascular diseases. Front. Cardiovasc. Med. 4,
74. d0i:10.3389/fcvm.2017.00074

Zampetaki, A., and Mayr, M. (2012b). Analytical challenges and technical
limitations in assessing circulating miRNAs. Thromb. Haemost. 108, 592-598.
doi:10.1160/TH12-02-0097

Zampetaki, A., Willeit, P., Tilling, L., Drozdov, L, Prokopi, M., Renard, ].-M., et al.
(2012a). Prospective study on circulating MicroRNAs and risk of myocardial
infarction. J. Am. Coll. Cardiol. 60, 290-299. doi:10.1016/j.jacc.2012.03.056

Zhou, S, Jin, J., Wang, J., Zhang, Z., Freedman, J. H., Zheng, Y., et al. (2018).
miRNAS in cardiovascular diseases: potential biomarkers, therapeutic targets and
challenges. Acta Pharmacol. Sin. 39, 1073-1084. doi:10.1038/aps.2018.30

frontiersin.org


https://doi.org/10.1111/eci.13149
https://doi.org/10.1161/CIRCRESAHA.114.305663
https://doi.org/10.3390/cells11081254
https://doi.org/10.3390/cells11081254
https://doi.org/10.1182/blood-2013-03-492801
https://doi.org/10.1182/blood-2013-03-492801
https://doi.org/10.1038/nsmb.1651
https://doi.org/10.1016/j.jprot.2015.03.013
https://doi.org/10.3390/cells9081915
https://doi.org/10.3390/cells9081915
https://doi.org/10.1371/journal.pone.0188921
https://doi.org/10.1371/journal.pone.0188921
https://doi.org/10.1182/blood-2010-09-299719
https://doi.org/10.1080/20013078.2018.1454777
https://doi.org/10.1080/20013078.2018.1454777
https://doi.org/10.1186/s12933-019-0981-3
https://doi.org/10.1186/s12933-019-0981-3
https://doi.org/10.1515/cclm-2016-0895
https://doi.org/10.1016/j.thromres.2010.07.012
https://doi.org/10.1016/S0140-6736(17)32155-4
https://doi.org/10.1160/TH06-06-0313
https://doi.org/10.1016/j.arcmed.2012.01.006
https://doi.org/10.1111/jth.15750
https://doi.org/10.1016/S0140-6736(13)61170-8
https://doi.org/10.1007/s00018-022-04222-4
https://doi.org/10.1161/CIRCRESAHA.116.309303
https://doi.org/10.1016/j.thromres.2018.05.021
https://doi.org/10.1002/cpt.2106
https://doi.org/10.1002/cpt.1616
https://doi.org/10.1038/s41598-017-03262-2
https://doi.org/10.1038/ncb1596
https://doi.org/10.1038/ncb1596
https://doi.org/10.1373/clinchem.2005.057414
https://doi.org/10.1038/ncb2210
https://doi.org/10.1093/eurheartj/ehw146
https://doi.org/10.1161/CIRCRESAHA.111.300539
https://doi.org/10.3389/fcvm.2017.00074
https://doi.org/10.1160/TH12-02-0097
https://doi.org/10.1016/j.jacc.2012.03.056
https://doi.org/10.1038/aps.2018.30
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1078722

	Plasma levels of platelet-enriched microRNAs change during antiplatelet therapy in healthy subjects
	1 Introduction
	2 Materials and methods
	2.1 Study population and design
	2.2 Blood collection from healthy subjects and preparation of plasma
	2.3 RNA extraction and qPCR analysis
	2.4 Measurement of platelet parameters
	2.5 Extracellular vesicle characterization using flow cytometry
	2.6 Clotting time dependent on PPL
	2.7 Statistical analysis

	3 Results
	3.1 Subjects
	3.2 Addition of aspirin to the P2Y12 receptor inhibitors ticagrelor and clopidogrel does not affect levels of platelet-enri ...
	3.3 Circulating thrombomiRs are significantly reduced upon initiation of platelet inhibition
	3.3.1 Effect of ticagrelor on circulating miRNA levels
	3.3.2 Effect of clopidogrel on circulating miRNA levels

	3.4 Association between miRNAs and EVs in subjects treated with clopidogrel
	3.5 Association between miRNAs and PPL in subjects treated with clopidogrel

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


