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HIGHLIGHTS

� Platelets and MKs are implicated in

inflammation and immunity, prompting

the nonhemostatic investigation of

platelet-directed therapies.

� P2Y12 inhibitors, distinct from ASA,

attenuate the IFNa response pathway in

both MKs and platelets. Notably, the IFNa

pathway is increased in platelets isolated

from patients with SLE. P2Y12 inhibitors

could hold therapeutic potential for

inhibiting platelet-mediated inflamma-

tion in proinflammatory conditions like

SLE.

� Using MKs as an in vitro model to study

platelet transcriptome dynamics offers a

powerful approach to understand the

complex biology of platelets.

� Exploring the clinical applicability of

P2Y12 inhibition in targeting inflammatory

and autoimmune diseases and

investigating combination therapies for

enhanced efficacy provides new insights

into reducing platelet-mediated throm-

boinflammation and improving patient

outcomes.
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SUMMARY
AB B
AND ACRONYM S

ADP = adenosine diphosphate

APT = antiplatelet therapy

ASA = aspirin

DAPT = dual antiplatelet

therapy

DMSO = dimethyl sulfoxide

IFN = interferon

ISG = interferon-stimulated

gene

Log2FC = log2-fold change
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The authors investigated the impact of antiplatelet therapy on the megakaryocyte (MK) and platelet tran-

scriptome. RNA-sequencing was performed on MKs treated with aspirin or P2Y12 inhibitor, platelets from

healthy volunteers receiving aspirin or P2Y12 inhibition, and platelets from patients with systemic lupus ery-

thematosus (SLE). P2Y12 inhibition reduced gene expression and inflammatory pathways in MKs and platelets. In

SLE, the interferon (IFN) pathway was elevated. In vitro experiments demonstrated the role of P2Y12 inhibition

in reducing IFNa-induced platelet-leukocyte interactions and IFN signaling pathways. These results suggest

that P2Y12 inhibition may have therapeutic potential for proinflammatory and autoimmune conditions like SLE.

(JACC Basic Transl Sci. 2024;9:1126–1140) © 2024 Published by Elsevier on behalf of the American

College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
= leukocyte-platelet
LPA
aggregate

MK = megakaryocyte

NPA = neutrophil-platelet

aggregate

RIPA = radio

immunoprecipitation assay

RNA-seq = RNA-sequencing

SLE = systemic lupus

erythematosus

TBS-T = Tris-buffered saline

containing 0.1% Tween-20

TPO = thrombopoietin
P latelets are the smallest cells circulating in the
blood, which play an important role in wound
healing and blood clot formation. During

vessel injury, platelets are involved in the first wave
of hemostasis, forming a hemostatic plug to attenuate
bleeding. Despite its essential role in maintaining he-
mostasis, platelet hyper-reactivity is associated with
thrombotic disorders, including myocardial infarc-
tion and stroke.1 Commonly prescribed antiplatelet
therapies (APT) for the prevention of atherothrombo-
sis are aspirin (ASA) and P2Y12 receptor antagonists
(eg, clopidogrel, prasugrel, ticagrelor).2

Megakaryocytes (MKs) are large polyploidic blood
cells produced in the bone marrow and lungs.3 In
their mature state, MKs give rise to anucleate plate-
lets, which retain significant amounts of MK-derived
transcripts and proteins that regulate platelet func-
tion.4 Primary MKs can be generated in vitro by
differentiating CD34þ hematopoietic stem cells in the
presence of thrombopoietin (TPO).4,5 Culture-derived
MKs are routinely used as nucleate platelet surro-
gates6-8 and have the potential to provide regulatory
insight into the pleiotropic effects of platelet-directed
therapies.

The interferon (IFN) pathway is a crucial compo-
nent of the innate immune response that triggers
various antiviral mechanisms, activates immune
cells, and helps regulate the balance between pro-
and anti-inflammatory processes.9,10 Patients with
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systemic lupus erythematosus (SLE) are
characterized by an activation of type I IFN
signaling, which leads to the increased
expression of IFN-stimulated genes
(ISGs).11,12 Previous findings from our group
demonstrated up-regulation of ISGs in the
platelet transcriptome from patients with
SLE, with the IFNa- and IFNg-response
pathways showing robust enrichment.13,14 In
lupus-prone mice, administration of P2Y12

inhibitor reduced lupus-like disease severity

and improved overall survival.15 Despite these
intriguing studies, the relation between the IFN
pathway and P2Y12 inhibition is unknown.

This study was designed to investigate the effect
of APT on the MK and platelet transcriptome and its
impact on proinflammatory pathways. We demon-
strated a significant effect on the MK and platelet
transcriptome following P2Y12 receptor inhibition.
Specifically, we found a significant down-regulation
of IFN pathways with P2Y12 receptor inhibition. In
addition, we noted a negative correlation in ISGs
between the platelet transcriptome from patients
with SLE (vs control patients) and transcriptomes of
MKs and platelets treated with P2Y12 inhibitors.
Finally, these results were validated in vitro,
demonstrating the suppressive role of P2Y12 inhibi-
tion on the expression of ISG in IFNa-stimulated MKs
and whole blood.
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METHODS

MK CULTURING AND ANTIPLATELET DRUG TREATMENT.

CD34-positive cells collected from 4 healthy donors
(Fred Hutch Cancer Center) were plated in 6-well
plates at 2 � 105 cells/mL in StemSpan Serum-Free
Expansion Medium II (#09655, STEMCELL Technolo-
gies) supplemented with 50 ng/mL recombinant hu-
man TPO (#288-TPE-050, R&D Systems), 25 ng/mL
recombinant human stem cell factor (#255-SC-050,
R&D Systems), 100 U/mL penicillin and 100 mg/mL
streptomycin (#15140122, Gibco) and cultured at 37 �C
and 5% CO2. Cultures were transferred into fresh TPO-
containing media on days 3, 6, and 9.6 On day 10;
cultures were labelled with PE Mouse Anti-Human
CD42a antibody (#558819, BD Biosciences), and MKs
isolated with the EasySep Release Human PE Positive
Selection Kit (#17654, STEMCELL Technologies) and
then plated onto 12-well plates at a concentration of
2 � 105 cells/mL. On day 11, cells were treated with
100 mmol/L ASA (reconstituted in phosphate-buffered
saline; #70260, Cayman Chemical), 5 mmol/L P2Y12

inhibitor AZD1283 (reconstituted in 0.025% dimethyl
sulfoxide [DMSO], #27649, Cayman Chemicals), or
dual antiplatelet therapy (DAPT) for 24 hours.
Phosphate-buffered saline or 0.025% DMSO were
vehicle control solutions for ASA and AZD1283/DAPT,
respectively. ASA and AZD1283 concentrations chosen
effectively inhibit arachidonic acid- or adenosine
diphosphate (ADP)-induced platelet aggregation,
respectively, as determined by light-transmission
aggregometry (Supplemental Figure 1) and as previ-
ously reported.16,17 For clinical validation, MKs were
additionally treated with 1 mmol/L ticagrelor (#15425,
Cayman) or 10 mmol/L (S)-(þ)-clopidogrel sulfate
(#21002, Cayman) for 24 hours. Following incubation,
MKs were lysed in QIAzol Lysis Reagent (#79306,
QIAGEN) or radio immunoprecipitation assay (RIPA)
buffer and stored at �80 �C until use.

MK IFN STIMULATION. MKs at day 11 were incubated
with 5 mmol/L P2Y12 inhibitor AZD1283 or 0.025%
DMSO for 20 hours at 37 �C in a 5% CO2 and then 4
hours with 1,000 U/mL recombinant IFNa (#IF007,
Sigma) or phosphate-buffered saline (control solu-
tion). After 24 hours, samples were lysed in QIA-
zolLysis Reagent or RIPA buffer and stored at �80 �C
until use.

MK AND PLATELET RNA-SEQ. Total RNA was iso-
lated using Direct-zol RNA MicroPrep columns
(#R2062, Zymo Research). RNA quality and quantity
were determined with a Bioanalyzer 2100 (Agilent
Technologies). Sequencing libraries were barcoded
and prepared using the Clontech SMART-Seq HT with
Nxt HT kit (Takara Bio USA), and libraries were
sequenced single end (51 bp) on an Illumina NovaSeq
6000 at the Genome Technology Center at New York
University Langone Health.

Data processing and quality control were per-
formed using the RNAseq PE snakemake pipeline.18 In
short: quality control of sequencing reads was
assessed using FastQC (version 0.11.9)19 and MultiQC
(version 1.10.1).20 Reads were trimmed using fastp
(version 0.20.1)21 and mapped to human reference
genome hg38 using STAR (version 2.7.7a).22 Genomic
features were then assigned using Subread featur-
eCounts (version 1.6.3).23 The data are available
through the Gene Expression Omnibus: GSE242369.

RNA-sequencing (RNA-seq) data from MKs were
analyzed in R (version 4.0.2, R Foundation) with the
package DESeq2 (version 1.24.0)24 using a linear
model that accounts for donor source (wdonor þ
treatment). Statistical significance was calculated
using the Wald test on the treatment factor. Genes
with low counts (base mean <30) were excluded from
the analysis. Gene set enrichment analysis25,26 of
Molecular Signatures Database hallmark gene set27

was performed on genes with P < 0.10 (nominal) us-
ing the ClusterProfiler package from BioConductor
(version 3.18.1).28,29

Raw and processed RNA-seq data of clinical studies
used to compare with MK transcriptome were previ-
ously described13,14,30-32 and are available through the
Gene Expression Omnibus (APT—GSE158765; SLE—
GSE226147; COVID-19—GSE176480).

Differentially expressed genes were identified
independently in each data set. The log2-fold changes
(Log2FC) and P values were compared between the
data sets.

CLINICAL COHORTS. The crossover study to assess
the effects of APT on platelet gene expression was
performed at the Duke Clinical Research Unit and has
been previously described.30,31 This study was
approved by the Duke Institutional Review Board.
The cohorts of 51 patients with SLE and 18 matched
control subjects as well as 8 patients with COVID-19
and 10 matched control subjects were recruited at
New York University Langone Health and have been
previously described.13,14,32 SLE and COVID-19 studies
were approved by the New York University Grossman
School of Medicine Institutional Review Board and
performed with a waiver of informed consent. De-
mographics and clinical characteristics of the cohorts
are provided in Supplemental Tables 1 to 3.

LIGHT TRANSMISSION AGGREGOMETRY. Whole
blood was collected into tubes containing 3.2% so-
dium citrate. Platelet-rich plasma was obtained by

https://doi.org/10.1016/j.jacbts.2024.05.014
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centrifugation of the tubes at 200g for 20 minutes at
room temperature. Light transmission aggregometry
was performed using an aggregometer AggRAM
(Helena Biosciences) in a final volume of 300 mL. Then
260 mL of platelet-rich plasma were added into an
AggRAM Cuvette with a stirring bar inside and incu-
bated for 30 minutes with 10 mL of inhibitor (1, 10,
100, or 500 mmol/L ASA; 0.5, 1, 5, 25 mmol/L AZD1283;
or 100 mmol/L ASA with 5 mmol/L AZD1283). Under
stirring conditions (1,200 rev/min at 37 �C), platelets
were then stimulated with 30 mL of agonist: arach-
idonic acid (0.8 mmol/L) or ADP (10 mmol/L). Light
transmission was monitored for 6 minutes. Platelet-
poor plasma was used as a blank (100% of aggrega-
tion). The same method was used to investigate the
effect of other P2Y12 inhibitors, ticagrelor and (S)-
(þ)-clopidogrel, on ADP-induced platelet aggregation.

QUANTITATIVE REAL-TIME POLYMERASE CHAIN

REACTION. To generate cDNA, iScript Reverse Tran-
scription Supermix for RT-qPCR kit (#1708841,
Bio-Rad) was used per the manufacturer’s in-
structions. Quantitative real-time polymerase chain
reactions were conducted using fast SYBR Green
master mix (#4385614, Applied Biosystems) on a
QuantStudio 3 (Applied Biosystems). Primers:
IFITM3 50-TGTCCAAACCTTCTTCTCTCC-30 and 50-
CGTCGCCAACCATCTTCC-30; IRF7 50-GCTGGACGT-
GACCATCATGTA-30 and 50–GGGCCGTATAGGAACGTGC-
30; ISG15 5 0-CGCAGATCACCCAGAAGATCG-3 0 and
5 0-TTCGTCGCATTTGTCCACCA-30; DHX34 50-TCCGTGAA-
GAGGATTACATCCG-30 and 50-GGGTCGTAAGTGCGAGG-
TAG-30; GAPDH 50-GCGAGATCCCTCCAAAATCA-30 and
50-GACTGTGGTCATGAGTCCTTC-30. Relative gene
expression was calculated using the 2�DDCt method and
GAPDH was used as a housekeeping gene to normalize
messenger RNA.

MEG-01 CELL CULTURING AND TREATMENT. MEG-01
cells were cultured in RPMI-1640 medium (#30-2001,
ATTC) supplemented with 10% heat inactivated fetal
bovine serum (#16-140-071, Gibco), 100 U/mL peni-
cillin and 100 mg/mL streptomycin at 37 �C and 5%
CO2. The cells were plated in 24-well plates at a
concentration of 2 � 105 cells/mL and next day treated
with 2.5 mmol/L Torin-1 (#10997, Cayman), or 0.1%
DMSO (control solution) for 24 hours. After 24 hours
of treatment, cells were lysed with cold RIPA buffer
and stored at �80� C until use.

WESTERN BLOT. CD34þ-derived MKs or MEG-01 cells
were harvested by centrifugation for 5 minutes at
800g and lysed in cold RIPA buffer (#89900, Thermo
Fisher Scientific) containing protease inhibitor cock-
tail (cOmplete Mini, #118361530001, Roche Di-
agnostics) for 30 minutes at 4 �C. Lysates were
subjected to centrifugation for 20 minutes at 15,000g
at 4 �C to obtain the supernatant. Total protein con-
centration was determined using Pierce BCA Protein
Assay Kit (#23225, Thermo Fisher Scientific) as per
manufacturers’ instructions. Equal protein amounts
of the lysates were mixed with LDS Sample buffer
(#NP0007, Invitrogen), denatured, and loaded onto
4%-12% Bis-Tris Protein Gels (#NP0341BOX, Invi-
trogen) along with SeeBlue Plus2 Pre-stained Stan-
dard (#LC5925, Invitrogen). Proteins were transferred
onto the polyvinylidene difluoride membrane using
iBlot2 Transfer stacks (#IB24002, Invitrogen) and
iBlot2 Gel Transfer Device (#IB21001, Invitrogen).
Membranes were then blocked with 5% (weight/vol-
ume) bovine serum albumin in Tris-buffered saline
(200 mmol/L Tris base, 1.37 mol/L NaCl, pH 7.6) con-
taining 0.1% (volume/volume) Tween-20 (TBS-T) for 1
hour. The blocked membranes were incubated over-
night at 4 �C with primary antibodies. Afterward, the
membrane was washed 3 times for 10 minutes with
TBS-T, incubated with horseradish peroxidase–
conjugated secondary antibodies for 1 hour, and
again washed 3 times for 10 minutes with TBS-T. The
membranes were developed with Pierce ECL Western
blotting substrate (#32109, Thermo Fisher Scientific)
and bands were visualized using the ChemiDoc MP
imaging system (Bio-Rad). The following primary
antibodies were used: anti-IFITM3 (#MA5-32798,
Invitrogen), anti-Phospho-S6 Ribosomal Protein
(#2211S, Cell Signaling Technology), anti-ISG15 (sc-
166755, Santa Cruz). As a loading control, anti-a-
tubulin (#sc-53030, Santa Cruz) or anti-GAPDH (P/N
926-42216, LI-COR) were used. As a secondary anti-
bodies, the following horseradish peroxidase–
conjugated antibodies were used: goat anti-rat
(#31470, Invitrogen), goat anti-mouse (#62-6520,
Invitrogen), and goat anti-rabbit (#31460, Invitrogen).

LEUKOCYTE-PLATELET AGGREGATE FORMATION. A
total of 500 mL of whole blood was incubated in the
presence of AZD1283 (5 mmol/L) or DMSO (as a control
solution) for 30 minutes at room temperature, stim-
ulated for another 30 minutes with recombinant IFNa

(250 U/mL) and then fixed with 600 mL of 1% form-
aldehyde. Then 50 mL of fixed blood was stained with
5 mL CD61-FITC (#130-098-682, Miltenyi Biotec) to
identify platelets and 1 mL CD45-VioGreen (#130-110-
638, Miltenyi Biotec) and 1 mL CD14-PE-Vio 770 (#130-
110-521 Miltenyi Biotec) for 15 minutes. Red blood
cells were lysed by adding 200 mL of H2O and incu-
bated for 20 minutes, before adding 450 mL of running
buffer. The samples were analyzed using Miltenyi
MACSQuant 10 (Miltenyi Biotec). The flow cytometry
data were analyzed using FlowJo Software for
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Windows (version 10.8.1, BD Life Sciences).
Leukocyte-platelet aggregates (LPAs) were identified
as CD45þCD61þ events and monocyte-platelet aggre-
gates as CD45þCD14þCD61þ events. Neutrophil-
platelet aggregates (NPAs) and lymphocyte-platelet
aggregates were identified as CD45þCD14�CD61þ and
were distinguished by differences in size
and granularity.

STATISTICAL ANALYSIS. Data are presented as mean
� SD. The transcriptomic analysis utilized nominal P
values, unless otherwise indicated. Association be-
tween continuous values was determined using
Pearson correlation coefficient (r). Two-sided para-
metric paired Student’s t-tests were used for within-
group comparisons unless otherwise specified.
Normality of data was assessed with the Shapiro–Wilk
normality test. One-way analysis of variance was
performed when 3 or more groups were compared for
1 variable, followed if significant by Dunnett post hoc
multiple comparisons test. P values <0.05 were
considered statistically significant. Statistical ana-
lyses were performed with GraphPad Prism (version
9.2.0 for Windows, GraphPad Software).

RESULTS

P2Y12 INHIBITION, BUT NOT ASA SUPPRESSES IFN

SIGNALING PATHWAYS IN MKs. To investigate the
global platelet-mediated effect of antiplatelet ther-
apy, we used human MKs as platelet surrogates. Hu-
man CD34þ-derived MKs were treated with ASA
(100 mmol/L), the P2Y12 inhibitor, AZD1283 (5 mmol/L),
or both drugs together for 24 hours; RNA was
collected; and the transcriptome was assessed by
RNA-seq (Figure 1A).

Following incubation of MKs with ASA, 74 tran-
scripts were differentially expressed, with 59 tran-
scripts down- and 15 up-regulated (P < 0.05)
(Figures 1B, 1D, and 1E, Supplemental Table 4).
Treatment of MKs with the P2Y12 inhibitor had a more
robust effect on the MK transcriptome with 2,499
transcripts differentially expressed (2,309 down- and
190 up-regulated; P < 0.05) (Figures 1C to 1E,
Supplemental Table 5). We validated the inhibitory
effect of AZD1283 on the messenger RNA level using
ticagrelor (Supplemental Figure 2). Because DAPT
comprising both ASA and a P2Y12 inhibitor is
frequently prescribed after myocardial infarction or
coronary stent placement for cardiovascular event
prevention,33,34 MKs were incubated with both ASA
and a P2Y12 inhibitor. Treatment of MKs with DAPT
led to the differential expression of 4,192 genes (2,689
down- and 1,503 up-regulated; P < 0.05)
(Supplemental Figures 3A to 3C, Supplemental
Table 6).

To understand the biological pathways altered by
each treatment, we performed gene set enrichment
analysis (Figure 1F, Supplemental Figure 3D). Treat-
ment of MKs with ASA led to down-regulation of only
6 pathways (P < 0.05). In contrast, P2Y12 inhibition
significantly affected multiple biological pathways,
with 29 down-regulated pathways (P < 0.05), and no
pathways significantly up-regulated. Among the most
down-regulated pathways by P2Y12 inhibition were
those associated with immune regulation, including
IFNa and IFNg response pathways (Normalized
Enrichment Score [NES] ¼ �2.30, P ¼ 0.002 and NES
¼ �1.95, P ¼ 0.003, respectively) (Figure 1F). DAPT
down-regulated 17 biological pathways (P < 0.05),
including fatty acid metabolism, estrogen response,
and myogenesis (Supplemental Figure 3D).

MK AND PLATELET P2Y12 INHIBITOR-RESPONSIVE

GENES. To address whether primary MKs can serve
as a transcriptomic surrogate for human circulating
platelets, we integrated our in vitro data with platelet
sequencing data from a human cohort taking either
ASA or ticagrelor (P2Y12 inhibitor) (Figure 2A,
Supplemental Tables 4 and 5).30,31

Consistent with our in vitro MK data, P2Y12 inhi-
bition induced a more robust effect than ASA with
3,409 P2Y12-responsive genes differentially regulated
(1,589 down- and 1,820 up-regulated).30,31 Integration
of our in vitro MK and ex vivo human platelet data
yielded a significant correlation between the MK and
platelet transcriptomes in response to P2Y12 inhibi-
tion (r ¼ 0.368, P < 0.001) (Figure 2B), but no signif-
icant correlation between the in vitro MK and human
platelet data in response to ASA (Supplemental
Figure 4). There was a significant gene overlap of
P2Y12 inhibition across MKs (in vitro) and platelets
(ex vivo) with 633 overlapping genes (Figures 2C and
2D). Gene set enrichment analysis pathway analysis
of overlapping genes revealed that these genes are
associated with a negative enrichment in pathways
associated with IFNa, IFNg, and inflammation
(Figure 2E). Consistent with data in MKs, the top
pathways suppressed by P2Y12 inhibition were IFNa

and IFNg responses (P ¼ 3.22 � 10�8 and P ¼ 1.00�
10�10, respectively) (Figures 2F and 2G, respectively)
in platelets. Gene ontology pathway analysis of the
MK and platelet transcriptomes following P2Y12 inhi-
bition identified down-regulation in leukocyte-
related pathways, including leukocyte cell-cell
adhesion, leukocyte aggregation, and leukocyte-
mediated immunity (Supplemental Tables 7 and 8).
P2Y12 inhibition in the MK also noted
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FIGURE 1 P2Y12 Inhibitor, But Not ASA Suppresses IFN Signaling Pathways in MKs

(A) Experimental workflow: CD34þ cells were differentiated into megakaryocytes (MKs) for 10 days in the presence of human thrombopoietin (TPO). MKs were purified

by selection of CD42a-positive cells. Purified MKs were treated with 100 mmol/L aspirin (ASA), 5 mmol/L AZD1283 (P2Y12 inhibitor), or both drugs together for 24 hours.

After 24 hours, cells were collected, RNA was isolated, and RNA-sequencing (RNA-seq) performed. (B, C) Volcano plots of differentially expressed transcripts of MKs

treated with ASA (B) or P2Y12 inhibitor (C). Colored dots are P < 0.05; red dots represent up-regulated and blue dots down-regulated genes. (D) Venn diagram and

(E) heatmap of differentially expressed genes identified in MKs treated with ASA or P2Y12 inhibitor (P < 0.05). Red color represents up-regulated and blue down-

regulated genes. (F) Gene set enrichment analysis of hallmark pathways of MKs treated with ASA or P2Y12 inhibitor (P < 0.05). The purple asterisk highlights interferon

(IFN)-related pathways and the brown asterisk MTOR-related pathways. G2M ¼ Gap 2 phase mitosis; G-CSF ¼ granulocyte colony-stimulating factor; NES ¼ Normalized

Enrichment Score; NFKB ¼ nuclear factor kB; SCF ¼ stem cell factor. STAT5 ¼ signal transducer and activator of transcription 5; TNFA ¼ tumor necrosis factor a;

UV ¼ ultraviolet.
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down-regulation of pathways associated with platelet
aggregation and activation (Supplemental Table 7).

P2Y12 INHIBITION ATTENUATES GENES UP-REGULATED

IN SLE. Previously, our group and others reported
that platelet activation contributes to the pathogen-
esis of SLE, in part, via enrichment of platelet type I
IFN signaling.13,14,35 To investigate whether previ-
ously identified IFN-associated transcripts up-
regulated in platelets from patients with SLE could
be suppressed by P2Y12 treatment, we integrated the
platelet transcriptome of patients with SLE13 with our
in vitro and ex vivo transcriptomic studies of P2Y12

inhibition. Pathway analysis of the SLE cohort
(Figure 3A) confirmed that IFN-related pathways were
significantly up-regulated in SLE (P < 0.05)
(Figure 3B).14 Of note, P2Y12 inhibition down-
regulated the same IFNa- and type I IFN-related
pathways (up-regulated in SLE platelets) in both
MKs and platelets (Figures 3C and 3D). Integration of
the platelet transcriptome of patients with SLE vs
control patients with differential expression analysis
of P2Y12 inhibitors vs control solution/at baseline, in
both MKs and platelets, demonstrated a significant
negative correlation (r ¼ �0.314 and r ¼ �0.842,
respectively; P < 0.001 for each comparison)
(Figures 3E and 3F, Supplemental Figure 5), suggest-
ing that IFN-associated transcripts up-regulated in
SLE could be attenuated by P2Y12 inhibition. Specif-
ically, among 72 up-regulated IFNa platelet SLE genes

https://doi.org/10.1016/j.jacbts.2024.05.014
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FIGURE 2 MK and Platelet P2Y12 Inhibition Responsive Genes

(A) The clinical cohort of healthy subjects (n ¼ 70) began with a baseline visit (visit 1), randomized to either low- or high-dose ASA for 4 weeks each (visit 2), crossed

over to the other ASA dose for 4 weeks (visit 3), ASA washout (visit 4), and 4 weeks of P2Y12 inhibitor exposure (visit 5). Red arrows indicate time points of blood

collection. (B) Scatterplot of fold change differences comparing MKs treated with P2Y12 inhibitor and P2Y12-inhibited platelets from the clinical cohort. (C) Venn diagram

and (D) heatmap of overlapping and differentially expressed genes observed in MKs and platelets (P < 0.05). Red color represents up-regulated and blue down-

regulated genes. (E) Gene set enrichment analysis of hallmark pathways, comparison between P2Y12-inhibited pathways in MKs and platelets (P < 0.05). (F, G)

Enrichment plots of (F) IFNa- and (G) IFNg-response pathways in P2Y12-inhibited platelets. Relative gene positions in the ranked list of genes are indicated. P values

were determined from the gene set enrichment analysis output. Abbreviations as in Figure 1.
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reported by El Bannoudi et al,13 33 (46%) were
significantly down-regulated by P2Y12 inhibition,
including ISG15, IRF3, IRF7, and IFITM3 (Figure 3G).
Reactome analysis of the overlapping genes differ-
entially regulated in both SLE and P2Y12 therapy
found that 26.4% of genes are related to immunity
and inflammation (Supplemental Table 9).

The clinical application of the MK and platelet
transcriptomic in vitro findings were similarly eval-
uated in a second cohort of patients with COVID-19
with available platelet RNA-seq (Supplemental
Figures 6A and 6B).6,32 Consistent with our findings
in SLE, there was a significant negative correlation
between the differential expression of COVID-19 vs
control patients and P2Y12 inhibition of both the MK
and platelet transcriptome, respectively (P < 0.001 in
both) (Supplemental Figures 6C and 6D). We identi-
fied 15 up-regulated IFNa-associated transcripts in
patients with COVID-19, which were down-regulated
by P2Y12 inhibition in platelets and MKs
(Supplemental Figure 6E).
P2Y12 INHIBITION SUPPRESSES IFN-INDUCED PLATELET

ACTIVATION. To validate our findings, we investi-
gated whether P2Y12 inhibition could suppress IFN
signaling following an inflammatory challenge. We
reasoned that in addition to the potent antithrombotic
effects of P2Y12 inhibition, suppression of P2Y12

receptor-mediated inflammation may be beneficial in
the context of IFN-associated immunothrombosis.36

MKs were pretreated with or without P2Y12 inhibi-
tion and then stimulated with recombinant IFNa. As
expected, ISGs IRF7 and IFITM3, identified in our
P2Y12-inhibited MK transcripts, were increased 11- and
8.5-fold, respectively, following IFNa stimulation
(Figures 4A and 4B). Pretreatment with the P2Y12 in-
hibitor significantly abrogated this effect, by reducing
IRF7 and IFITM3 expression by 42% and 34%, respec-
tively. These results were confirmed at the protein
level, with IFITM3 expression significantly reduced
following P2Y12 pretreatment and subsequent IFNa

exposure (P < 0.001) (Figures 4C and 4D,
Supplemental Figure 7).
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Next, we assessed the contribution of IFNa to LPA
formation in whole blood. LPA is a marker of platelet
and leukocyte activation and is commonly increased
in thromboinflammatory IFN-associated diseases,
including SLE and COVID-19.6,37 Treatment of whole
blood with IFNa resulted in increased LPA formation
(Supplemental Figures 8A to 8C and 8E). Consistent
findings were observed for monocyte-platelet aggre-
gates, NPAs, and lymphocyte platelet aggregates
(Supplemental Figures 8D and 8F to 8H). Pretreat-
ment of whole blood with P2Y12 inhibitor prior to
stimulation with IFNa significantly suppressed LPA
formation (P ¼ 0.001) (Supplemental Figures 8C and
8E). A similar P2Y12 effect was seen with a significant
reduction in monocyte-platelet aggregates, NPAs, and
lymphocyte platelet aggregates (Supplemental
Figures 8F to 8H).

P2Y12 INHIBITION SUPPRESSES MTOR SIGNALING

PATHWAY. We next sought to evaluate mechanisms
by which P2Y12 inhibition affects ISGs and protein
expression in MKs and platelets. It is well known that
a key pathway that regulates the translation of pro-
teins in MKs and platelets is the MTOR signaling
pathway.38,39 Activation of MTOR signaling has been
reported to regulate the expression of ISGs, which are
downstream effectors of IFN signaling.40,41 Deletion
of MTOR in a MK model resulted in the loss of up-
regulated expression of IFITM3 when cells were
stimulated with IFNa, suggesting that the translation
of IFITM3, one of the ISGs in MKs, is regulated by the
MTOR pathway.42

Pathway analysis demonstrated that MTOR com-
plex 1, an MTOR protein complex, was down-
regulated in MKs by P2Y12 inhibition (Figure 1F). To
understand the significance of MTOR, we analyzed
key MTOR signaling pathway genes. EIF4EBP1 and
RPS6 are the 2 main MTOR downstream effectors of
the eukaryotic translation initiation.43 Activation of
MTOR signaling promotes the release of EIF4EBP1,
allowing EIF4E to initiate translation, whereas phos-
phorylation of RPS6 enhances ribosomal function and
protein synthesis.44 Among the MTOR-related genes,
we identified 26 genes (Figure 5A), which were
significantly down-regulated in P2Y12-inhibited MKs,
including EIF4EBP1 (Log2FC ¼ �0.765; P ¼ 0.017) and
RPS6 (Log2FC ¼ �0.53; P ¼ 0.046). Moreover, in the
platelet transcriptome following treatment with P2Y12

inhibition, we identified 17 down-regulated MTOR-
related genes (Figure 5B). Between platelets and MKs,
we found 10 overlapping genes (Figure 5C).

To understand the role of the MTOR pathway in the
translation of ISGs into proteins, we treated MKs
with MTOR inhibitor, torin-1. As expected,
phosphorylation of RPS6 was significantly down-
regulated (Figures 5D and 5E). Of note, we observed
down-regulation of IFITM3 and ISG15 protein
expression (Figures 5D, 5F, and 5G). Altogether, these
data suggest that P2Y12 inhibition has a significant
effect on the MTOR pathway in both MKs and
platelets.

DISCUSSION. APTs, including ASA and P2Y12 in-
hibitors, are widely used in the treatment and pre-
vention of cardiovascular events.2,45,46 Whereas the
primary targets of these therapies have been identi-
fied, increasing evidence suggests a nonhemostatic
effect of APTs.47-49 This study provides a compre-
hensive characterization of MK and platelet tran-
scriptomes in response to ASA and/or P2Y12 inhibitors
and investigates their potential role in inflammatory
and IFN-mediated diseases.

To investigate the effects of ASA and P2Y12 inhibi-
tion on the gene expression of MKs, we employed an
in vitro model of MKs differentiated from CD34þ he-
matopoietic progenitor cells. The use of CD34þ-
derived MKs as a surrogate model for studying
platelet biology offers several advantages. It allows
the investigation of platelet gene function and the
assessment of platelet-like responses, including sur-
face expression of P-selectin, PAC-1 (the activated
form of glycoprotein IIb/IIIa), fibrinogen binding in
response to agonists, adhesion, and spreading on
substrates like fibrinogen or collagen, which mediate
platelet behavior in hemostasis and thrombosis.50

Moreover, CD34þ-derived MKs are permissive to
viral infections7 and can be subjected to CRISPR/Cas9
gene editing.42,50 Even though MKs provide a useful
model for studying platelet biology, limitations exist
when compared to platelets. Notably, MKs cannot
aggregate like platelets, and their granule packaging
differs.51,52 Additionally, the translation and post-
translational modifications in MKs may not accu-
rately reflect those in platelets.53 Despite these limi-
tations, the overlapping phenotype and significant
proportion of overlapping genes expressed in plate-
lets and MKs,54,55 support their utility as a model. Our
transcriptomic analysis of MKs exposed to APT
showed that ASA had a negligible impact on the MK
transcriptome. A consistent small effect of ASA was
found in the platelet transcriptome from a cohort of
volunteers who received either low- or high-dose ASA
daily, with no difference between doses.30 In
contrast, P2Y12 inhibition had a more pronounced
effect on both MK and platelet transcriptomes.31 The
difference observed between ASA and a P2Y12 inhib-
itor on the transcriptome of platelets and MKs is
likely due to their distinct mechanisms of action. ASA
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FIGURE 3 P2Y12 Inhibition Attenuates IFN Genes Up-Regulated in Patients With SLE

Continued on the next page

Sowa et al J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 9 , N O . 9 , 2 0 2 4

P2Y12 Inhibition Suppresses Interferon-Associated Responses S E P T E M B E R 2 0 2 4 : 1 1 2 6 – 1 1 4 0

1134



FIGURE 4 P2Y12 Inhibition Suppresses IFN-Associated MK Activation

MKs were pretreated with a P2Y12 inhibitor for 20 hours, stimulated with IFNa for another 4 hours, and lysed. (A-D) Levels of IFNa proteins were measured using real-

time polymerase chain reaction (n ¼ 7) (A, B) and immunoblot densitometry (n ¼ 4) (C, D). Data presented as mean � SD and compared using 2-sided paired Student’s

t-tests. *P < 0.05; **P < 0.01. DMSO ¼ dimethyl sulfoxide; PBS ¼ phosphate-buffered saline; other abbreviations as in Figure 1.
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irreversibly inhibits COX-1, an enzyme that converts
arachidonic acid into prostaglandins, which are pre-
cursors of thromboxane A2. Thromboxane A2 is a
potent platelet agonist that stimulates platelet ag-
gregation.56 P2Y12 inhibitors block the P2Y12 receptor,
a subtype of ADP receptor that mediates platelet
activation and amplification. By blocking the P2Y12

receptor, expression of the glycoprotein IIb/IIIa
complex is reduced, which is the final common
pathway for platelet aggregation.57

Our study used the CD34þ-derived MK as a model
of platelet function and transcriptomics. Both plate-
lets and MKs were treated with APT. Our data suggest
a consistent transcriptomic response for 633 genes in
both in vitro MKs and ex vivo platelets from healthy
subjects treated with APT. Of note, we identified
1,929 and 2,776 genes in MKs or platelets whose
expression was altered solely in MKs or platelets
following P2Y12 treatment, respectively. This differ-
ence in gene expression profile underscores the
unique molecular pathways that are activated in MKs
and platelets in response to P2Y12 inhibition. It high-
lights the intricate complexity of platelet signaling
FIGURE 3 Continued

(A) Experimental workflow: Platelets were collected from patients with

RNA-sequencing was performed. (B) Hallmark and Gene Ontology pathwa

presented as mean � SD; P values were determined from the gene set e

pathways in P2Y12-inhibited MKs and platelets (blue ¼ P < 0.05; gray ¼
SLE vs control subjects and P2Y12-inhibited MKs (E) and platelets (F); P <

P2Y12-inhibited MKs and platelets. The genes represent IFNa-related ge

platelet groups. Abbreviations as in Figure 1.
and function, which may not be fully replicated in an
in vitro MK setting. Nevertheless, the overlap of 633
genes provides a valuable core set of genes affected
by P2Y12 inhibition. Platelets and MKs mediate
inflammation and immune regulation through cyto-
kines.58-61 They can sense inflammatory signals via
various receptors and modulate cytokine secre-
tion.62,63 Moreover, MKs contribute to the immune
landscape by releasing IFNs, which are central players
in immune activation.7 The interaction among plate-
lets, MKs, and the immune system provides an op-
portunity for potential treatments. In the context of
SLE, it is known that patients with SLE have higher
levels of type I IFN activity.11,12 This is also seen in
platelet transcriptome, where patients with SLE
display increased expression of IFN-related genes and
enrichment of IFN-response pathways.13,14 Addition-
ally, dysregulation in various immune-related path-
ways is observed, emphasizing platelets’
multifaceted involvement. Notably, patients with
proteinuria, a severe SLE manifestation, exhibit a
distinct platelet transcriptomic profile, where oxida-
tive phosphorylation and platelet activity modules
systemic lupus erythematosus (SLE) and healthy control subjects, RNA was isolated, and

y analysis, focused on IFNa and type I IFN in platelets from patients with SLE (P < 0.05). Data

nrichment analysis (GSEA) output. *P < 0.05; **P < 0.01; ***P < 0.001. (C, D) Overlapping

P ¼ NS). (E, F). Scatterplots of fold change differences comparing platelets of patients with

0.05. (G) Heatmap of differentially expressed genes in platelets from patients with SLE and

nes, up-regulated in patients with SLE, and down-regulated on P2Y12 inhibition in MK and



FIGURE 5 P2Y12 Inhibition Suppresses MTOR Signaling Pathway

(A, B) Bar graphs of differentially expressed MTOR-related genes identified in MKs (A) and platelets (B) treated with P2Y12 inhibitor (P <

0.05). (C) Venn diagram of overlapping MTOR-related genes between MKs and platelets. Heatmap of differentially expressed MTOR pathway

genes identified in MKs and platelets treated with P2Y12 inhibitor (P < 0.05). (D to G) MEG-01 cells were treated with 2.5 mmol/L torin-1 for 24

hours and lysed. Protein levels (D) of (E) phospho-RPS6 (F) IFITM3 and (G) ISG15 were measured using immunoblot densitometry (n ¼ 6).

Data presented as mean � SD and compared using 2-sided unpaired Student’s t-tests. *P < 0.05; **P < 0.01. Abbreviations as in Figures 1

and 4.
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were decreased, suggesting shifts in pathways related
to coagulation and immune response.14,64,65 Then,
targeting the platelet IFN pathway could be beneficial
in SLE severity. Several therapeutics have been
developed to target type I IFN in the treatment of
SLE. Unfortunately, many of these interventions
failed to meet their primary endpoint.66 Development
of novel therapies or different strategies targeting IFN
in patients with SLE is needed. Whereas inhibiting
IFN signaling broadly may affect both pathogenic and
protective responses, targeting the platelet IFN
pathway may allow for a more nuanced approach.
Data from our group and others demonstrate a hyper-
reactive platelet phenotype in SLE and a differentially
expressed platelet transcriptome enriched in IFN-
mediated pathways.13,14 Selectively targeting the
platelet IFN pathway may minimize off-target effects
and reduce the risk of systemic side effects.
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Moreover, combining therapies that target the
platelet IFN pathway with existing or emerging
treatments for SLE may provide a synergistic
approach. Our study found that P2Y12 inhibition
suppresses IFNa and IFNg pathways in both platelets
and MKs. In fact, we observed a strong negative cor-
relation between the gene expression of patients with
SLE (vs control subjects) and that of platelets and
MKs treated with a P2Y12 inhibitor. In support of our
findings, P2Y12 inhibition reduces lupus-like disease
severity in a lupus mouse model15 and platelet acti-
vation markers in patients with SLE.67 Altogether, our
data suggest that P2Y12 inhibitor may have thera-
peutic potential in patients with SLE by attenuating
platelet-induced IFNa responses.

In the MK population, type I IFN increases the
expression of ISGs, such as IRF7 and IFITM3.7,13,68

IRF7 is a key transcription factor that enhances the
synthesis of type I IFN through TLR signaling.69 Pro-
duction of type I IFN requires phosphorylation and
translocation of IRF7 into the nucleus through inter-
action with MYD88.70 Our transcriptomic data
demonstrated that MK P2Y12 receptor inhibition
down-regulates expression of IRF7, which is elevated
in SLE and COVID-19.6,13 In addition, MKs stimulated
with IFNa showed up-regulation of IRF7, which was
attenuated due to P2Y12 inhibition. IFITM3 is an
antiviral protein that limits virus entry and replica-
tion in cells and its expression is increased in plate-
lets and MKs during viral and nonviral infections.7,42

P2Y12 inhibition reduces IFITM3 expression in MKs at
baseline and IFNa-stimulated conditions. Our results
suggest that P2Y12 inhibition may attenuate IFN re-
sponses during inflammatory conditions.

In addition to the effect of drugs on gene
expression and protein translation after 24 hours, we
investigated the short-term response of P2Y12 inhi-
bition. Platelets can interact with leukocytes
(monocytes and neutrophils) through the P-selectin–
P-selectin glycoprotein ligand 1 axis, leading to the
maturation of monocytes to antigen-presenting cells
and the priming of neutrophils. An increase in
circulating LPA has been linked to proinflammatory
conditions.71,72 Additionally, LPA is increased in
SLE37 and COVID-19.6,73 We showed that IFNa

increased LPA formation in the whole blood. More-
over, when whole blood was pretreated with a P2Y12

inhibitor and stimulated with IFNa, we noted the
reduction of the formed LPA. Our results highlight
the complexity of platelet responses to APT, where
immediate pharmacodynamic effects are observed
alongside transcriptional and translational changes.
It suggests that whereas P2Y12 inhibition quickly
attenuates platelet activity, it may also provoke
long-term alterations in the transcriptome and pro-
teome, suggesting different mechanisms of action.
Previously, it has been reported that P2Y12 inhibition
reduces the formation of LPA induced by ADP74 and
U-46619.17 Moreover, patients with sickle cell dis-
ease, which are characterized by increased levels of
NPA, had decreased NPA number on treatment with
P2Y12 inhibitor.75 Thus, there is a compelling ratio-
nale supporting that P2Y12 inhibition may reduce
IFN-mediated LPA formation.

MTOR is a serine/threonine protein kinase known
to regulate cell growth and differentiation at the
level of protein translation. MTOR signaling can
regulate the translation of proteins in cells by con-
trolling the activity of 2 major downstream effectors,
EIF4EBP1 and RPS6 kinase.43 Phosphorylation of
4EBP1 and RPS6 by MTOR initiates translation. It has
been reported that MTOR regulates the translation of
proteins in MKs and platelets.38,39 Prior data also
suggest that P2Y12 inhibition can affect the MTOR
pathway.76 Our pathway analysis of MKs suppressed
by P2Y12 inhibitor demonstrated the down-regulation
of MTORC1 and PI3K/AKT/MTOR pathways. More-
over, both, EIF4EBP1 and RPS6 were significantly
down-regulated at the messenger RNA level. Camp-
bell et al42 showed in the CD34þ-derived MK model
that deletion of MTOR abolished the up-regulation
of IFITM3 expression in the cells stimulated with
IFNa, suggesting that IFITM3 translation is
controlled by the MTOR pathway. Additionally,
treatment of MKs with torin-1, an inhibitor of the
MTOR pathway, demonstrated down-regulation in
the expression of IFN genes, IFITM3 and ISG15.
Moreover, we demonstrated that CD34þ-derived MKs
pretreated with P2Y12 inhibition (at baseline) and
additionally stimulated with IFNa, reduced IFITM3
expression on transcriptomic and proteomic levels.
As P2Y12 inhibition has pleiotropic effects beyond
thrombosis and hemostasis, our data suggest that it
may inhibit additionally the translation of the pro-
teins, including IFN-related proteins, via the MTOR
signaling pathway. This can have therapeutic impli-
cations for preventing thrombosis and inflammation
in various diseases.
STUDY LIMITATIONS. A major goal of this study was
to investigate the impact of APT on the non-
hemostatic effector properties of MKs and platelets.
Whereas our study integrates the effects of both ASA
and P2Y12 inhibitors on MKs to platelet responses, we
did not study the effect of less commonly used APTs
(eg, PAR-1 antagonist). Although we observed a
robust and consistent anti-inflammatory effect of



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: The

comprehensive analysis of MK and platelet transcrip-

tomes suppressed by P2Y12 inhibitors and their role in

modulating immune reactions adds insights into un-

derstanding immune-mediated disorders and their

therapeutic potential. P2Y12 inhibitors might synergize

with existing treatments to provide more compre-

hensive control over immune dysregulation and

thrombotic tendencies.

TRANSLATIONAL OUTLOOK: Further investiga-

tion into the precise molecular mechanisms linking

P2Y12 inhibition, platelet function, and immune mod-

ulation would provide a deeper understanding of the

nonhemostatic effects of platelet directed therapies.

This knowledge could uncover novel drug targets

within platelet-mediated pathways. In addition to

SLE, the role of platelet activation and its modulation

by P2Y12 inhibitors could be investigated in other in-

flammatory conditions, expanding the potential ap-

plications of these agents.
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P2Y12 inhibition on both MKs and platelets, the
translation of these findings to clinical outcomes re-
quires further investigation. Moreover, due to the
small sample size in our MK groups (n ¼ 4), we used
nominal P values for the analysis of differentially
expressed genes and this approach could increase the
false discovery rate. Whereas our findings may not be
unique to the SLE population, because there is no
direct evaluation of P2Y12 inhibitors use in SLE, our
study provides exciting preliminary data on the po-
tential therapeutic implications of P2Y12 inhibition in
an understudied patient population at high cardio-
vascular risk. Finally, a model of CD34þ-derived MKs
exhibits limitations in aggregation, granule pack-
aging, and environmental interactions, which may
not fully replicate platelet processes in the body.

CONCLUSIONS

Targeting the P2Y12 receptor modulates MK and
platelet inflammatory signaling pathways. P2Y12-
mediated suppression of platelet IFNa signaling may
benefit proinflammatory and autoimmune diseases
such as SLE.
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